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The Ceramic Technology For Advanced Heat En ines Project 
by the Department of Energy’s Office of Transportation Systems (OTS) in 
Conservation and Renewable Energy. This  project, p a r t  o f  the OTS‘s 
Advanced Materi a1 s Development Program, was devel oped to meet the cera 
technology requirements of the C9TS’s 

Significant accomplishments in f 
Department o f  Energy (DOE), National 
(NASA), and Oepartment of Defense (D 
provided evidence that the operation 
engine environments is feasible. Ha 
demonstrated that additional researc 
development design methodoil ogy, and 
industry will have a sufficient tech 
re1 iable cost-effective ceramic 

An assessment o f  needs was 
developed with extensive input from private i n  ustry. 
original plan was updated through the estimate 
in 1993. The objective of the roject is to d 
technology base required for re 
automotive heat engines. The pr 
mechanisms controlling reliabili 
existing ceramics, developing ne 
testing these materials in simlsl 
bility. Although this is a gene 
structural ceramics for advanced d diesel engines, ceramic 
bearings and attachments, and ceramic coatings for thermal barrier and wear 
applications in these engines. T h i s  adva~ced materials technology is being 
developed in parallel and close coordi ith the ongoing I3 
industry proof o f  concept engin ragrams. To faci 
rapid transfer of this technolo 
the work i s  being done in t h e  ceramic 
from government laboratories, other in boratori es and 
universities. 

Technologies, Office Transportation Materials, and i s  closely coordi- 
nated with complementary cera ics tasks funded by o t h e r  DOE offices, NASA, 
DoD, and industry. A joint DOE an NASA technical plan has  been estab- 
lished, with DOE focus on autornoti e applications and NA A focus on aero- 
space applications. A common work breakdown structure ( SS} was developed 
to facilitate coordination. 
according t o  the following WBS project elements: 

nts commercially. 
a five year project plan was 

In July 1990 t h e  

stry, the major portion of 
ith technological support 

This project i s  aged by ORNL. for the O f f i c e  o f  Transportation 

The work described i n  t h i s  report i s  organized 
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0.0 Management and Coordination 

1 . 0  Materials and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1 . 3  Thermal and Near Coatings 
1 . 4  Joining 

2.0 Materials Design Methodology 

2.1 Modeling 
2.2 Contact Interfaces  

3 . 0  Data Base and Life Prediction 

3.1 Structural  Qual i f ica t ion  
3,2 Time-Dependent Behavior 
3 , 3  Environmental Effects 
3 - 4  Fracture Mechanics 
3 . 5  Nondestructive Evaluation Development 

4 . 0  Technology Transfer 

4 . 1  Techno1 ogy Transfer 

T h i s  report  includes contributions from a l l  cur ren t ly  ac t ive  project  
par t ic ipants .  
breakdown s t ruc tu re  out l ine .  

The contributions are  arranged according t o  the work  



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

0b.iecti ve/scoDe 

This task includes the technical management o f  the project in 
accordance with the project plans and management plan approved by the 
Department of Energy (DOE) Field Office, Oak Ridge, and the Office of 
Transportation Technologies. This task includes preparation of annual 
field task proposals, initiation and management o f  subcontracts and 
interagency agreements, and management of ORNL technical tasks. Monthly 
management reports and bimonthly reports are provideid to DOE; highl ights 
and semiannual technical reports are provided to DOE and program 
participants. In addition. the program i s  coordinated with interfacing 
programs sponsored by other DOE offices and federal agencies, including the 
National Aeronautics and Space Administration (NASA) and the Department of 
Defense (DoD). T h i s  coordination i s  accomplished by participation in 
bimonthly DOE and NASA joint management meetings, annual interagency heat 
engine ceramics coordination meetings, DOE contractor coordination 
meetings, and DOE Energy Materials Coordinating Committee (EMaCC) meetings, 
as well as special coordination meetings. 

3 
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1.0 MATERIALS AND PROCESSING 

This portion o f  the project is identified as project element 1.0 
within the work breakdown structure ( SS>. 
(1) Monolithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, and 
( 4 )  Joining. 
currently includes work activities on green state ceramic fahrication, 
characterization, and densification and on structural, mechanical, and 
physical properties o f  these ceramics. Research conducted within the 
Ceramic Composites sube ement currently includes silicon carbide, silicon 
nitride, and oxide-base composites e Research conducted in the Thermal and 
Wear Coatings subel emen 
i nvol ves coating synthesis, characterization, and determination o f  the 
mechanical and p ysical properties o f  the coatings. Research conducted in 
the Joining sube ement currently includes studies o f  processes t o  produce 
strong stable joints between zirconia ceramics and iron-base alloys. 

A major objective o f  the research in the Materials and Processing 
project element is t o  systematically advance the understanding o f  the 
relationships between ceramic raw materials such as powders an 
gases, the processing variables involved in producing t h e  cera 
materials, and the resultant microstructures and physical arid mechanical 
properties o f  the ceramic materials. Success in meeting t h i s  objective 
will provide U . S .  companies with new or improved ways for producing 
economical, highly reliable ceramic components for advanced heat engines. 

It contains four subelements: 

Ceramic research conducted within the Monslithics subelement 

is currently limited t o  oxide-base coatings and 
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1.1 MONOLITHICS 

1 .l. 1 Silicon Carbide 

improved Processing of Ceramic Composites 
D. E. Wittmer (Southern Illinois University) 

Obiective/scoDe 

The purpose of this work is to continue the investigation of the 
turbomilling process as a means of improved processing for Sic whisker- 
ceramic matrix composites and dispersion of matrix powders prior to 
composite processing. 

Technical promess 

Phase i l  is divided into 4 major tasks: 

Task 1. Beneficiation of SIC whiskers. 
Task 2. Development of aspect ratio reduction parameters. 
Task 3. Dispersion Trials and n-Si,N, Seed Development 
Task 4. Final Report 

Task 1. Beneficiation of Sic whiskers 

Task I was completed ahead of schedule as reported in the 
previous semi-annual report. 

Task 2. Development of aspect ratio reduction parameters. 

Task 2 was completed ahead of schedule with respect to the new 
target date. The pyrex vertical flow chamber, designed for measuring 
whisker lengths on the Lasentec-150 fiber analyzer, was constructed and 
passed the preliminary test under static conditions. Dynamic 
measurements of Si,N, slurry particle size were completed on standard 
solutions and dilute St3N4 suspensions. 

Task 3. Dispersion Trials and p-S ip4  Seed Development 

Dispersion Trials 

During this reporting period, microstructural evaluation and 
fractography were completed for the following hot-pressed compositions, 
that were processed by turbomilling and pressure casting: 
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e Ball milled A2Y6 ,matrix 
e P:irbornilied A2Y6 matrix 

s 25 vol.% SiCw-Si,!, composite containing berreficiated 

e 25 vol.”/;l SiCw-Si,N, composite containing beneficiated 

o 25 voL% SiCw-Si,N, composite containing beneficiated, 

e 25 val.% SiCw-Si,Np composite containing beneficiated, 

25 vel.% SiCw-Si,N, composite containing as-received SiCw’ 

coarse SiCw fraction 

fine SiCw fraction 

heat-treated, coarse SiCw fractim 

heat-treated, fine SiCw fraction 

Fig. 1 represents the summary of 4-pt. flexural strength results and 
for the Si,N, matrices and the SiCw-Si,N, composite formulations 
evaluated. 

It is clear from these results that the flexural strength of the Si,N, 
matrix prepared by turbsrnillir?g {TMM oave ::x 1021 MPa) was significa 
improved, compared with the same c 
(BMM oa,,=449 MBa). The ISW stre 
due to the high porosity and presence of sintered agglomerates, 
associated with poor dispersion and deagglorneration of the matrix 
powders in the ball mill. The flexural strength of the turbomilled matrix was 
also much higher than rep~rtecii previously for the baseline %i,N, from prior 
work (o,,, =e66 MPPa), likely due to longer turbomilling time (increased 
frsm 30 to 60 rnin). 

position processing by ball 
for the ball milled samples is 

Similar behavior was observed in comparing the ball milled 
composite (BMC) with the turbomilled composite (TMC), both containing 
as-received SiCw. The low strength vaAhnes far the ball nilled composite 
samples (oa.,,=449 MFa) can be attributed to the high porosity (=lo- 
12 %), associated with agglornerated SiCw and matrix materials. These 
flaws were easily observed by optical microscspy and SEM. The high 

‘ For this work Grade 1 silicon carbide whiskers from the former 
American Matrix Inc. (AMI) were used. The AMI whisker technology 
and equipment has recently been purcirased by Advanced Refractories 
Technologies, Buffalo, NY. 
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strength of the turbomilled composite samples (oave = 1093 MPa) is most 
likely due to the improved dispersion and deagglomeration of the SiCw 
and matrix materials, resulting in near theoretical hot-pressed density. 
This strength is similar to 925 MPa reported in prior work for the same 
composition processed by turbomilling. 

-3- Si N, Comeosites Containina Beneficiated SiCw 

The beneficiation routine used for separating the fine an 
SiCw fractions produced about 40 wt.% fine and 60 wt.% coarse SiCw. 
Material losses to the screens and from material handling were less than 
5% of the initial batch weight. The flexural strengths was somewhat 
reduced for composites containing beneficiated, fine SiCw (FF) (o ave = 945 
MPa), and significantly reduced for composites containing beneficiated, 
coarse SiCw (CF) = 759 MPa), compared to composites containing 
as-received SiCw (TMC). Results from preliminary SEM and optical 
microscopy indicate that the fine fraction is comprised largely of fine and 
ultra-fine particulate and fine, small diameter SiCw. The effect of this large 
amount of fine particulate would be a decrease in the volume of SiCw per 
unit weight present in the composite for the given farmulation. It is 
reasonable for composites containing the coarse SiCw fraction to suffer a 
significant reduction in strength, since the coarse fraction contains most of 
the large whiskers, particulate, and agglomerates from the as-received 
SiCw, which could be acting as critical flaws. SEM and optical analyses of 
the coarse SiCw fraction revealed an increased number of large 
particulate, compared to the fine SiCw fraction. The high volume of large 
particulate effectively decreases the number and volume of SiCw per unit 
weight of the composite. It is not surprising that such a reduction in 
strength was observed for composites containing the coarse SiCw 
fraction, since the sedimentation process used for beneficiation would tend 
to concentrate the known large sintered agglomerates and unreacted raw 
materials (primarily silica) from the whisker making process in the coarse 
fraction . 

-3- Si N, r Composites Containinq Beneficiated, Heat-Treated SiCw 

Heat-treating the beneficiated, fine SiCw fraction (FHT) was 
observed to further reduce the composite flexural strength (0 ave = 760 
MPa). These results were somewhat expected, since the thermal 
treatment was expected to improve debonding of the whiskers by removal 
of the silica layer from the whisker surfaces. lncreasing the debonding 
would result in less load transfer to the SiCw, and should allow for greater 
whisker pull-out; hence lower strength but higher fracture toughness. 
Reduction in flexural strength may be due to partial digestion of the fine 
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SiCw, during thermal treatment process (observed optically), which would 
tend to weaken the whiskers. 

heat-treated SiCw (CAT) appear to be unaffected by the thermal 
treatment. There is no clear explanation for these results, since the heat 
treatment was expected to reduced the whisker matrix bond strength, 
which should have resulted in less load transfer and lower strength. 
However, these results could be related to the composition of the coarse 
fraction. Also, the coarse SiCw had significantly larger diameters than the 
fine fraction, which might be relatively unaffected by any slight surface 
decomposition during heat-treatment. 

The flexural strength for composites containing beneficiated, coarse, 

Fracture touahneqg 

Fig. 2 represents a summary of the fracture toughness results 
obtained far Si,N, matrices and the SiCw-Si,N, composite formulations 
evaluated 

A2YG-Si3_N4 Matrix 

As with the flexural strength, the fracture toug 
turbomilled Si,N, matrix (K,,= 5.7 MPa-m”) was nearly double the fracture 
toughness for the ball milled Si,N, matrix (K,,=3.0 MPa-m”). These 
results are not surprising, since the ball milled matrix was observed to 
contain a greater number of flaws, related to porosity and sintered 
agglomerates, associated with poor dispersion and deagglarneration of the 
matrix powders in the ball mill. 

-3-+ Si N Composites Gontainina As-Received SiCw 

Similar to the matrix results, the turbomilled composite, containing 
as-received SiCw (TTMC), had greater than twice the fracture toughness of 
the ball milled composite ( 3 ~ ~ 9 .  (IMC K,,=Ic).~ MPa-m” compared to 

MPa-im”.) Again, this would be expected since the ball 
milled composite was observed, optically and by SEM, to contain high 
porosity and agglomerated SiCw and matrix materials, which would reduce 
bath strength and fracture toughness. 

-3- Si N, Comg3osites Cantainina Beneficiated SiCw 

There is only a slight decrease in the  fracture toughness when 
comparing the results for turbomilled composites, containing beneficiated, 
fine SiCw (FF) with cornpasites containing as-received SiCw. (FF M,,=9.3 
MPa-m” compared to TMC K,c = 18.2 MPa-m”.) Preliminary results from 
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optical microscopy examination indicate that the fine fraction contains 
primarily whiskers with Lc 12 pm and a large volume of fine and ultra-fine 
particulate. Since mainly the coarse particulate and larger diameter 
whiskers with L > 12 pm were removed during the beneficiation process, 
the toughness should remain essentially unchanged. 

Further decrease in fracture toughness was observed for 
composites containing beneficiated, coarse SiCw. (CF M,, = 6 3  MPa-m”) 
This may be due to the much lower volume of SiCw per unit weight of the 
composite for the coarse fraction and the composition of the coarse 
particulate. 

-3- Si N, Composites Containina Beneficiated, Meat-Treated SiCw 

Heat-treating the beneficiated, fine SiCw caused a slight decrease in 
fracture toughness (FHT K,,=8.6 MPa-ml”), instead of the expected 
increase that one might expect from decreasing tht? whisker-matrix bond 
strength. This decrease could be associated with the thermal degradation 
and weakening of the fine whiskers. 

beneficiated, coarse SiCw (CHT K,c=8.1 MPa-m”), but was still below that 
observed for either the fine or fine, heat-treated, fractions, and significantly 
less than for composites containing the as-received SiCw. This increase 
in toughness for the heat-treated coarse SiCw would be expected if the 
whisker-matrix bond strength was reduced, since it would allow for more 
whisker pull-out. 

Fracture toughness was somewhat increased by heat-treating the 

General comments 

From these results it would appear that there is no need to 
beneficiate or heat-treat AMI SiGw, since neither appeared to improve 
strength or fracture toughness. However, it should be noted that these 
results were for room temperature properties only. It is clear from these 
results that the beneficiation and heat-treating processes used in this 
research were detrimental to room temperature strength and fracture 
toughness. This is not all that surprising, since the room temperature 
properties of the composite depend to a large extent on the volume and 
composition of the glass phase of the SI,N, matrix and the whisker-matrix 
interface. The surface composition of the whiskers can also have a 
significant effect on the near-surface composition of the whisker-matrix 
interface. Therefore, it is possible that the high-temperature properties 
could be improved by using beneficiated or beneficiated, heat-treated 
whiskers. Improvement in high-temperature properties for composites 
containing heat-treated SiCw has be reported in previous bimonthly and 
semiannual reports by T. Tiegs, ORNL. 
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In preliminary work dccr commercial Si3N, powders without amy 
additives w e ~ e  investigated (UnE, E-dU and E-5 and H. C. Starck, LC-12SX 
and LC-ION). B ~ s e d  on previous wcrk, each powder was heated to 
1&35°C for 4h in a dosed BN crucible it? order to effect conversion of (Y to 
13-Si3N,. The idm was to use the fi-Si,N, as a S Q L B T C ~  of seed material for 
ezkiarictzd dg-ricrostructenrA cmtro1 in sf rilered Si3W, compositions. 
Idmveeitx, fc; the themal esnditions employed the powders did not 
cornpietely G O ~ V W ~  to tke 6 phase and therefore were not shiitabie as seed 
materials. ’4s 3 result; small a67;ditiot-i~ sf rare earth oxides and other 
oxides were investigated 8s nucleating agents for the UBE Si,N, powders. 

Initially Y,O, was added lo the Si$, powders by tu rbmdhg fGr 
1 h. Several hmt treatment schedules were used to expisre the effect an 
rraleation and growth of the a-Si,N,. G-iQ doped with Y,O, converted 
campletebi to o-Si,N,, bent the morphology of the resuiting fi crystals was 
deperident on the heating schsdule. Unifarrn seeds approximately 
1-1.5 p n  in d;arnetes by 4-5 ,irm Dorig were obtained by heating to 1800”G 
for 4 1-1. E-5 doped with Y203 also converted completely to B-Si,M, but the 
B crystais prsdr.iced had both elongated and equiaxed morphology. There 
was also a large variation in diameter and iength of the elongated fraction. 

La Q additions to E-10 Ss3N, were also investigated. A11 of the 
cornpositsans investigated were Sound to be completely converted to 
fi-Si,N,, hawevcr :he diameter of the crystals formed were much smaller 
thaw obtained for the S ~ Y  doping with Y,Q3. 

An addition of 2% A1,03 with 0.5% MgO was also made to the 510 
Si,N, and the materials vvcs kseai treated under the same conditions which 
produced complete R -Si,N, conversion for Y,8, doping. This resulted in 
only a 24% conversion to fi-Si,N, and no elongated grains were observed, 

additions of1? seed; has been made by  turbomilling and pressure casting. 
Pressure cash discs of the baseline Si3N, (composition withalist seeds) and 

16380°C for 4 I-i at 300 p i g  N,. Machined test bars (MIL Std.-Type B) have 
been received for the base line Si,N, and 5 wt.% seed addition. Based an 
a very limited number of test bars 4-pi flexural strength was found to be 
925-1825 MPa for the baseline Si3Fld4 and 750-958 MPa for the seeded 
Si,N,. Fracture t o ~ ~ h n e s s ,  using the Lawn and Cook madified indentation 
method was found to be 8-10 MPa-rn” for the baseline Si3N, and 18-13 
MP~-~TI” for the seedcd SI,N,. ~i-sese :esults VJOUI~ sqgest that the 
sce3ed Si3N, developed a more mature ~3 -SI,N, grain sIru3u-e than the 
baselhe c~,mposition. The rnicrastr cictures are presently being examined 
to determine if the difference in microstructure is observable Additional 
materials are breirig prepared to produce more statistically significant data. 

. ?  3 

A selected Si,N, composition (A2Y61, containing 5 and 70 v2.% 

the seeded sip, have been sintered to 99-lQQ% of theoretical density at 
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Based on these results a 6 months extension of this project has 
was requested and approved. 

Status of milestones 

1. Run Beneficiaticm Trials and Report in Bimonthly Completed 

2. Run Aspect Ratio Reduction Trials and Report Completed 
in Bimonthly 

3. Run Matrix Dispersion Trials and Report 
in Bimonthly 

On Schedule 
New Target 

4. Rough Draft of Final Report to Contract Monitor On Schedule 
New Target 

Publications 

D. E. Wittmer and T. E. Paulson, "Evaluation of SiCw-Si,N,. Composites 
Containing Beneficiated/Heat-Treated SiCw," Ceramic Engineering and 
Science Proceedings, in review. 

Presentations 

D. E. Wittme: and T. E. Paulson, "Evaluation of SiCw-Si,N, Composites 
Containing Beneficiated/Heat-Treated SiCw," 15th Annual Conference on 
Compasites, Materials and Structures, Jan. 16-18, 1991. 
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Fig. I Summary of 4-Pt. Flexural Strengths 
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CHT: Turbomilled Composite; Beneficiated, Coarse, Heat-Treated SiCw 
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1.1.2 5-ilicon Nitride 

Sintered Silicon Nitride_ 
6 .  E. G a z z a  (Army Materials Technology Laboratory) 

objective/scope 
The program is currently conducted on contract to Ceradyne Znc. 

with support from AIMTI;. 
developing scale-up processing conditions for a silicon nitride material 
having the general composition 85.8m/o Si3N4-4.73m/o Y203-9.47m/o 
~i02-~.Om/o Mo2C and characterizing the properties of this composition 
with the goal of producing complex components fer testing in related 
heat engine programs. T h e  first task of the program will concentrate on 
processing studies and data base generation while t h e  second task will 
focus an producing and characterizing engine components, 

The contract has the overall objective of 

Technical progress 

Mixing Experiments: The silica powdsr (Cab-Q-sil) 
due to its high surface area (180 m /g). Dilute suspensians of this 
powder in water were used to determine the most efficient method of 
dispersing the powder. The degree of dispersion was measured by 
determining the silica agglomerate size using a centrj-fuga1 particle 
size analyzer (Horiba CAPA 300). Suspensions were mixed mechanically, 
ultrasonically, and using bath methods simultaneously. The combination 
of ultrasonic with mechanical mixing was shown to reduce the 
silica-water agglomerates in the 10-50 urn range by a factor of 10 over 
the  mechanically mixing alone, The silica suspension obtained by the 
combined mixing contained > 9Qv/o of agglomerates below 1 urn in s i z e  
whereas the mechanically mixed suspensions contained 95% greater than 1 
urn. Thi.s technique w a s  incorporated in the batch preparation process 
for Mix 4 and 5 which were used f o r  Matrix 3 .  

is highly agglomerated 

Raw Materials: A new source of of Mo C was used for Matrix 3 ( I I c rmanm C ,  
Starck grade 1.5-2.5). This powder sad an average particle size of 3.2 
um. The use of this powder eliminates the extensive powder preparation 
step required with the original MO C powder. 

2 

Batch Preparation: A dilute suspension of the silica was prepared by 
ultrasonic plus mechanical mixing according to the previously described 
procedure. The other sintering additives, Y 0 and Mo2C, were 
added to the suspension and dispersed in the same way. This suspension 
was added tca the attritor mill. The Si3N4 was then added to the 
attritor mill and the entire mixture was processed for 1 hour. T h e  
slurry was then spray dried. Spray dried powder and flcjgreenll body 
characterization is summarized in Table I. The solids content of the 
batched slurry was significantly increased from 38% ta 55% with a 
decrease in viscosity from 3 0 0  cps to 150 cps. This improvement is 
attributed to the improved mixing. 

2 3  

Sintering: The sintering variables investigated were: 
(1) Temperature (19OOC, 195OC)  
(2) Time ( 3 ,  5 hours) 
( 3 )  Packing powder composition ( 0 ,  2% silica) 
( 4 )  Amount of Packing powder (Buried, Covered) 
(5) Amount of Mo2C (0, 1 m / o )  

The experiments were performed in four sintering r u n s  (MTL 11-14) using 
an L32 array. The results w e r e  analyzed using the QUEST software 
program e 
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Density: The experiment showed that sasities of 100 T.D. w e r e  achieved. 
The analysis showed that the density as affected by two praeessing 
variables; time and packing powder c 

Weight Loss: The weight losses in Matrix 3 were reduced ts J.-5%* 
Typically, the Mo2C parts exhibited higher wei ht losses than the 0% 
MoZC material for the same processing con 

Phase Composition and Microstr 2 The phase composition sf the 
Matrix 3 samples consisted of mainly H-phase., In some 
cases, Y2Si 0 Y S i Q  or Y S 
observed. 18 &pe rs ?;at thii 
the sintering temperature and sintering ~ n v i r o ~ ~ ~ ~ t ~  

3composition is a function of both 

Matrix 3 Confirmation Runs: 

(mixes 4 and 5). MTL run 15 was performe to determi 
for the sintering temperature for the compositions, The remaining runs 
investigated the sinterability of large samples (over thick). 

A total of five runs (MTL 15-19) wer made with 

Densities: 

samples in 2% Si02 packing powder. les sintered i n  0% packing powder 
were only 9(3-95% dense. 

1/2l*) packed in 2% Si02 powder (ba TL 15). Samples form N i x  4 (no 

bloated samples had dense edges a mriors w i t h  1Par 
produced by gas buildup. 

MTL 18-19: Performed at 19QQC for 3-5 hours at 0.66 
nitrogen pressure (MT1 18) and 5 hours with a regular hjig 
schedule (MTL 19) using both packing powders and various 
These experiments were designed to f i n d  the cause sf 
all samples in the runs, only large F ds ~~~~~~~i~~ 
2% Si02 powder exhibited b l o a t i n  
to 99% of theoretical. Generally 02.c containing samples 
or samples from 2% Si02 packing powder had higher densities if no t  
bloated. 

MTL 15: Run at 1850C far 5 hours with small pellets produced dense 

MTL 16-17: Performed at 1850C QC on larger samples (288x 1”x 

Mo2C) were dense but samples from 0 2 C )  were hloa 

Phase Composition: 

r e g u l a r  samples. The edges of the sa e samples c ntained regula 
of Mo2C in addition to H phase or yt r i a a m  silicate, The data in, 
that the 2% Si02 packing powder accelerated the sintering near the 
sample edges well beyond the closed pa osity stage, The interior of the 
sample meanwhile was still porous and id not have a chance to finalize 
its gas evolving reactions with Mo2C, therefore cau i n g  bloating. Mix 4 
samples did not have a bloating problem because no 0 2 C  was present. 
Small samples with Mo2C (pellets) also did not blaa because their cross 
section thickness was roughly twice the t h i  kness sf the ense surface 
layer on the bloated samples. Samples place i n  0% S i 0 2  p cking powder 
did not bloat because the reactions with Mo C had a. chance to be 
completed before the sample edges densified, fsllawed by unifor 
densification of the sample as a whole, 

The interiors of bloated sample has 3-5 ti es more M o 2 ~  than in 

Matrix 4 :  

observed in previously sintered samples by improving the dispersion of 
the Si3N4 powder and (2) to a d j u s t  the pow er composition by ad 

Matrix 4 objectives were (1) to elkminate the 48-180 urn porosity 



silica to t h e  mix in order insure the presence of t h e  YZSi2Q7  phase 
after sintering. 

Composition: 

given in the introduction. However, i n  this case, there was no 
compensation far any Si02 which may be present in the Si3N4 powder. 
Earlier components assumed a contribution of S i 0 2  from the S i 3 N 4  powder. 
The actual weight percents of the powders used are given in Table I T .  

the final phase composition of t h e  material contains the yttrium 
disilicate phase, and ( 2 )  to prevent bloating of M o 2 ~  containing samples 
sintered in packing powders containing silica. 

average particle s i z e  of the powder w a s  measured $0 be 3.2 urn which is 
in good agreement with SEM observations. 

Powder compositions were adjusted by following the general formula 

The composition adjustment was done for two reasons; (1) to ensure 

HCST Mo2C powder (grade 1.5-2.5) was again used in Matrix 4 .  The 

powder Preparation: 
Matrix 4 (mixes 6 and 7) powder batches were prepared using an  

ultrasonic chamber placed in line with the recirculating attritor m i l l .  
The flow rate through the ultrasonic chamber was appraximately 100 m l . / s  
of SlLPrry. 

Powder dispersion was started by adding Si02, Y283, (and Mo2C) to 
the required amount o f  water (including dissolved binders) and 
mechanically dispersing the mixture in the attritor. A f t e r  2 min. in the 
attxitor, the ultrasonic was turned on for 20 minutes, F i n a l l y ,  the 
required amount of Si3N4 powder was added. The attritor and the 
ultrasonic ran simultaneously f o r  1 hour. The p H  of the slurry was 
adjusted to 9 with NK40H. V i s c c p s ~ t f 3 y  of the slurry was adjusted to 150 
eps by adding up to 5 ml of dispersant and w e t t i n g  agent, The slurry was 
pumped out of the attritor, screened through a 3 2 5  mesh screen, and then 
spray dn-ied.The powder was i s ~ p i - e s s e d  into 4# '  long, 1/2" diameter rods 
at 15,000 and 2 5 , 0 0 0  ps i .  Each rod was sliced into four pieces of 
approximately equal lengths which were used as sintering samples. The 
samples were burned aut in a i r .  Examination of the binderless sample 
surface showed that t h e  d i s p e r s i ~ i i  of powders were uniform. 

Sintering: 
Three sinteriny runs were performed at 190QC, 185OC, and 18806: with 

a five hour hold at temperature (MTL 2 0 - 2 2 ) .  Packing powder with 0% and 
2% Si02 were used in each run with two samples of each composition 
packed in each powder. The sintering data from these runs are summarized 
in Tables  111-V. 

D e n s i t i e s :  

achieved in all samples irrespective a€ packing powder, ismpressing 
pressure or material composition. B l o a t i n g  was not observed in any of 
the samples. Lower sintering temperature and absence of bloating are a 
result of the composition adjustment in the samples. 

Linear Shrinkage: 
Linear shrinkages were measured f o r  samples in run MTL 20 for 

samples isopressed at 15000 and 2 5 0 0 8  p s i  (Table 1x1). Shrinkages range 
from 20 to 25% and are higher for samples pressed at 15000 psi. 

In a l l  three sintering runs ( 1 8 0 0 - 1 9 0 O C )  theoretical densities w e r e  

Weight Losses: 

the Si02 content. T h e  presence of Si02 in the packing powder 
significantly reduced the weight losses in both material compositions. 

Weight losses remained i n  the 2-58 range despite the increase in 
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The weight losses also decreased with the decrease in the sintering 
temperature as seen in Figure 1. 

Phase Composition: 
Phase composition of all Matrix 4 samples consisted of i - S i 3 N 4  and 

Y2Si.207 in two distinctly different forms as found on JCPDS card nos. 
22-1103 (Y2Si207) and 38-223 (a-Y2Si207). It appears that the a-Y2Si207 
is preferred in samples sintered in 0% Si02 packing powder and the 
Y2Si.20'7 in 2 packing powder (Tables 111-V). 

Microstructure: 
Microstructure of samples from all Matrix 4 sintering runs was 

greatly improved over previous Matrices with respect to porosity. Pores 
over 20-30 um in s i z e  have been eliminated. Presently, samples with Mo2C 
tended to be. more porous than without Mo2C. Grain size of the samples 
sintered at the three different temperatures did not appear to change 
substantially. Samples that did not contain Mo2C had a distinct 
macrostructure in the cross-section consisting of concentric rings of 
different shades of gray. This macrostructure had a certain dependence 
on the composition of the packing powder. Conversely, Mo2C containing 
samples were uniformly dark gray/black. 

Hardness and Fracture Toughness: 

measured. Hardness values  w e r e  between 1400 and 1450 kg/sq.mm and 
apparently not dependent on sintering conditions, The toughness values 
w e r e  between 6.5 and 7.5 MPa/mml/2 also independent of sintering 
temperature. 

Established milestones 

Hardness (Vickers at 5 kg load) and fracture toughness values were 

( A )  Establish powder processing approach for preparing selected 
composition. Determine preferred sintering conditions. Generate data 
base for room temperature and high temperature properties. 

July 1991 

(B)  Fabricate, inspect, and make components available for engine testing 
in a gas turbine ceramic component development/evaluation program. 

July 1952 

TABLE I 

Batch Powder/Green Compact Characterization 

Batch 
Mix No. 

vOl.% Solids 
pH 

Viscosity (cps) 

Spray dried Powder 
Bulk Density (g/cc) 
Tap Density (g/cc) 

Green Compact 
Green Density (g/cc) 

Comp. 3: 
4 
4 5  
8.5 
20 

0.61 
0 .74  

Comp.11 
5 
55 
8.5 
150 

0.67 
0.75 

1.64 1.66 

Compaction Ratio 2.66 2.48 
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Powder Compositions 

Mix 6 

Mix 7 

88.03 
7.81 

4.16 

8 6 . 6 0  
7 .78  

4.14 
1.48 

TABLE 11% 

MTFL 2 0 -  19uoc-5 hours 

packing powders: (1) 0% s i 0  ( 2 )  2% Si0, 
parts: rods: m i x  ( 0  M ~ ~ c ) ~  m i x  7 (lm/o M ~ ~ c )  
crucible -- g r a p h i t e  

parts mix 6 m i x  7 - 
pack. powder 1 

wt:- loss ( % )  
15000 psi 3 * 483 
2 5 0 0 0  3 . 1 0 0  
2 5000 3 . 2 0 0  

density 
15800 p s i  3.272 
2 5000 3.270 
2 5008 3 274  

% theoret. 
15000 p s i  a. 0 0 4  
2 5000 1.083 
2 5000 1.004 

Shrinkage % 
154300 p s i  (diam) 2 2 . 5 0 0  

( l e n g t h )  2 6  m 509 
2 5000 ( c l i a m )  2 0 - 9 0 0  

(length) 2 0 . 8 0 0  

Tough " (MPaml/ 2 ) 7 . 5  

2 

2 . 4 0 0  
I - 7 0 8  
2 . 8 0 0  

3.267 
3.250 
3 .257  

1 " 0 0 2  
0.9517 
0.999 

22.580 
25.600 
2 1 . 9 0 0  
21.105, 

1 

5 060 
6 " 5 0 0  
2 . 5 0 0  

3.292 
3.300 
3 .( 280 

1" 001 
1.003 
0.999 

2 2 . 5 0 0  
2 4 . 2 0 6  
2 0 . 0 0 0  
2 1 . 0 0 0  

143% 

6. 

a-Y 2si207 
Mo2C (? )  

2 

3.000 
2 . 8 0 0  
3 . 0 0 0  

3 . 2 8 8  
3.273 
3.282 

9 . 9 9 9  
0.995 
0.998 

22 .500  
22 .) 8 0 0  
21 .000  
231.5QO 
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TABLE IV 

MTL 21-185OC-5 hours 

packing powders: (1) 0% Si02 and (2) 2% Si02 
parts/rods: m i x  E, (0 Mo2C) mix 7 ( l m / o  Mo2C) 
crucible -graphite 

mix 6 
1 2 

mix 7 
1 

p a r t s  
pack, powder 
weight loss (%t i )  

15000 p s i  
25000 

2 

2 700 
2.200 

3.292 
3.288 

1.001 
0.999 

1401 

6.6 

Y2Si207 
MoSiZ 

3.106 1.000 
2.9QQ 2 200 

4.700 
4.500 

3.270 3.256 
3.274 3 * 267 

3.299 
3.297 

density 150(38 
2 500 

2 003 0.999 
I. 0 0 4  1.002 

1.003 
1.002 

1401 14 3 0  1436 

Tough.(MParnl/2) 3.4 6.6 7.2 

a-Je2Si209 a-Y2Si207 a-Y 2 S i207 
(Mo2C (? )  
MoSi2 ( ? )  

Phase @ompa 

TABLE V 

MTL 22-180OC-5 hours 

pack. powder: (1) 0% Si02 (2) 2% Si02 
parts/rods: mix 6 (0 Mo2C) m i x  7 (lm/o Mo2C) 
crucible -graphite 

Parts m i x  6 mix 7 
pack. powder 1 2 1 2 

weight loss ( % )  
2 I900 1.500 4.200 
2.800 1 s 200 4.300 

3 .a00 
1.800 

dens i ty  3 .263  3.255 3 e 286 
3 e 273 3.256 3.290 

3 e 279 
3.258 

% theor. 1 001 0.998 0.999 
1.004 0.999 1.000 

0.997 
0.990 

Hardness 
(kZg/sq*mm) 1436 1420 1347 

Tough. (MPaml/2) 7.2 6.9 7.4 
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Phase comp. a-Y2Si207 Y2Si207 a-YzSi207 Y2Si207 

a-Y2Si207 (38-223) 
Y2Si207 (22-1103) 
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Microwave Sinterina of Silicon Nitride 
T. N. Tiegs, J. 0. Kiggans, M. K. Ferber, K. L. More, C. M. Hubbard, H. D. Kimrey, 
and D. W. Coffey (Oak Ridge National Laboratory) 

Q biective/sccg.g 

The objective of this research element is to identify those aspects of rnicro- 
wave processing of silicon nitride that might (1) accelerate densification, (2) permit 
sintering to high density with much lower levels of sintering aids, (3) lower the 
sintering temperature, or (4) produce unique microstructures. The investigation of 
microstructure development is being done on dense silicon nitride materials an- 
nealed in the microwave furnace. The sintering of silicon nitride involves two ap- 
proaches. The first approach comprises heating of silicon nitride and sialon 
powder compositions in the 2.45- or 28-GHz units. The second approach deals 
with using reaction-bonded silicon nitride as the starting material and is done 
entirely in the 2.45-GHz microwave furnace. 

Techna l  h i a w  

Sintering of silicon nitride 

A series of samples have been fabricated to investigate the effects of alter- 
native coupling methods to improve sintering of the Si3N4 materials in the micro- 
wave. Densification behavior for the samples with various additive contents is 
summarized in Fig. 1. As expected, increasing the additive content improved 

ORNL-DWG 91-9595 
E3 Conventional Heating 

I3 2.45 GHz Microwave 

Low Medium High 

Fig. 1. Increasing the sintering additive content improves the 
heating efficiency and densification of Si3N4 materials. Low contained 
6 Yo Y203 and 2 % A1203, medium contained 9 % Y203 and 3 % Al2O3, 
and high contained 12 % Y 2 0 3  and 4 % AIzO3. The low and medium 
specimens were turbomilled and slip-cast, while the high samples were 
ball milled and iso-pressed. Sintering was done at 1750°C for 
1 h. The lower densification for the high additive contents is a result of 
the powder compact fabrication techniques and not the Sintering 
conditions. 



densification. Comparison of the two heating rr~etkods showed that, in every case, 
higher densities were obtained for the microwave-sintered samples as compared to 
conventional heating at corn arable conditions. The effect of using !-azo3 in place 
of Y 2 0 , ~  as a sintering aid is shown in Fig. 2. Became of the lower melting paint for 
the eutectic in the La2Q3-A1203 system, good densification mas observed far bath 
the conventional and microwave-sintered materials. Elangated grain growth was 
observed for both densification methods (Fig. 3). 

50 .1 -7 

Y2Q3 La203 

Additional coupling additives to the silicon nitride compacts are also being 
examined for improving the heating uniformity. Samples containing a!uiminum 
metal particles have been fabricated and heated in the microwave. The samples 
required low power and had xcellent heating efficiencies. Ho ever, de nsif lcat ion 
of the compacts was inhibite in camparison to compacts cont ing A!N additives. 
Further samples are being fabricated that will incorporate other coupling additives, 
such as sialon powders. 
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3 

I"' 

OWL-PHOTO 17872 

Fig. 3. Fracture surface of Si3N4- 9 % La203-3 % A1203 sintered 
at 1750OC for l h  in: (a) a conventional furnace and (b) a 2.45-GHz 
microwave furnace. The additive content was sufficient for grain 
growth in both cases, but some enhancement occured for the 
microwave case. Samples were turbomilled and slip-cast. Density for 
the conventional material was -97% T. D. and -98% T. D. for the 
microwave material. 
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Microstructure develop me nt 

As reported previously, an annealing study was performed to investigate 
microstructural development of silicon nitride during heat treatment in a microwave 
furnace. Samples of Si3N4-4Y0 Y2O3 and Si3N4-6% Y2O3-2% AI203 were hot 
pressed to full density and annealed both by microwave and conventional heating 
at 1200, 1400, and 1500°C for 10 and 20 h. Initial results showed increased, 
enhanced grain growth for the microwave-sintered samples at temperatures sig- 
nificantly lower than observed with conventional heating (>3OO0C) and improve- 
ments in the high-temperature creep rate. 

Further analyses on the annealed samples by X-ray diffraction have been 
performed. X-ray diffraction on the as-fabricated materials showed significant 
amounts of aA-Si3N4 in both the Si~N4-47~ Y2O3 and Si3N4-6Y0 Y203-2Y0 Al2O3. 
During microwave heat treatment for 20 h at 1400°C and 1 2OO0C, respectively for 
the two compositions, complete transformation to 0-Si3N4 occurred. Literature on 
the aA-to-0 transformation indicates that it only occurs by vapor or liquid transport 
mechanisms. Interestingly, in the microwave-annealed samples, the bulk tempera- 
tures are 100 to 150°C below the solidus temperatures for the compostions investi- 
gated. The conventional heat-treated samples showed significant amounts of 
retained aA-Si3N4. In addition, no amorphous phases were observed in either the 
conventional or microwave-annealed samples. 

Si3N4-6Yo Y2O3-2% AI203 samples are shown in Figs. 4 and 5, respectively. As 
Indent fracture toughness measurements on the Si3N4-4Yo Y2O3 and 
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0 As-Fabricated 
A Conventional Anneal 

Microwave Anneal 

100 200 300 400 500 600 700 800 

Crack Extension (pm) 

Fig. 4. Indent fracture toughness for Si3N4-4% Y2O3. Specimens 
were conventionally and microwave annealed at 1400°C for 20 h. 
Microwave annealing was done in the 2.45-GHz furnace. 
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Fig. 5. Indent fracture toughness for Si3N4-6% YzO3-2% A1203. 
Specimens were conventionally and microwave annealed at 12OOOC 
for 20 h. Microwave annealing was done in the 2.45-GHz furnace. 

shown, both sets of materials exhibit R-curve behavior, with increasing K(c with 
increasing crack extension. The decrease in toughness for the annealed samples 
is indicative of crystallization of the grain-boundary phases that takes place for both 
the conventional and microwave heat treatments. The increased toughness for the 
microwave-annealed materials, as compared to the conventionally heated 
samples, is believed due to the coarsening of the grains that takes place in the 
microwave. This enhanced grain growth has been reported previously. 

Initial fatigue testing has given encouraging results for the microwave- 
annealed materials. Additional tests on Si3N4-6% Y2O3-2% A1203 have been 
made. In a stepped-stress test, the microwave-annealed sample also had im- 
proved fatigue resistance (Fig. 6). As shown, the microwave samples exhibited 
excellent fatigue resistance. The improvement in fatigue resistance is most likely 
due to microstructural changes in the microwaved materials. 

Additional annealing experiments have been performed on hot-pressed 
Si3N4-4% Y2O3 and Si3N4-6% Y203-2% AI203 to provide more specimens for 
mechanical testing. The packing powders were modified to aid in decreasing 
weight tosses that occur during the high-temperature anneals. As shown in 
Table 1 , weight losses were observed for the Si3N4-6V0 Y2O3-2% AI203 specimens 
only. Weight losses were significantly lower than for the previous compositions 
annealed. In those tests, corresponding weight losses for Si3N4-6% 
YzO3-2% AI203 at 1400°C for 10 h were 2.5% as compared to 1.1 % in the present 
test. In every case, the bars showed only a slight change in color. 
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Fig. 6. Stepped-stress fatigue testing on SisN4-6% Y2O3-2% 
Al2O3. Test temperature was 16OOOC. Specimens were microwave 
annealed in the 2.45-GHz furnace. 

Table 1. Summary of weight losses (%) during microwave 
annealing of silicon nitride 

Annealing conditions 

Composition 
1 40OoC/20 h 1 4OO0C/1 0 h 

1 2OO0C/1 0 h 
150OoC/2 h 15OO0C/2 h 

1 4OO0C/1 0 h 
120OOC/lO h 

Si3N4-4% 
Y203 

Si3N4-6% 
Y203-2% 
A1203 

< 0.0 

1000°C/10 h 

< 0.0 

e 0.0 < 0.0 < 0.0 

1200°C/10 h 1400°C/10 h 1400°C/10 h 
1200°C/10 h 
1000°C/10 h 
1.3 1.1 0.1 
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Transmission electron microscopy (TEM) was used to examine the nature of 
the grain-boundary phases in selected annealed samples. Minor differences of the 
intergranular phases were observed between the conventional and microwave- 
annealed samples (1 4OOOC for 20 h) containing 4 % Y2O3. The as-fabricated 
samples and those conventionally heated contained two crystalline grain-boundary 
phases: Y2Si207 and a yttrium-silicon-oxynitride phase. The microwave-annealed 
sample contained only the yttrium-silicon-oxynitride as a grain-boundary phase 
(Fig. 7). 

Ng. 7. TEM micrograph ahowlng crystalline yttriwm-siUcon- 
oxynitfide grain-boundary pockets in mllcrowav8-anngaled SlaN4-4% 
Yp03. Microwave annealing condltlons were 1400% for 20 h. 

Examination of the Si3N4-6% Y2O3-2% AI203 materials by TEM showed the 
intergranular phases in the as-fabricated samples to be amorphous, as expected. 
During conventional annealing at 1400OC for 10 h, large grain-boundary pockets of 
Y2Si207 crystallized with the aluminum existing predominantly in small amorphous 
pockets, which is also typical for this material composition. When the material was 
microwave annealed for 10 h at 1400°C, there was a significant improvement in 
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crystallization and, in fact, no amorphous phases were found in this sample. As 
noted in the sample conventionally heated under the same conditions, when there 
are some residual amorphous phases present, it is due to the aluminum 
segregating into discrete areas as the Y2Si207 or other Y-Si-0-N phases crystallize. 
In this case, however, the aluminum was found in solid solution within the 
crystalline grain-boundary pockets in a high Y-containing silicate (but not Y2Si207), 
as shown in Fig. 8. 

TEM was also performed on samples microwave annealed at 1200OC for 
20 h. These conditions resulted in an inhomogeneous distribution of phases: in 
some areas, the majority of the grain-boundary pockets had fully crystallized as a 
high Y-containing phase with no aluminum, whereas in other relatively large re- 
gions adjacent to these areas, there were no crystalline pockets, only residual 
amorphous pockets. These regions ranged in size from 1 to 10 pm. 

YP12131 

Fig. 8. TEM micrograph showing high Y-containing silicate 
containing aluminum phases in microwave-annealed Si3N4-6% 
Y2O3-2% Al2O3. Microwave annealing conditions were 14OO0C for 
I O  h. 
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New microwave furnace construction 

The new microwave furnace has been moved from the Y-12 facility in 
Oak Ridge, Tennessee, and has been installed in the Metals and Ceramics 
Division. The furnace is currently in operation. 

s of milestones 

All milestones are on schedule. 

"Microwave Sintered Silicon Nitride," by T. N. Tiegs, J. 0. Kiggans, and 
H. D. Kimrey, to be published in Ceramic Engineering Science Proceedings, 
Vol. 12, NO. 9-10 

"Microstructure Development During Microwave Annealing of Dense 
Silicon Nitride," by T. N. Tiegs, M. K. Ferber, J. 0. Kiggans, K. L. More, 
C. M. Hubbard, and D. W. Coffey, to be published in Ceramic Transactions, Am. 
Ceram. SOC. 

"Characterization of Silicon Nitride Synthesized By Microwave Heating," by 
J. 0. Kiggans, C. R. Hubbard, R. R. Steele, H. D. Kimrey, C. E. Holcombe, 
and T. N. Tiegs, to be published in Ceramic Transactions, Am. Ceram. SOC. 
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Characterization of Attrition Milled Silicon Nitride Powder 
S. G. Malghan, L. -S .  H. Lum and D. B. Minor 
(National Institute of Standards and Technology) 

Obiective/scoDe 

Currently, the starting materials in the manufacture of silicon 
nitride ceramic components are fine powders. 
tend to form agglomerates due to van der Waals attractive forces. 
improved reliability in the manufacture of ceramic components, the 
agglomerates in the powders should be eliminated since they form 
defects. In addition, the powders should have an appropriate range of 
size distribution and specific surface area for achieving a near- 
theoretical density of the ceramic after densification. These factors 
necessitate the use of powder milling as one of the major powder 
processing unit operations. Therefore, milling of powders is an 
integral unit operation in the manufacture of silicon nitride 
components for advanced energy applications. The production and use 
of these powders require the use of efficient milling techniques and 
understanding of characteristics of the milled powders in a given 
environment. 
significant advantages over conventional tumbling and attrition mills. 

The objectives of this project are to: (1) develop fundamental 
understanding of surface chemical changes taking place when silicon 
nitride powder is attrition milled in aqueous environment, and (2) 
demonstrate the use of high energy attrition milling for silicon 
nitride powder processing, by developing measurement techniques and 
data on the effect of milling variables on the resulting powder. 
study will provide data and models for effective application of high 
energy attrition milling to industrial processing of silicon nitride 
powder. It also will provide recommended procedures for physical and 
surface chemical characterization of powders and slurries involved in 
the milling process. 

These fine sized powders 
For 

High energy attrition milling appears to offer 

This 

Technical projzress 

During this period, the primary effort was towards data analysis, 
experiments on the effect of media size, and simulation of milling 
behavior of silicon nitride powder in a high energy attrition mill. 

Data Analvsis. The results of milling experiments with 2 mm 
diameter media of a 23 factorial design were evaluated. These 
experiments examined the influence of rotor speed, feed rate and % 
solids in the feed slurry. 
distribution, specific surface area, surface chemistry, morphology and 
power consumption. 
accompanied by not only physical changes (particle size distribution, 
specific surface area, and particle morphology) but also surface 
chemical modification of the powder. In general, the following 
observations were derived from these data: 

The response variables were particle size 

The data evaluation showed that milling was 



- Initially, there was a rapid redu~ti~n of the mean size 
indicating that deagglomeration of the powder was a d.omPmant 
mechanism, where loosely held particles were separared from 
each other due to shearing action in the mill. 

The rate of particle size reduction was highest when the rotor 
speed and slurry flow rate were high. The percent solids in 
the slurry had a minor effect on the rate of milling. 
mill speed and slurry flow rate were 2800 rpm and 488 cc/mitl, 
respectively, the mean feed size decreased from 1.05 gm to 
0.77 pm by milling for 160 e of fast milling 
kinetics is considered to be 8-10 tlmes faster than that in a 
tumbling b a l l  m 1 3 . l .  

When the 

Comparison of specific surface area measurement with particle 
size distribution yields information relating to the degree of 
dominance of size reduction mechanisms. A large surface area 
change with a relatively little change in the mean particle 
size is an evidence of production of too many extremely fine 
particles, which contribute to increase o f  specific surface 
area. Such conditions were observed by milling at 2800 rpm 
rotor speed, 248 cc/mfn slurry flow rate and 44 % solids in the 
SlUrKy (I 

Morphology of the milled particles showed a marked difference 
by changing the rotolt speed and slurry flow rate. The hlocky 
morphology of the SNE-3 powder could be altered either to 
rounded particles wlthout significantly nnodifying size 
dtstribution or to rounded particles of signtficantly finer 
size distribution. The former type of particles were produced 
by shear dominated attrition milling; whereas, the l a t ce r  type 
sf particles were produced by compression dorninated irnpac t . 

Surface chemlstry of milled particles varied as a function o f  
milling time and milling parameters. 
fracture, freshly formed surfaces undergo oxidation and 
readsorption of ammonia, amine and impurities from the bulk 
solution. These reactions lead to a complex surface on the 
silicon nitride powder surface. The pHiep (pW a t  whlch the 
particle surface carries a net  zero charge) was found to 
decrease indicating progressive surface oxidation as a 
function of milling time and mhlling intensity. 

As particles undergo 

Effect of Media Size. The media s i z e  was changed to 3.00 mm 
diameter b a l l s .  Using the 3.00 mm media, eight experiments (23 
factorial design) were carried out. Effect of three variables (slurry 
flow rate, rotor speed and X solids in the slurry) was studied. 
Experimental conditions were maintained the same as IKI the case of 2,O 
m diameter media. 

expected based on reduced number of contacts between media and 
Milling rate is slower than that with the 2,0 m media. This is 
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particles, which leads to breakage of a fewer number of particles per 
unit time. However, the major purpose was to see if 3.00 rmn media 
were more effective than the 2.0 mm media in the fracture of coarser 
particles. A s  shown in Fig. 1-4, under all sets of parameters (high 
rotor speedpigh % solids or low rotor speed/low % solids at low and 
high slurry flow rates) the kinetics of 3.00 rum media were slower than 
those with the 2.0 PBUL media. This is an indication that irrespective 
of which mechanism of size reduction (shear dominated attrition and 
compression dominated impact) i s  prevalent in the mill, the larger 
size media yielded lower rate of milling. Typically, under 
compression dominated impact (low X solids and high rotor speed), 
there is an optimum ratio of particle to media diameter that promotes 
higher milling rate. Under the illing parameters examined in this 
study, the 3.0 m media may not have produced sufficiently large 
number of impacts on the particles. 
concluded that 3.0 M media tend to decrease milling rate by 
decreasing the number of collisions between the media and particles. 

spherical diameter as a function o f  milling time, shows that the 
particle size distribution continues to become finer by using either 
size of the media. However, the rate of decrease is smaller for the 
3.0 rnrn diameter media, especially in the case of 34% volume of solids 
and 2000 rpm. With the use of 3.0 nun media, there is a rapid decrease 
of mean size in the initial milling period. After about 60 min. 
milling, the rate of milling decreases. This effect is probably due 
to deagglomeration of loosely held particles in the initial milling 
period. Relatively speaking, the milling rate is much slower with the 
3.0 mm media at 44 % V solids loading than at 34 X V solids. 
increased number of particles per unit volume at 44 % V solids leads 
to decrease in the ratio o f  number of 3.0 mm media to the number of 
particles to be milled. 

the same tests as in Figures 1 and 2, respectively. These data 
demonstrate an interesting feature of milling with 3.0 mm media. 
lower solids loading (34 X V), in Figure 4, the increase in the 
specific surface area with milling time is beginning to plateau after 
about 100 min. milling. However, in the case of high solids loading 
(44 X V) the specific surface area continues to increase gradually. 
As the milling time is increased, the gap between the two specific 
surface areas is continuing to enlarge due to interference of fine 
particles in the size reduction of large particles. The fine 
particles are expected to produce a cushioning action during impact 
between the particles and milling media. This cushioning effect is 
ore detrimental during impact dominated size reduction than 
compression dominated size reduction. 

From these data it can be 

Observation of data in Figures 1 and 2 on the decrease of mean 

The 

The specific surface area data are presented in Figure 3 and 4 for 

At 

Simulation of Millinn Behavior. A linear, size-discretized model 
The primary for breakage kinetics is used in the simulation studies. 

purpose of this task is to develop a model for simulation 
applications, including off-line optimization, on-line optimization 
and scale-up of milling systems. Our studies have focussed on the 
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Figure 1. Comparison of mi l l i ng  k i n e t i c s  of 2 . 0  and 3.00 am diameter 
media. The d 5 0 ,  mean diameter of p a r t i c l e s ,  is compared a t  
44% volume of s o l i d s ,  2800 rpm r o t o r  speed, and 480 cc/min. 
feed  ra te .  
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Figure 2 .  Comparison of  mi l l i ng  k i n e t i c s  of 2 . 0  and 3.00 mm diameter 
media. The d,,, mean diameter of p a r t i c l e s ,  i s  compared a t  
34% volume of  s o l i d s ,  2000 rpm r o t o r  speed, and 480 cc/min. 
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Figure 3. Increase of specific surface area by milling with 2.0 and 
3.0 mm diameter media at 44% volume solids, 2800 rpm rotor 
speed and 480 cc/min. feed rate. 
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Figure 4 .  Increase of specific surface area by milling with 2.0 and 
3.0 mm diameter media at 34% volume solids, 2800 rpm rotor 
speed and 480 cc/min. feed rate. 
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eter estimation schemes. The selection function, which 
represents rate of breakage of particles from a given size, is found 
to be abnormally sma11, compared to those of milling particles in the 
100 pm range. This type of behavior of the 1.0 FIR range particles 
breakage is being included in the size reduction model. 

Status of Milestones 

Slightly behind due to expanded experimental design. 

Publicati.. 

A Chapter on "Comminution of Powders" was prepared for inclusion in 
the ASH Handbook. 

S .  G. Malghan, D. B .  Minor and Lo-S. H .  Lunt, "'Physical and Surface 
Chemical Changes in High Energy Agitation Milling of S i , N ,  Powder". 
Submitted for publication in Powder Processing Science 111, Eds. S .  
H i r a m  and G. Messing. 
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Novel Si N Process 
T. M. Sui2ivan (Sullivan Mining Corporation) 

Obiective/scope 

This work involves scale-up of the SullivanTH Process for 
silicon nitride with the delivery of over 864 net shape flexural 
bars and other test samples for evaluation by the High Temperature 
Materials Laboratory at Oak Ridge National Laboratory. Both a low 
temperature and a high temperature silicon nitride shall be 
produced and characterized. Data on process optimization and 
system economics will be obtained to establish the operating 
parameters for a larger Sullivan'" Process system. 

Technical proqress 

Pour-Inch System 

The design, procurement and assembly of a 4"  system has been 
completed. Components of the system have been tested and are 
reliable under operating conditions up to 2000 psi which 
demonstrates overall system integrity. The operating system which 
is capable of producing 1-2 tons of net shape and/or near net shape 
Si,N, products per year. This process system is operated using 
computer control and data acquisition to monitor process variables 
in order to identify cause and effects relationships between 
process operating conditions and the physical, chemical, mechanical 
and thermal properties of produced product. A schematic of the 
SullivanTn Process is shown in Figure 1. 

Polymerization 

Key to development of a low-cost high volume production Si,N, 
ceramic process is the necessity for utilizing a cost-effective 
polymeric precursor made from a silane such as R,SiX,-,. Dependence 
on a single commercial source might result in a high-priced 
starting material. As such, demonstration of large scale polymer 
making has been initiated attest laboratories of vendor equipment 
suppliers. The other reactant is NH,, a low-cost commercial 
product available in ton quantities which contributes to the 
favorable economics of the SullivanTn Process. 

Net Shaping 

In addition to the utilization of low-cost precursors or 
starting materials, the SullivanTM Process has the additional 
advantage of producing net shape and/or near net shape products. 
This has been accomplished by reacting the precursors in molds 
under the proper temperature and pressure conditions to form 
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flexural bars of sili.con nitride. Key to this activity are both 
design of the mold and process operating conditions to assure the 
product is easily released from the mold. Depending on the 
required dimensional tolerance of the product mold release agents 
nay be employed to provide more process flexibility. 

The silicon nitride component produced in @he mold is slowly 
heated at low temperatures in-situ prior to high temperature 
rgflashlf heating f o r  a brief interval for conversion to the A Si& 
under a controlled atmosphere. Figure 2 is a comparison of the 
overall Sullivan'" Process with the traditional ceramic 
manufacturing processes which illustrates the former's cost 
advantages by eliminating the many additional processing steps 
required for conventional ceramic components. 

MOR Bar Casting 

MOR bars have been individually cast. A multiple cavity mold 
is under construction with an anticipated mid-April delivery. 

Modify Composition 

MOR bars were successfully cast without additives. These bars 
Final microstructure will are being heat treated to obtain B Si,N,. 

then be determined. 

Status of milestones 

The milestones are on schedule. 

Publications 

None. 



PROCESS COMPARISON 
Current Ceramic Processing Versus The SULLIVANThi Process 
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Process Reaction Grinding Synthesis Mixing Drying Cold Isostatic Gwen 
Pulverizing Injection Machining Normal Press Finishing 

Extrusion Hot Press 
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SULLIVANIbf Raw Secondary 

Process Formation of Flash 

Ceramic Materials Rirnary Process Pmress Product 

0 Iiqiiid A Ne1 Shape & fleat Polishing 
Liquid B Near-Net Treating (Lf Required) 

Shape 
Products 

* SMC part production is accomplished 
in two steps with only two process 
equipment units used. 

Figure 2 
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1.1.4 Processins of Monolithics 

IMPROVED PROCESSING 
V. K. Pujari, D. M. Tracey, N. D. Corbin, M. R. Foley, A. K. 
Garg, N. I. Paille, P. J. Pelletier, L. C. Sales, R. M. van de 
Merwe, C. A. Willkens, R. L. Yeckley (Norton Company) 

OBJECTIVE/SCOPE 

The goals of the program are to develop and demonstrate 
significant improvements in processing methods, process 
controls, and nondestructive evaluation (NDE) which can be 
commercially implemented to produce high-reliability silicon 
nitride components for advanced heat engine applications at 
temperatures to 137OOC. Achievement of this goal shall be 
sought by : 

- The use of silicon nitride - 4 %  yttria composition 
which is consolidated by glass encapsulated 
HIP ing . 
The generation of baseline data from an initial 
process route involving injection molding. - Fabrication of tensile test bars by colloidal 
techniques - injection molding and colloidal 
consolidation. - Identification of (critical) flaw populations 
through NDE and fractographic analysis. - Correlation of measured tensile strength with flaw 
populations and process parameters. 

- Minimization of these flaws through innovative 
improvements in process methods and controls. 

The quantitative program goals are: 1) mean RT tensile 
strength of 900 MPa and Weibull modulus of 20, 2) mean 137OoC 
fast fracture tensile strength of 500 MPa, and 3 )  mean 1230OC 
tensile stress rupture life of 100 hours at 350 PIIPa. 

TECHNICAL PROGRESS 

The technical progress against the major tasks described 
in the statement of work is summarized. The major tasks are: 
1) Material Selection and Characterization; 2) Material 
Processing and Process Control: 3 )  Development and Application 
of NDE: 4 )  Property Testing and Microstructural Evaluation; 5) 
Reporting; 6) Quality Assurance. 

During this period major effort was directed towards: i) 
raw material handling and powder processing control and 
monitoring, ii) screening and evaluation of pressure casting 
process variables, e.g. slip chemistry, mold design and effect 
of HIP to HIP variation, iii) analysis and fractography of 
baseline pressure cast tensile test data, iv) comparison of 
tensile strength database from pressure casting (PC) and 
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injection olding (IM) processes v) establishment of 
detection sensitivities of ultrasonics (UT), computed 

(CT) and nuclear imaging 
troscspy (NMRS), vi) develop xperimental 

plans and schedules for stage I1 process optimization 
utilizing key process variables identified during stage I 
experimentation, 

procedures were demon vely , by harpoon 
ling procedure and p. s d. and s ea reproducibility 

from batch to batch. 
Screening tests, to evaluate key pressure casting 

variables, showed minimal effect of mold design an the tensile 
strength. H o w e v e r ,  slip chemistry and HIP conditions showed 
statistically significant effects on tensile strength and 
Weibull modulus. Co-milled (C-series) powder suspension 
produced bars with mean tensile strength and Weibull of 862 
MPa and 10.1 respectively. Fractography of cast tensile bar 
showed only one type of flaw (agglomerate) which should pave 
the way f o r  higher Weibull moduli in subsequent iterations. 
In comparison, injection molding NSF bars showed higher 
frequency of metallic inclusions at the fracture origins with 
resultant tensile strength and Weibull modulus of 4 5 4  MPa and 
4 . 5  respectively. Based upon this comparison PC process was 
selected as the forming method fo r  the remainder of the 
program, 

Technique development phase o f  the NDE effort was 
completed and the detection sensitivities of UT, CT and 

I/NMRS were established. Using novel toric ultrasonic 
nsdueer, cylindrical silicon nitride specimens were 

successfully examined and 50 prn seeded Fe inclusions and 
cracks up to 100pm dimensions were detected, CT was used to 
delineate green density gradients as Pow as 3% and seeded 
defects in the range 50-100pm. NKRS was employed to determine 
the mode of attachment of surfactant an powder surface 

Finally, experimental plans (factorial e s i g n  
eriments) f o r  the Stage 11 total process opti ization have 

been laid out. These experiments will help delineate the 
cause-effect relationship involving key process variables and 
in turn pave the way for achieving the final program 
obj eetives 

Raw powder hand1 process control 

TASK 1 MATERIAL SELECTION AND CHARACTERIZATION 

All materials at various stages of processing are being 
analyzed as per established S . Q I P .  Statistical Process 
Control (SPC) charts have also bee established for  all key 
process parameters which will be used in Stage I1 of the 
program f o r  overall process monitoring purposes. 
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TASK 2 FATERIALS PROCESSING AND PROCESS CONTROL 

i) Powder Processinq 

L o t  C (previously lots A and B were used to develop 
various unit operations) of Ube silicon nitride powder 
(306 kg) was received. Samples were analyzed from the 
top, middle and bottom of the 50 kg drums of each grade 
of the pcswder, samples were removed using a stainless 
steel v@ha~poon’~.  NO significant variation in either 
axygen, surfauza area or particle size distribution as a 
function of position in the 5Okg drum (Fi ures 1 and 2) 
was noticed. 

Although very little variation in the powder 
properties has been observed within a 300 kg lot, 
significant. variat’ ’ properties was measured from Lot 
B to Lot C. The in starting particle size was 
accommodated by ing the milling parameters I 

yielding an acceptable final particle size distribution 
(Figure 3 ) .  

The water comille ocess (e-series) has been used 
to produce twelve 3 batches (COO3-CO14). The 
conditions used are sidered to be our baseline 
process, and a standard operating procedure (SOP) has 
been written. The slurry produced has been used directly 
fo r  casting studies or dried and used for injection 
molding. Process control charts f o r  the baseline aqueous 
co-milling process are shown in Figures 4 and 5. Even 
though all. measured variables seem to fall within 3 0  
limits oxygen ntent and surface area (Figure 5) 
measurements sh reates scatter. Possible cause for 
the observed 64;: may include poor resolution of the 
fine fraction by Sedigraph and/or sampling errors caused 
by segregation during drying. Various studies are 

ay ta determine the cause. 
The W-series process involves adding the sintering 

aid via a chemical precipitation route, This process is 
now considered developmental due to scaleup difficulties. 
The C-series process is currently the $*standardPa process. 
A modified Y(QH)3 precipitation method was developed 
which eliminated the yttrium rich (agglomerate) regions 
in full 30kg batches. However, with the modified 
approach some difficulty w a s  encountered in concentrating 
the W-series slurry to higher solids content. The cause 
appears to be either the modified precipitation route or 
the variability in the starting yttrium salt. A n  
additional quantity of the baseline yttrium salt has been 
obtained to identify the causes for this anomaly. 



ii) Colloidal Consolidatim 

a) Slip Fomulatisn 

A study to determine the effects of pressure 
rarneters on cast body uniformity is 

underway. Casting experiments have been performed 
using different pressures, casting rates, mold 
materials, slip solids content, and mold 
geometries. Evaluation of cast bady 
microstructural uniformity is underway. 

Kinetic measurements suggest that the casting 
rate continues to decrease with (casting) time for 
a given casting pressure. The initial casting rate 
can be an order of magnitude greater than the 
casting rate at extended times. By determining the 
casting behavior at a given constant pressure we 
were able to predict th appropriate time/pressure 
parameters for achievi a constant casting rate. 
Figure 6 is a plot of ast thickness versus time 
for different constant pressures, demonstrating 
the nonlinear behavior. Figure 7 is a plot of 
thickness versus time using a modified pressure 
cycle which results in linear casting behavior. 
Specimens cast under constant pressure and constant 
casting rate conditions are currently being 
examined by computed tomography technique (see Task 
3 )  ta establish density uniformity and overall 
green microstructural features, 

A comparison was made between casting kinetics 
on flat and curved surfaces. When casting on a 
flat surface the casting behavior follows that 
described by Adcoek and McDswall (1) which is 
linear when wail thickness squared i s  plotted 
versus t i n e ,  Casting on a curved surface exhibits 
a nonlinear casting behavior. Et is anticipated 
that an understandin of casting behavior on% .curved 
surface will in uniform green 
microstructures. Based upon the ve study 
pressure profiles were developed to c NSF bars 
as described in the following section. 

b) Tensile Bar C a s t i n q  

As described in the previous section, various 
process parameters which influence the cast body 
uniformity (green microstructure) and hence its 
behavior during drying (cracking or no cracking) 
were evaluated. Based upon these results three key 
parameters were identified and evaluated by casting 
NSF (net shape formed) tensile bars and by 



establishing base line tensile strength data, 
ons described in section 
red and adjusted fo r  p H  as 
cosity and solids-loading 
de on all the slips. No 
to these slips prior to 
ings were perf omed using 

results from the baseline 
iteration w e r e  analyzed with respect to the above 
mentioned (three) key variables, namely: 1) slip 
chemistry, ii.1 mold design and iii) HIP to HIP 
variation. Cause-effect relationships involving 
these  variables will be established during the 
process optimization stage of the program. 

Effect of slip emistry was examined by 
casting NIC;F bars from h precipitated (W-series) 
and canilled (C-sesie slurries. Both slurries 
were concentrated to the highest level possible 
prior to the casting experiments. Powder loadings 
in C and W series powders were approximately 73W% 

66W% respectively. As reported in Task 4 ,  MSF 
bars cast from C-series s l i p  displayed much higher 
tensile strength and Weibull modulus. 

The mold design modification effort was 
towards simultaneously minimizing the 

nsity gradients (radial in the cross- 
section of the bars) as well as drying related 
cracking along the length of the NSF bars. This 
factor was evaluated by altering the filtration 
surface and its location inside the mold cavity. 
TWO mold designs inc orating these features 

as full a half mold) were also 
evaluated f o r  their effects on the green 
microstructure uniformity and resulting HIP 

Both full and half mold designs 
atistically equivalent tensile strength 
inably all tensile strength data from 

NSF bars w e r e  a l so  plotted as a function of H I P  
runs. Tensile strength and Weibull modulii were 
found to be substantially effected by HIP 
variations: as shown in Figure 8 .  The specific 
reasons for this variation are ex lained in Task 4 .  
From the above mentioned experiments a sufficient 
number of NSF bars were cast and densified to 
establish tensile strength database (as described 
in TASK 4 ) -  SPC chart from 1 4 4  cast bars showed 
less than +4% variation in weight. A few MLP bars 
with maximum cross-sectional diameter of 5Omm were 
also cast and dried crack-free as shown in Figure 
9. MLP bars 6 ~ e ~ e  cast from one end only to 
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minimize radial. density gradients. 

iii) Injection Molding 

i f i c l a t i s n  of the  MLB mold was 
completed, T h i s  e milnated the sharp 
which caused probl in earlier 
shape (Figure 9) .I 

TIWO additional changes, in ition to the 
mold modification naked above, w made for  the  
second molding of MLP speci el-ls. The first change 

in order to 
i c s  far  t h i s  

d change was t~ i 
binder f i l t r a t i o n  methods to remove impuriti 
t h i s  source.  

batch COO4 terial. I n i t i a l .  micrefocus X-ray 
r e s u l t s  indi ed fewer inc lus ions  and voids when 
compared ta earli 

bars (batch L) were 
filtration s 
the  ICM base 
microfocus X-ra 
that  t h e  i nc lu  
by a fac tor  of ten. Microfocus X-ray sf the green 
molded NSF bars i.ndicated a. si nifieant reduction 
in voids when compared to Iteratisn 2 specimens, 
see Figure  10, and a slight reduction in the size 
of inc lus ions  when compared to batch 1, see Figure 

i t e d  number of these  bars were NEP'ed, 
machined and t f o r  fast fracture! strength as  
described in Ta 

A t o t a l  of 3.1 MLP specime s were molded fro 

In addition ta the 

c. Dewaxinq 

Dewaxing of the molded MLP specimens resulted 
in a few surface cracks, TIPlis indicat 
binder removal schedule, the sa 
NSF bars, was not su i tab le  for these larger shapes. 

d. Summary of Inject ion Maldinq 

F a s t  fracture results (Task 4 )  from batches 1 
and I; indicate a slight but not a statistically 



48 

significant improvement when compare 
baseline data. The improvements in th 
molding process accomplished as a result of work 
done under the contract include: 
1. The optimization of mold design using FEM. 
2, The significant reduction in the number of 

voids due to mold design and process 
optimization using experimental designs. 

reduction in size of inclusions resulting 

ease in MOR mean flexure strength values 
from 600 to 760 MPa. 
Relative to pressure castin , injection 

molding was found to be a production process which 
gives a relatively high yield with reproducible 
results. The disadvantages are that the process as 
it now stands requires long cycle times and is 
hampered by more deleterious strength limiting 
flaws (inclusions) . 

process improvements. 

iv) Hot Isostatic Pressinq 

NSF bars fabricated by injection molding and 
pressure casting techniques were HIP'ed using the 
established fixturing method and HIP parameters. The HIP 
pressure and temperature were the same as those used to 
compare mechanical properties of alcohol and water milled 
powders, described in the semi-annual October 1989-March 
1990 report. 

Dimensional measurement of as HIP'ed IM and PC bars 
showed an interesting trend. IM bars, in general, showed 
less bending (~1.5m-n TIR) than that measured an PC bars 
(>2.0mm TIR) . This was traced to higher radial green 
density gradients in PC bars. As described before, 
further modifications in the pressure casting and mold 
design parameters have resulted in seduced density 
gradients and hence less HIP distortion. 

Data from various HIP runs were also analyzed to 
study HIP process reproducibility. Figure 8 shows room 
temperature tensile strengths of cast bars as a function 
of HIP run. The numbers next to the data point indicate 
the specific batch numbers sf the milling process from 
which the tensile rods have been fabricated ( 4 ,  G and 9 
indicate C-series mill batches, and 17-18 indicate W- 
series mill batches) * Some sf these rods did not achieve 
the minimum cut-off density required in the testing 
process and were, therefore, not included in the 
calculation of baseline room temperature average 
strength/Weibull modulus reported under TASK 4 .  The 
discrepancies in the average strength and standard 
deviation from HIP run to the next could indicate a H I P  
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variation and/or batch variation or a CQ ination of the 
t w a ,  This issue will be exa ined in de 1 in Stage %I 
of the progra 

ar from each of the processes 
were HIPOed. F u l l  densification Feared f o r  
either specimen. The reasons for this anomaly is under 
investigation at the present time. 

During the perfo ad, detailed technical 
meetings were held  at ABB ee sor of the ASEA 
HIP technology, for the pu n ASEA license 
technology update. A n itical HIP issues were 
reviewed such as recent H I P  processing cycles, 
component packing tec various shapes, H I P  

odifications, heat transfer issues, BPIP economics 
and scale-up problems. 

TASK 3: DEVELOPMENT AND WPPLPCATIO 

i) Microfocus Radiosra~hv 

a) Colloidal  usp pensions 

Samples from batches COll, CO12 and e013 were 
radiographed to establish agglomerates and 
inclusion content. The suspensions were found free 
of these defects based upon evaluation of 3 3  cm3 
samples prepared immediately after milling of the 
suspensions. However, aggl eration was determined 
to occur with age o f  the slip. Samples were 
radiographed two weeks after slip preparation and 
agglomerates in the 100-50 
detected. These findin 
casting SQP which now 

Samples ( 3 8 g )  fromi the s i x  50kq drums of as- 
UBE s i 3 N 4  PQThvder Were radiQCjsapkE?d to receiVed L o t  

assess the presence sf etallic inclusions. Two 
samples w e r e  found to contain single 50 pm size 

specifications of the 
separation stage of the 
to extract the impurities found in this x-ray 
evaluation. 

imclusions consistent with the purity 

ii) Computed Tarnoaraphv (Argonne National Laboratory) 

Density gradient, etallic: inclusion and vaid 
defects were considered in detection sensitivity 



experiments conducted using the ANL 3-D x-ray CT system, 
The system has a 10pm focal spat size, 0.223 m detector 
pixel size and an $-bit (256 gray level) frame grabber 
board e The object of the study was to establish 
detection sensitivity for  defects in 10 mm diameter green 
(presintered) tensile bars. 

a)  Green densitv sradient 

A calibration phantom was fabricated to 
conduct density measurements. The phantom has a 
hollow cylindrical shape ( 4 4  m O.D./11 mm I . D . )  
with 4 mm holes for inserts of known density, 
Figure 12. The NSP bar being evaluated is placed 
in the interior 11. mm hole. The gray level 
calibration plat established from the insert 
density values is also shown in Figure 12. The 
standard deviation of the image intensities of the 
pixels covering the inserts can be used as a 
measure of detection sensitivity. The result is 
that a 3% detection sensitivity was found from the 
calibration data, scaled to the 10 mm specimen of 
interest and a 1 mm spatial resolution. This can 
be compared to an 8-bit theoretical value of 1.95%. 

b) Metallic Inclusions 

Green NSF bars with Fe inclusion seeds were 
supplied to ANL f o r  this study. Samples were 
fabricated with inclusions of a fixed size, either 
50, 100 or 200pm. The 160pm and 200prn inclusions 
were readily detected and displayed in tomographic 
images (0.13 mm slices). The randomness of the 
seed location made tomography unduly laborious in 
case of the 50pm inclusions, involving excessive 
data sets over the 35 mm gage length. In lieu of 
scanning the gage length for seeds fabricated into 
the specimen, a 50pm inclusion was physically 
pasted upan the outside surface of the bar. 
Radiographic projections were obtained over 360°, 
with the result that the pasted inclusion was 
detectable at all orientations on a sinograrn image. 
The 8-bit theoretical value for minimum detectable 
iron inclusion in the 10 mm bar is 5.35pm. N o  work 
on seeds smaller than 5Opm was pursued so that the 
50pm value is taken as the experimentally 
established detection limit. 

c) Voids 

Green NSF bars seeded with l0Opm and 200pm 
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iii) 

FMMA spheres were supplied to ANL for this study. 
The NSF bars were presintered at a temperature 
above the PMMA dissociation temperature, thus 
burnout locations were designed to simulate forming 
voids. However, there is a degree o f  uncertainty 
as to the resulting s i z e  and composition of these 
burnout voids. While a 200pm feature was detected 
in the reference sample in two separate 
experiments, no reliable detection capability w a s  
established using the PMMa seeded reference 
samples. 

NPIIEI Spectroscopy f Arsonne National Laboratory) 

Detection sensitivity experiments on Si,N, powder - 
surfactant adsorption were concluded during the reporting 
period. An organometallic surfactant was used in the 
study and proton ('H) spectra were obtained to derive 
adsorption and structural information about the 
surfactant. The experiments were performed on the ANL 
Bruker AM-300 spectrometer. 

Three concentrations (2.00%, 0.666% and 0.0666%) of 
the surfactant by weight of water w e r e  used. Two types 
of slurries containing 4 0 %  Si,N, powder were prepared, 
one milled in the surfactant solution and the other 
stirred in the solution. The slurries were centrifuged 
to recover supernatant surfactant: solution f o r  the NMRS 
analysis 

The NHR spectra revealed (Figure 13) that the 
inorganic part of t h e  surfactant is complexed with the 
hydroxyl graups of propylene glycol. The signal arising 
from the methyl groups in the surfactant chain was 
integrated to determine surfactant concentratian in the 
various solutions. 

The 2.00% solution without Sip, powder was 
evaluated to establish detection sensitivity, A value of 
0.25% for the standard deviation in three repeated NMRS 
measurements of concentration level of this analytically 
prepared solution was used to establish an error 
magnitude of 12.7% in the remaining evaluations. 

The individual evaluations suggest minimal or no 
adsorption of the organic part of the surfactant. The 
proton analysis is not capable of assessing the 
adsorption of the inorganic part of the surfactant on the 
silicon nitride surface. This determination will be left 
far future work. 

iv) NMR Imagins (Arsonne National Laboratory1 

NMRI was directed to injection molded S i 3 N 4  
specimens with the goal of demonstrating capability to 
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map binder distribution in the as-molded state. During 
the reporting period, the NMR probe hardware was modified 
and appropriate RF coils were developed to accommodate 
the full scale NSF tensile bar geometry. Imaging of the 
NSF bar was successfully demonstrated. Extruded 4 mm 
diameter concentration phantoms (14-20 w/o binder) have 
also been imaged along with the reference NSF bar for 
calibration of the binder distribution. The spatial 
resolution attainable in the 9 mm NSF bar is 500pm. 
Resolution is proportional to sample size and thus can be 
lowered by using sub-scale specimens. 

Conclusions on sensitivity limitations using the 
concentration phantoms will be reported in an ANL report 
in preparation. Due to the choice of colloidal 
consolidation (pressure casting) for future forming 
development in the Norton program, this NMRI effort which 
has been supporting injection molding development will be 
curtailed with completion of the report. 

v) Ultrasonics (Precision Acoustics Devices) 

Work during the reporting period was directed to 
imaging the interior of HIP'ed cylindrical tensile bar 
reference samples using toric transducers and contact 
shear wedge transducers, and quantifying the detection 
limits of these and the previously developed techniques. 

100 MHz PVDF copolymer toric transducers were 
fabricated in order to improve resolution. Seeded 
defects of 200, 100 and 50pm were successfully detected 
in the reference specimens. Images of seeded 50pm iron 
inclusions (Figure 14) were found to have a signal to 
noise ratio of -6 to 10 dB, which suggests a detection 
limit somewhere between 30-40pm for metallic inclusions. 

Reference samples with surface cracks were produced 
by Norton using Vickers indentation with subsequent 
machining of the indent impression. Sharply focused 
transducers were used in the surface wave imaging for 
detection of the remaining indentation cracks. 50 MMz 
was found too low a transducer frequency for crack 
detection. Cracks of 100pm length were detected using 
300 MHz imaging. 

Conformal PVDF copolymer film transducers were found 
to be impractical due to the fragility of the film 
material. 

Wedge coupled shear wave transducers were completed 
and mounted during the reporting period. Images obtained 
using these in evaluation of the samples with lOOpm Fe 
inclusions showed no evidence of the seeded inclusions. 
The limiting factor in this transducer appears to be the 
large spot size necessitated by the lack of focussing. 
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Sa I :  pRQ.EER"s"Y TESTING-AND HI@ Z EVALUATION 

i) 

ii) 

The tensile strength data base for injection molded 
specimens is shown i n  Figure 15 as a funcion of testing 

In Figure 15 the open circles represent the original 
(reported in June-July report) average tensile fast 
Eracture baseline data with the standard deviation, 
The full circles repk the heat treated specimens 
from the s batch tested durin the current reporting 

treated specime 8 falls right in line with the original 
data e 

Specimens from new Batch I (five tests) and new 
Watch L (three tests) were also tested. Ratch I and L 
tensile specimens were molded using binders which w e r e  
filtered twice through finer mesh sereen to remove 

11 contaminants. As shown in Figure 15, the 
ths are still equivalent to the baseline data. 

Eleven. out o f  the total of 13 specimens tested during 
t .h is  reporting period, faille from a volume metallic 
inclusion. Even with the 88improvements88 made in 
1 and E, the strengths were limited due to the sa 
of large inclusions found in the s ecimens used to 
develop the original database. 

As reported in the original database, the stress 
rupture hives were very short (<28 minutes) at 123Q°C/350 
MPa Fast fracture tests were performed on five 
spec~mens at 1230'61. The average strength was 3 9 3  MPa. 
d here fore, it is very reasonable to expect low stress 
rupture lives when the applied stress is approximately 
90% of the fast fracture strength. Additional specimens 
are available f o r  stress rupture testing at 123OoC at 
stresses below 3 5 0  MFa. 

Ten green and six presintesed injection molded 
specimens were also tensile tested at room temperature. 
The average strengths and stanmdaxd deviations were 2 . 9 3  
- I- .26 MPa and 7.07 1.39 MFa for the green and 
presintered specimens, respectively. The fracture 
surface did show some evidence of agglomerates, dewaxing 
cracks and metallic inclusions from the molding process. 

period. room temperature strength of the heat 

a) Room Temperature Fast Fracture 

Fast fracture tensile testing was performed on 
HIpged specimens at room temperature. However, 

as shown in Figure 16, strength is dependent on 
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density up to = 99% T.D. Therefore for statistical 
analyses, only those specimens which measured 
densities 2. 99% T.D. were used. 

Table 1. summarizes the strength data, for the 
20 specimens which met the density criteria (2 99% 
T.D.), resulting in 9 volume, 6 surface, 4 
buttonhead and one unknown failure origins. The 
overall average tensile strength and Weibull 
modulus are 709 MPa and 4.7, respectively. These 
baseline results compare very well with the latest 
published data on NT154, (ATD CCM Qct.1990, 
Dearborn, MI). 

The Weibull Modulus of all the strength data 
was found to be 4.7 which is not surprising 
considering the range of strength values (397-1010 
MPa). A factor in this variability is likely the 
different mold designs which were used in the 
course of the iteration while attempting to resolve 
the radial density gradient-HIP warpage problem. 
Another factor is the HIP-to-HIP variability 
discussed under TASK 2. If data from 3 HIP runs 
are considered separately, the Weibull modulus 
ranges from 4 to 2 4 .  The Weibull plot for the 
overall iteration as well as the three HIP runs is 
shown in Figure 17. Considering the data pooling 
that was undertaken, the baseline Weibull modulus 
of 4.7 reported here is considered artificially low 
for pressure casting. 

As mentioned in TASK 2, in order to evaluate 
the effect of slip chemistry, the tensile specimens 
were cast from two different slips (C-series and W- 
series) as part of a larger matrix of experiments. 

Table 2 summarizes the strength data according 
to slip type. The bars cast from C series slip 
show a much higher tensile strength (862 MPa) and 
Weibull modulus (10.1) than that measured from W 
series slip. Based upon these results, it is 
anticipated that in Stage I1 of the program, C- 
series slip will go through further extensive 
evaluation. 

After tensile testing all fracture surfaces 
were analyzed for flaw types and their size. 
Extensive fractography has shown that the major 
flaw origins are agglomerates. The agglomerates 
were found both in the volume and at the surface. 
It should be noted that the specimens that failed 
from machining damage also had an agglomerate in 
the vicinity at the surface as shown in Figure 18. 
The agglomerate shown in Figure 18 also represents 
a typical agglomerate seen in all fracture surfaces 
of the tensile bars tested. The size range of the 



flaws (agglomerates) at. the fracture origin for the 
NSF bars made from C and W series slip were 
measured to be 10-25pm and 25-100pm respectively. 

Another interesting finding was the difference 
in grain morphology between the agglomerate and the 
surrounding matrix. There are more fines in the 
agglomerates than in the matrix. This could have 
occurred during the slip preparation. Improved 
sonication procedure and control during aging are 
expected to further minimize the size of the 
agglomerates. It should also be noted that no 
foreign inclusions were found in any specimen. A 
silicon inclusion was observed inside an 
agglomerate in only one specimen. In all other 
instances the chemistry of the failure origin was 
identical to the matrix as determined by EDS in the 
SEM (Figure 18). 

Fracture Toughness 

Fracture toughness was measured by the 
indentation strength technique on MOR bars machined 
from NSF tensile rods. The values ranged from 4 . 5  
to 6.2 MPa*rn1/2. Powder XRD was performed on the 
specimens with the lowest and highest toughness 
values to determine the amount of retained a 
crystal structure. The specimen with the toughness 
of 4 . 5  MPa*m'/' had 6 4 %  01 phase as compared to only 
18% a: phase for those specimens which measured K,, 
of 6.2 MPa*m'/*. 

The toughness value easused by the 
indentation fracture technique plotted in Figure 
19 as a function of % CY phase silicon nitride for 
each o f  the iteration tensile specimens. As 
expected, a definite trend sf decreasing fracture 
toughness with increasing retained o phase is 
apparent from the plot. 

Thus it may be concluded that the overall 
Weibull modulus value is affecte by the K,, 
variation as well as the variation in actual flaw 
size. This issue will be addressed during Stage I1 
H I P  experiments as described in TASK 2. These HIP 
experiments will be utilized to develop the optimum 
time-temperature profiles to achieve full a -+ p 
conversion and in turn higher K,c .  

Elevated Temperature Fast Fracture 

Fast fracture tensile tests were performed on 
four specimens at 137QOC in air. The average 
strength and standard deviation is 361. & 3.5 MPa. 
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Optical fractography showed two volume and two 
surface flaw origins consisting of agglomerates 
(same composition as surroundin matrix) e Nigh 
temperature fast fracture testing was also 
performed on 20 flexure specimens machined from 
tensile rods, with a resulting average strength of 
575 4 52 MPa. 

Stress Rupture Testinq 

Stress rupture tests were performed on three 
flexure specimens machined from tensile rods at 
1230OC in air at an applied stress of 350 MPa. All 
three specimens survived in excess of 200 hours 
prior to termination of the testing. 

e) Tensile Tests on Presintered Pressure Cast 
Specimens 

Strength data from *!greengr specimens can 
provide valuable insight and feedback to the 
processing and farming unit operations without the 
high costs of densification ( H I P P I N G  in our case) 
and machining. One of the major objectives of TASK 
4 is to obtain tensile strength. data fr 
batches of material on both pwesi 
densified specimens, The dual sets of 
correlated using W e i S a u r l l  statistics and 
fractography and establish the effects of 
processing steps on the stren t.h limiting flaw 
origins, To that end, P Q O ~  temperature tensile 
tests were performed on 25 presintered pressure 
cast rods from Batch C-806. The average strength 
and standard deviation were 6.0 1.6 MPa. These 
data include six buttonhead, nine surface,  five 
near surface,  two voPume and three unknown 
failures. Optical fraetsgraphy did show evidence 
of agglomerates, pores, and drying hoop cracks. 

SELECTION OF STAGE 11-111 FO 

A requirement f o r  conclusion of Stage I (1/31/91) was a 
comparison of databases generated in the Injection Molding 
(IM) and Colloidal Consolidation (CC) baseline iterations. On 
the basis of this comparison, it was required (TASK 1-2, 
Milestone # 7 )  to select one of the two fsmPng techniques far 
the remainder of the program with the approval of the QHNL 
technical nanitar. 

Data obtained from the forming and testing of NSF (Net 
Shape Formed) specimens and the forming of MGP (Machined from 
Large Piece) specimens were used in the comparison of the IM 
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and CC processes. Specific data used in this comparison 
includes: 1) yield at each ajor processing sub-step, 2) total 
process yield, 3 )  total p cess cycle time, 4 )  green density 
uniformity, 5) room temperature average tensile strength and 
Weibull modulus from tensile testing iteration MSF specimens, 
6) fracture toughness from MOR flexure bars machined from NSF 
specimens, 8 )  stress rupture data from MQR flexure bars 
machined from NSF specimens, 9) formability of MLP specimens. 

The data which favors IM relative to CC are the total 
process yield and the uniformity of green density, CC on the 
other hand was found to offer a considerably shorter total 

cycle time, significantly greater mean roam and 
temperature tensile strength and large section (MLP) 
ity in the sense of demonstrated capability to process 

specimens free of macroscopic drying/dewaxing cracks. The 
average yield of the pressure casting process has been 
improved considerably since the completion of this comparative 
study and is now comparable to IM process yield. 

The overriding goal of the program is a processing 
methodology which delivers NSF specimens with an average 
tensile strength of 900 MPa and high reliability. The 
methodology should alsa  be extendible to large cross-sections, 
such as that of the MLP specimens. The CC forming technique 
has the advantage in both respects, on the basis of these 
iteration data. The CC room temperature average tensile 
strength (692 MPa) is 52% higher than that of the IN route 
( 4 5 4  MPa) . Furthermore, several CC specimens had strengths in 
excess of the 900 MPa goal, with one being in excess of 1000 
MPa. In comparison, the maximum strength recorded in the IM 
iteration was 663 MPa. In fact, if the pressure cast tensile 
strength data are separated based upon the slip type used, 
tensile strength and Weibull modulus as high as 862 MPa and 
10.1 respectively have been recorded for the co-milled powder 
batch. Formability was found to e a serious problem for 
larger cross-sections using the I process. As discussed 
under TASK 2, optimal conditions af the dewax unit operation 
for MLP specimens were not achieved and cracking during 
dewaxing remains as a technical barrier in need of resolution 
for large cross-sections. 

On the basis of demonstrated attainable strength and MLP 
formability, the colloidal consolidation process route was 
selected and approved as the forming technique f o r  the 
remainder of the program. 
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1 

FAILURE LOCATION STD. DEV. RANGE NUMBER OF 
( M P 4  ( M P 4  SPECIIVI%NS 

Table 1 

GAGE/VOLUME 636 

GAGE/SURFACE 845 

BUTTONHEAD 628 

ALL 709 

FLEXURE 857 

BASELINE PROPERTY DATA FOR 
PRESSURE CAST SILICON NITRIDE 

(ITERATION #2) 

193 397-1010 9 

118 701-961 6 

121 632-810 4 

174 397-1010 20. 

126 527-1177 60 

RT FAST FRACTURE 

Table 2 

SLIP COMPARISON 
C-SERIES VS. W-SERIES 

PRECIPITATED 
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Figure 1: Oxygen l e v e l  in as received U b e  Powder grades E 0 3 ,  
E05 and EO10 
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Figure 3:  PARTICLE SIZE - D50 FOR 
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Figure 9: As formed machined from large piece (MLP) 
specimens: 
(A) injection molded and (B) pressure cast 
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Figure 12: CT calibration phantom and density calibration 
plot 
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Figure 13: Proton NMR spectrum of a 1% aqueous solution of 
deflocculent agent with presaturation of water 
resonance. 
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* . -  

F i g u r e  14: C-scan image of s i l i con nitride 8.87 mm diameter 
rod with 50pm seeded F e  defect 
(650 x 480 p ixe l s  - 40pm/pixel) 
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v I .  

Figure 18: Fracture surface of silicon nitride tested at room 
temperature showing an agglomerate surface flaw 
associated with some machining damage. 
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lrnoroved P rocessi ng 
R. L. Beatty, R. A. Strehlow, and 0. 0. Omatete (Oak Ridge National 
Lab0 rat o ry) 

Obiectivekcope 

selected advanced ceramic processing methods. This program is to be conducted 
on a scale that will permit the potential for manufacturing use of candidate 
processes to be evaluated. The emphasis of this program is on silicon nitride. 
Issues of practicality; safety, hygiene, and environmental issues; and in-process 
testing methods are to be addressed in addition to technical feasibility. The 
methodology includes selection of candidate processes and evaluation of their 
range of applicability to various kinds of commercially available ceramic powders. 

The objective of this research is to determine and develop the reliability of 

Technical oroaress 

1. Silicon nitride gelcasting and sintering 

A cooperative research and development agreement was signed with Garrett 
Ceramic Components Division of Allied Signal Aerospace Company. This work is 
described in Section 111. 

A series of apparently successful plate castings have been made with an 8% 
yttria, 4% alumina-silicon nitride formulation. A model piston cap mold, 
successfully tested earlier with alumina, appeared to be successful with this silicon 
nitride formulation. The specimens prepared in this period include: 

6 
2 Pistons 
2 3-cm-diam rods 
3 

Plates for subsequent tensile testing 

"Doughnut" specimens - to test for flaw introduction due to 
shrinkage on gelation 

Three of the plates have been sintered and are being prepared for tensile testing. 

II. Drying studies 

Drying is a unit operation that has been thoroughly studied and is a well 
known part of ceramic processing. A study has been completed on the drying of 
gelcast parts to minimize the time needed to produce stress-free, dried bodies 
while maintaining part-to-part size uniformity. The powders used in this study were: 
alumina RCHP-DBMa (dmean = 0.6 pm), sialon AAb (&an = 9 mVg), and silicon 
nitride, Denka 9Sc (dmean = 1.25 pm). The gelcasting reagents were the monomer, 

~ ~~ 

'Malakoff Industries, Inc., Malakoff, Tex. 

bDenka, New York. 

'Vesuvius Research, Pittsburgh. 
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acrylamide [CH2=CHCONH2]; the crosslinking agent, N,N'-methylene 
bisacrylamide [(CH2=CHCONH)2CH2]; and the free radical initiator, ammonium 
persulfate [(NH&S208]. The detailed process has been described previously. 
Two drying chambers were built. In one the relative humidity was controlled at 
room temperature and the shrinkage was measured as the sample dried; in the 
other, the relative humidity and the temperature were controlled independently. In 
both chambers, the variation of the mass of the drying part with time was recorded, 
and high-velocity fans circulated the air in the chamber. 

form of a plate (8.9 x 90.2 x 228.6 mm). After gelation, the plate was removed from 
the mold and put immediately into the drying chamber with preset relative humidity 
(RH) and temperature. The plate was placed in an oven at 65°C for 2 h, and its 
final mass was measured as the bone-dry mass. At room temperature (21 to 23"C), 
sialon plates were dried at RHs of 75, 85, 92, and 96%; RHs for silicon nitride and 
alumina plates were 75 and 92%. An alumina plate was also dried at 50°C and 
75% RH to determine the effect of temperature. 

content, X, is defined: 

Slurries containing 51.3-54.2 vol YO solids of three powders were cast in the 

The results of the drying studies are shown in Figs. 1 through 3. The moisture 

ORNL-DWG 90-1 71 82 

0 25 50  7 5  100 125 

Time, h 

Fig. 1. Moisture content vs time at various 
RHs for sialon at 54.7 vol % and temp = 21 
to 23°C. 
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c 

c 

F-̂  
9 
E 
x 

ORNL-DWG 90-1 71 83 

Drying rate for alumina 
and silicon nitride are 

Moisture Content (X) 

Fig. 2. Drying rate curves for sialon at 
temp = 21 to 23°C show no constant rate period. 

ORNL-DWG 90-1 71 84 
0.03 

1 Relative Humidity = 75% 1 

I 

Moisture Content (X) 

Fig. 3. Drying rate curves for alumina at 
two temperatures. 
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where Mwb is the mass of the wet body and MM is the bone-dry mass. The rate of 
drying, -dX/dt, does not include the area of the drying plate. 

Figure 1 shows the drying of sialon at several RHs. The total time for drying 
depends on the RH; the lower the RH, the shorter the time of drying. Earlier, we 
established that shrinkage does not change after about 20 h although moisture 
content continues to change for up to 100 h. This is interpreted as follows. As the 
body loses moisture, the gel shrinks and the particles move closer until there is 
particle-to-particle contact. Shrinkage of the body then ceases. The gel shrinks 
and tears as drying continues. Because the particles are bonded by the dried gel, 
gelcast parts have relatively high strength when dried and are readily machinable. 

studied at any humidity. Also shown in Fig. 2 is the drying rate for some other 
powders used in this work. Both the solids content and the particle size of the 
powders were approximately the same. It is not surprising that the drying behavior 
is similar. The absence of a constant-rate period is independent of temperature as 
seen in Fig. 3, which shows the rate of drying curve for alumina at 75% RH at 
21 to23' and 50%, respectively. 

controlled and that the drying is controlled from the beginning by some internal 
moisture movement. The nature of this internal moisture movement, whether 
diffusion or capillary controlled, will be investigated in the continuing study of 
gelcast ceramic parts. 

even at the same RH. This offers a second way to reduce the total drying time. The 
gelcast part is first dried slowly at high RH and room temperature until shrinking 
stops and then the temperature may be raised and/or the humidity may be lowered 
to complete the drying. 

The implications and explanations of some of these findings, especially the 
absence of a constant-rate period, will be the focus of future work. In addition, the 
effect of the variation of sample shapes and sizes will also be examined. 

Figure 2 shows there was no constant-rate period for any of the gelcastings 

The absence of a constant-rate period means that evaporation is not surface 

Figure 3 shows that the drying rate increased at a higher drying temperature 

The drying data obtained are summarized as follows: 

1. Humidity is the dominant variable and room-temperature drying may be 
adequate for thin parts. 

2. There is no constant-rate drying period. 
3. The length of drying can be significantly reduced by varying the humidity and/or 

the tern pe ratu re. 

111. Cooperative research agreement with Garrett Ceramic Components 

The objective of this work is for Garrett Ceramic Components (GCC) and the 
Oak Ridge National Laboratory (ORNL) to perform a collaborative research 
program to examine the gelcasting process for fabrication of ceramic components 
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using GCC's G -1 0 silicon nitride material. This program will investigate whether 
the process exhibits advantages over 
molding in terms of the resultant mate 
forming ability. The a 
such as turbocharger 

casting, pressure slip castin 
properties, parts quality, and 

heduled to be gelcast have been. Parts east using th 
waiting final processing and shipping to Garrett ind 

he process to GN-10 complex-shaped parts, 
anced gas-turbine rotors, will be examined. 

11 
11 T-25 Turbocharger rotors 
4 
2 

Flat plates for subsequent tensile testing 

ens - to test for flaw introduction due to 
shrinkage on gelation 

ark, some inadequately deaired molds were used; 
ade and agreed to by Garrett to supply six additional 

aterials. These are planned plement to the w o k  sche 
purpose of determining run me nsio nal variations. 
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Itnoroved Processing 
A, E. Pasto and S. Natansohn (GTE Laboratories Incorporated) 

Objective/scope 
The overall project objective is to develop arid demonsmte a process for reproducibly 
fabricating a series of tensile specimens of silicon nitride with the following properties: 

Average tensile strength of 900 l"a at 25°C 
Average tensile strength of 5 0  Mpa at 1 370OC 
Weibull modulus of 20 in both instances. 

This is being accomplished by determining the sowce(s) of failure-causing defects, and 
modifying and controlling the manufacturing process to minimize their occurrence. All 
potential sources of defects are evaluated, from raw materials through individual powder 
processing and densification steps and finally through machining and surface finishing of 
the test specimen. 

The material selected by GTE Laboratories for this program is a commercial silicon nitride 
powder of high purity with G w/o of yttria as sintering aid (GTEL's PY6 composition). 
Injection molding is being used to form the components which are densified by hot 
isostatic pressing. The composition and fabrication process were selected because they 
have been shown to yield ceramics capable of meeting the challenging goals of this 
program. 

Iterative changes are being applied to the GTEL baseline material preparation process so as 
to eliminate failure-causing flaws, especially those generated during processing and 
machining. 

The realization of the goals of this program is predicated heavily on understanding the 
factors affecting the quality of finished ceramic components. To this end, all the starting 
materials are being completely characterized to assure their quality. Statistical control 
techniques are applied throughout the process to monitor its performance and to establish 
operating parameters. Samples are being evaluated at all stages by both desmctive and 
non-destructive techniques to assess the effect of process variations or modifications on 
part quality; primary emphasis is on identifying cause-effect relationships. Appropriate 
nnodifications of the fabrication process arrived at and implemented by statistical process 
control techniques are resulting in a substantial reduction of the failure-causing flaw 
population and thus increasing both the strength and the reliability of the structural 
ceramics. 
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Major efforts in this, the seco 
aimed at reducing all sousces 
cracks, and machining defects. Process equipment md procedures are designed to yield 
low contamination levels. Voids and cmcks are k i n g  minimized by improvements to the 
powders, binders, compounding and molding equipment, and burnout and €-IIRng 
procedures.. Post-HIP processing (machin 
prevent cornprowising the material's mwh 
statistical analysis is heavily utilized. 

year, involve development of process i ~ p r o v e ~ e ~ ~ s  
flaws, especially particulate conmination, but also voids, 

ad annealing) is being d 
behavior. Designed E: 

is. Natansohn and W. Rouke) 

The statisdcdy-designed study to define the optimum conditions for thermal modification 
of the baseline 
reported initial findings concerning the advantages of the treatment and are con si stent with 
the underlying assumptions about the system; no surprises have k e n  encountered to date. 

wder is iiearly complete. The intcrim results c o n f m  the previomdy 

h the meantime a 4.5 kg lot o f ~ ~ ~ w d e r ,  sufikient for the fabrication of tensile strength test 
rods, was prepareal under the previously established modifiemtion conditions. The treated 
powdm was then milled with the sinteering additive, i.e. 6 w/o yttrja. This powder lot was 
fully characterized md a billet was hot-pressed for the determination of the mechanical 
properties. Table 1 sumiarizes its properties in comparison to the baseline nnateiial as 
well as to a previously evaluated small lot of 

These results demonstrate the reprdwibility of the enhanced proprties of the modified 
powder. The powder data were obtained on fully processed material, thus including the 
sintering aid? and prior to densification. The smaller s d a c e  area and changes in surface 
compssitiion are a consequence sf the m-cation matmeni. These characteristics 
manifest themselves in higher density and flexural strength, both at rmm and elevated 
temperatures. Powder nndf ica~on also improves the oxidation resistance of the ceramic. 
Fabrication of tensile test specimens from this powder is in progress. 

An electroil microscopic examination of ceramic specimens made from the baseline 
powder, from a treated powder amid froan one containing an admixed amount of silica 
equivalent to the oxygen content increase realized during the nrisdification treatment was 
completd. Bright-field t P a r n ~ ~ ~ h i ~ n  images taken by STEM show comparable grain size 
ranges for all three materials (fiorn less than 0.5 to over 3 pm); many grains have aspect 
ratios of 3-5. The intergranular phase i s  visible as dark contrast regions around the silicon 
nitride grains and is present in triple point j unctions as well as a thin boundary layer 
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between grains. Electron diffraction patterns show that the intergranular phases in all three 
samples are amorphous except for one small region of the modified material where a 
crystalline phase was detected. Quantitative microanalysis of the intergranular region 
yielded the results shown on Table 2. (See also the following section of this report). 

These data indicate that the additional silica present in the system, as a result of either the 
treatment or the silica addition, enters the intergranular phase, an anticipated result. And 
while this compositional change may cause the observed improvement in the strength at 
room temperature, it appears to have no effect on the strength at high temperature as 
evidenced by the fact that the silica-admixed ceramic has the same flexural strength at 
1370°C as the baseline material whereas the treated material is stronger by about 40% 
(Table 3). 

The atomic ratios of Y/Si found in the intergranular phase by AEM (Analytical Electron 
Microscopy) differ from those found in the leaching solution resulting from treating the 
ceramics in a closed vial with 1 M HCl at 9OoC for 24 hours (see the section entitled 
Chemical Characterization of Ceramics, below). The probable reason is that under these 
conditions the HC1 treatment results in the dissolution of only a fraction of the 
intergranular phase as indicated by the amount of the samples leached out, the nominal 
value for these samples being 6 w/o. The AEM examines the intergranular phase in situ 
and thus provides a direct measurement of the composition. However, the amount and the 
composition of the soluble fraction correlates directly with the flexural strength at room 
temperature as shown in Figure 1. This relationship was observed in a previous 
experiment and reported in the previous Bimonthly Report and has been confirmed on this 
sample set. The room temperature modulus of rupture values are plotted as a function of 
the amount of material dissolved in Fig. 1. The relationship is linear with a correlation 
coefficient exceeding 0.9. Studies are continuing to further define and clarify these 
interactions. 

POWDER PARTICLE MORPHOLOGY AND EFFECTS ON STRENGTH: 
Silicon nitride powders which were either modified(see above) or treated with HF were 
milled with 6 w/o Y203, hot-pressed to full density, and the strengths compared to the 

baseline material. The modified material had the highest strength while the HF-treated had 
the lowest strength. 

The powders were examined by SEM both before and after hot-pressing to determine 
whether there were any microstructural differences. No visible differences in the particle 
surfaces or size distributions were apparent in the treated powders prior to densification. 
After hot-pressing, however, substantial differences in the Si3N4 grain development were 

revealed in polished and etched sections of each densified billet. 



The W-treated powder displayed a substantial increase in grain size(Fig. 3) relative to the 
basekine powder after hot-pressing(Fig. 2). X-ray diffraction analyses indicated that, 
similar to the baseline, the alpha-to-beta Si944 transfornation was complete for the €IF- 
treated material. Conversely, the billet produced from the modified powder(Fig. 4) had 
significantly smaller grains than the baseline material, with many in the submicron range, 
These were probably alpha-Si3Nq grains since X-ray diffxaction analyses indicated the 

presence of 18% residual alpha-Si3N4. That is, increasing the oxygen content of alpha 
silicon nitride powder in PY6 results in a reduced amount of transformation a 
beta grains during densification, while the strength at both 25OC and 1378OC is improved 
relative to the baseline material. 

AGEING BEHAVIOR 
The ageing study described previously was continued for another 66 days. The results of 
measurements of the soluble silicon and ammonia on the powder surface are given in 
Table 4 and compared with data obtained at earlier time intervals. The data indicate that, 
within the accuracy of these determinations, the solubility of silicon and ammonia in 
powders stored under these four conditions is comparable, co ing the long t em 
stability of the powder surface and therefore its shelf life. 

CmMICAL TNCORlPORRTlON OF S W F U N G  ADDITIVES: 
The study of the effects of chemical incorporation of the yttrium oxide sintering aid on the 
pmprties of silicon nitride ceramics has been e to inlude the use nf a methanolic 
solution of ytmum nitrate and of yttrium isoprop as the metal source. In the former 
case, the requisite mount of yttrium nitrate was dissolved in methyl dcohol~ mixed with 
silicon nitride powder to form a homogenous slurry, slowly ev 
then thermally converted to the oxide. The yttrium isop 
which contained 19.8 w/o of the reagent. The appropri 
added dropwise to a vigorously stirred slurry of silicon nitride powder in isoprop 
Upon completion of this addition, a solution of 5 rd of water in 25 nil of i s o ~ ~ ~ ~ ~ o ~  was 
added dropwise to the sluny to hydrolyze the isopropoxide to the hydroxide. The solids 
were filtered, dried overnight and then converted to yttrium oxide by calcination. The 
presence of the required amount of yttria was c o ~ m e d  in both powder fortnlulations by 
chemic ai analysis I 

ated to dryness and 
s in a toluene solution 
f this solution was 

The resulting powders were sieved and used to hot-press billers, without any additional 
processing. The ceramics appeared fairly inhomogeneous. The data obtained in the 
evaluation of their flexure strength at rooin temperatme and at 1370°C are given in Table 5 
and compared to a standard preparation (which incliades a powder prcxessing step) and to 
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one made directly from powder into which the sintering aid was added by means of an 
aqueous yttrium nitrate solution. 

The results listed in Table 5 show that neither of these addition routes has a beneficial 
effect on strength of the ceramics. The incorp 
solution provides ceramics which are, at best, comparable to those made h m  a powder 
treated with an aqueous solution and the latter technique is easier and less expensive. The 
isopropoxide method leads to clearly poorer materials; it is also very costly as the current 
reagent price is $ 1000/lb of contained Y-isopropoxide, 

tion of the yttria f~orn an alcoholic 

CHEMICAL CHARACTERIZATION OF C E w r c s :  
An effort has been initiated to study the acid solubility of densified PY6 ceramics so as to 
assess the relation of the chemical behavior with mechdcal  properties such as strength. 
A particular goal of this investigation is the determination of the intergranular phase 
composition. The reagents used are 1M HF and IM HQ there is little reaction upon 
treating the ceramics with these acids at rooan temperature but at 90°C both dissolve 
substantial amounts of material. However, results of initial time studies indicate that the 
two acids react quite differently with the PY6 ceramics. 

An experiment was performed in which weighed ceramic bars were placed in plastic vials 
(one per vial), a fixed volume of 1M Hf.' was added, the vials were tightly sealed and a 
whole sample set was heated at 90T. A vial was withdrawn at time intervals over a span 
of 186 hours, the liquid analyzed and the drid bar weighed to determine its weight loss. 
It was found that the dissolved fraction of the bar increased with increasing reaction time, 
reaching16 w/o after 186 hours. Furthermore, the molar ratio of Si:N found in the 
solution after a reaction time of only 48 hows was corn arable to that of silicon nitride 
(0.75). Both of these facts indicate that the ceramic matrix rather than the intergranular 
phase is being dissolved. An additional disadvantage of this technique is that Y is not 
soluble in FTF and was not found in the solution. 

The results are quite different when the ceramics are reacted with 1M €IC1 in the same 
manner; the experiment was carried out at 9Q°C over a tinme span of 357 hours. The total 
amount of dissolved matter is below 5 w/o. Most of the dissolution occurs in the initial 2- 
3 days; a slower reaction period follows during which there is a gradual increase in the 
amount of dissolved ym-iurn and silicon but not ammonia. A similar behavior was 
observed1 in a study of the dissolution of Y and A1 from silicon nitride ceramics and 
ascribed to a shrinking core mechanism during the rapid initial reaction and KI a diffusion 
controlled mechanism during the slower portion. Ttae HC.1 treatment is useful for the 
purpose of characterization of silicon nitride ceramics in that it dissolves primarily the 
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grain boundary as evidenced by the presence of Y ,  Si and N in varying amounts in the 
solution, whereas HE' dissolves the silicon nitride as indicated above. Thus, it is selective 
md affords a facile distinction between the intergranular phase and the matrix. The extent 

Le., digestion for 24 hours at 90°C in 1M HCl, that has been adopted as a new analytical 
technique for the characterization of silicon nitride ceramics. 

issolution reaches a reasonable level after ly 24 h o w  an 

The results of such a characterization performed on a set of PY6 ce~amics hoc-pressed 
from modified silicon nitride powders prepared previously xe s u m 2 u i z d  in Table 6. 
The table lists the weight fraction of the various bars dissolved in the 1ICI treament as 
well as the mounts of Y ,  S i  and W 3  found in the acid solution per g a m  of the original 
sample weight. The penultimate colunun gives the molar ratios of the constituents while 
the last one lists the four-point 
bars. 

rn tempmature bending strength measured on these 

The data show significant variations in the amount of C I I S S O ~ ~ C X ~  material as well as in the 
relative concentrations of soluble constituents present in the leachates from these ceramics 
which were made fiom differently (treated powder. The largest ~ i - i ~ i ~ i t i ~ n  i s  in the amount 
of ymium found which indicates a different solubility and therefore a 
sition of the phase in which it is present in the various ce 
in a materid containing 6 W/Q yttria (PY6 formulation) i 
experiment is 1663% of this total. The weight of dissolved ceramic csmespnds well to 
the amount of dissolved yttrium; this i s  to be expected because yttrium is a prim 
constituent of the boundary phase which is attacked by the HCl. 

But the most striking comclation is that between the room tempratrire flexmd strength and 
the molar ratio of Y to Si found in the leachin ch is plotted in Figure 5. The 
relationship is linear with a high conelation coefficient. It lend 
that the composition, as manifested by the solubility, of the inte 
ceramics made from differently treated powders is different. Th 
with the highest strength is 1.0, implying the presence of yttrium silicate, Y2Si207. This 
compound was not detected by x-ray diffraction but its concentration may have been too 
low for the detectability of this technique, or it may not have 
presence may be inferred from the chemical data an from the high material strength. This 
material also had the lowest soluble nitrogen content. As the ratio of Y:Si increases, the 

strength of the ceramic decreases, implying the formation of other, more sol 
compound and glass phases, with higher nitrogen content and with inkrim mechanical 
propcrties. It is to be emphasized that all these variations were obsewd on ceramics niadc 
from the same powder which has undergone various, rather mild, treatments to modify its 
surface composition. These results demonstme the all-impartant impact that powder 

atio in the ceramics 

n well crystallized. Its 
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surface stoichiometry has on ceramic properties, the underlying premise of this 
experimental approach. 

a ( F ,  Avella, G. Dodds, A. Hecker, J. 

This task has two major thrusts: the first is to develop and apply appropriate techniques for 
controlling the injection molding/HIPing processes for the chosen silicon nitride 
composition and shapes through statistical process control (SPC) so as to minimize the 
Occurrence of defects. The second thrust is to improve each individual process step and 
incorporate these improvements into the overall process. 

Neil, A. Pasto, F. Sivo,D. Sordelet, C. Tarry, J. Vickery) 

BASELINE MATERIAL PREPARATION: 
The first set of deliverable tensile rods  was shipped to O W L  in October. The second set, 
representing a second iteration of the baseline processing sequence, was sent in 
November. The third iteration, cut from MLP specimens, was shipped in March, 1991. 

A set of 63 tensile specimens was shipped to the University of Dayton Research Institute 
(UDRI), for ambient and 137OOC fast fracture, as well as stepped-temperature stress 
rupture and static stress rupture testing, to assist in establishing the baseline mechanical 
properties of our material(see UDRI report in Task 4). Ambient fast fracture data on 
baseline material will thus be available from GTEL, UDRI, and ORNL for comparison 
purposes. Results of the testing at G E L  and UDRI, and other characterization tests, are 
discussed in Task 4. 

The NSF die has been received and has been utilized to prepare test specimens. It will be 
used for all other deliverables with the exception of a final set of rods to be prepared from 
the MLP die. 

Over fifty MLP rods were molded, dewaxed, HIPed, and finished into test specimens. 
The object of preparing 6 mm diameter tensile specimens fiom a green blank with a 45 mm 
diameter(MLP) cross-section was to demonstrate that the dewaxing process did not result 
in cracking of the blank. Cracking of thick cross-section components during dewaxing 
has long been considered a weak link in the injection molding process for high 
performance materials. The current baseline process is free of this problem, as 
demonstrated by the fact that none of the I-IIped blanks showed dewax-type cracking 
patterns. Some surface cracking was noticed on a few of the blanks at the gate-to-blank 
joint, but these were shallow and were readily removed during grinding. Tensile 
specimens were prepared, with some being sent to ORNL and others tested at G E L .  
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Test results on the GTEE s~>ecimens are described in Task 4. 

LIQUID PKOCES S PNC : 
Equipment for liquid processing has been received and a dedicated facility to perf0 
thorough and meaningful assessment of the benefits of sucla a process completed. The 
facility pernits a variety of prcxxssirng procedures to b@ evaluated on a scale adequate to 
provide kilogram batches of powder-binder mixtures for injection molding. Each piece of 
quipnient is also scaleable, with larger units of increase tbixghput available, such that 
any desirable processes may be adopted in a prduction capacity. The layout of the liquid 
processing lab is detailed in Figure 6.  

The dispersion of powders in a variety of solvents is now possible by means of milling, 
high shew mixing or ultrasonication, also the dissolution of injection molding binders in 
the same or different solvents. The high shear mixing together of powder suspensions 
with binder solutions or molten binder, or powder with molten binder, will now 
investigated. Milling, mixing and reaction vessels have full temperature con$ol by means 
of one of two different water recirculator heater/ehiller systeins. Those mill and mixer 
parts subject to wear have already been either plastic. coated or hardfaced to reduce or 
prevent metallic contamination. Powder suspensions can be screened though a variety of 
mesh sizes using a vibratory screen with the assistance of vacuum if required. W e r e  the 
attritor mill is used eo generate the powder suspensions, the liquid ring vacuum pump can 
be used to transport these suspensions from the milling container throiigh the vibratory 
screen and into the mixing tank ready for further processing. This sh uld reduce handing 
losses and contamination. TWQ types of high shear mixer were pu~hased  in order to 
investigate the effectiveness of both rotor stator and saw tmtb impeller types in mixing 
different combinations of powders, binders and solvents. The former mixer 
suited to low viscosities; less than 10,080 centipoise, while the latter i s  

using either an explosion proof forced air dryer or a rotary evaporater. For futures 
manufacturing, if these processing routes are successful, it is intended to remove such 
solvents in the final mixing'compounding operation from a closed container by 
evaporation under vacuum, ~ ~ ~ ~ e r i n g  the solvents using a condenser and cold traps for 
small volumes or absorbant media such as activated caurhon for larger V Q ~ W ~ S .  

higher viscositie?; 580 to 3, centipoise. Prwessing solvents will be removd 

While awaiting completion of the liquid processing lab, an investigation of liquid 
processing prmdures was begum using equipment in operation at the GTE-Chemical and 
Metallurgical Division in Towanda, P14 to compare the following: 

*Type of milling: 
Attritor vs Sweco 
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*Screening: 
No screening vs screening after milling vs screening before and after milling 

*Milling medium: 
Dny vs water vs 2-propanol vs xylene vs wtamethylcyclotetrasiloxane (OMTS) 

*Surface area of Y203: 
7 m2/gm vs 2Q m2/gm vs 4 

Powden were prepared where possible with stearic acid addition to act as a wetting agent 
for the waxes used for injection molding. Attritor-milled powders were also prepared 
without stearic acid for initial densification studies by hot pressing and HIPing. Powders 
were isostatically pressed at 310 MPa to give 25 x 25 x 50 m billets for HIPing. 
Sweco-milled powders were all prepard with stearic acid addition, and were subjected to 
an air bum out treatment at 55OoC/5hrs prior to densification. 

Hot pressing at 1750°C/5ksi/3Rrs gave high densities for most attritor-milled powders; 
densities of 3.258 k 0.003 were typically achieved. Under these same conditions; 
Sweco-milled powders did not yield good densities. Fwther attempts to densify these 
powders by hot pressing at 1775°C/5ksi/3hrs did not show any improvement. Previous 
hot pressing at 1750°C of PY6 compositions made from W b e  SN-ESP powder by Sweco 
milling has achieved high densities. It should alilss be noted that of the previously 
investigated ESP powders, the particular lot used for these milling investigations is the 
only one which did not give consistently high densities in repeat hot pressing nins. 

Hot isostatic pressing at 1 825°C/24ksVl.5hrs gave high densities of 3.252 k 0.003 for all 
PO WderS. 

Densified materials were machined into MIL STD 1942 "A" geometry MOR bars. For 
each material 10 bars were broken at room temperature and 3 bars at 1370OC. Weibull 
modulus (m) was calculated for the room temperature bars from the mean strength (x) and 
standard deviation (s) of the data using the expression; 

m = 1.21 ( x/s ) - 0.47 

Tables 7 to 10 summarize the densities and MOR data resulting for the different materials. 

Several conclusions can be drawn from these data about factors affecting modulus of 
rupture; however, different conclusions may be found concerning factors affecting tensile 
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strength when this has k e n  measured far 
each of the different materials were prep 
awaiting the development of a non-contaminating compounding and molding process to 
allow observation af the influence of the various powder treatawent variations. Without 
such a process any powder tmatinent efkcts will be masked by the 
density inclusions. 

to rnallufacture tensile 

For carefully process@ powders there is no benefit to screening of the ~~~~g~~ dter 
milling, as inem strength and WeibuU modulus are t m  a n g d  by this praedure. The 
volumc of material tested in MOR is very small, and this procedure may very well yield 
improvements in tensile strength, particularly in the Weibdl m&dus, A small stxength 
itnprovement was observed in both hot pressing and HIBing for screening of powders 
prior to attritor milling, which wilwants further investigation. 

There is a small effect of the liquid vehicle us 

OMTS. This may relate tothe clispersioion ofthc powders in theseliqui 
k i n g  easily obtained in the polar liquids but cansi raMy more d8ficult tO achieve in the 
others. 

for milling; the polar 
ve slightly higher stxeisgths than the low dielectric const 

Thc major factor affecting ahe ambient temperature 
of densification. Hot pressed material data gave an indication of the potential strength of 
the ESP PY6 material, yielding room temperatem MOR values in excess of f 

in -20% lower stnleaigtln values, indicating the ne for ~~~~~~~~~~t and ~ ~ ~ ~ S ~ ~ 0 ~ ~  of 
the HPing prwedmre. Weibull modulus was typically of the order of 20 irrespective of 
the tnethsd of densikation, with the hot pressed materials being xnme consistent than 
those HBed. 

as the conditions 

High temperature MOR followed essenF.ially the same trends as the 
MOR. Again the major factor affecting strength was the conditions of 
hot pressing procedure typically gave 137OOC MOR values in excess o 
values in excess of 650 MPa for powders sc~ened  before attriton" milling in Zprapmol. 
For all materials, densification by ITHPitig resulted in -40% lower strength values at 
1370°C, an even more significant difference than that found for mom temperature MOR. 



This study was expanded to include mother silicon nitride powder and two other 
compositions. The goal was to determine whether the poor mechanical properties attained 
with Ube-ESP powder when Sweco-milled and P-Wed are due to an inherent problem 

whether they are the result of a less than optinid HIP cycle for the ESP powder. 
wder, or to the PYS composition in conjunction with the ESP powder, or 

Previously, RT MOR values of -1450 MPa have k e n  obtained for PY6 and A2Y6 
compositions hot pressed fi-onm attritor milled Ube E10, while lower RT MOR values of 

from similarly milled Ube ESP. RT 
MOR values of only -750 m a  have been ob r HIPed PYG from attritor milled 
Ube ESP, similar to the baseline Sweco milled materials. Hence the current study was 
initiated to investigate the properties of several compositions made from both ESP and 
E10, densified by hot pressing, E-Wing, md ossibly sintering. The compositions chosen 
for investigation were PY6, S2Y6, and A2Y6, where Y denotes Y2O3, A denotes Al2O3, 
and S denotes SiO2. 

ave k e n  obtained for hot pressed 

Powder lots used for this investigation were as follows: 

Si3N4 Ube grade: ESP Lot # S I 0 3 4 2  
Si3N4 ube grade: E10 Lot #A710462 
si02 Degiissa grade: Aerosil OX50 Lot #not given 

y203 Lot #1867 
mm3 GTE grade: S2S Lot #BL783 

sitions were amition milled using milling media manufactured from high purity 
on nitride. Each corn sition was nilled using 2-propanol as the milling 

liquid, and the resultant slurry was screened through a 635 mesh stainless steel screen. 
The milied slurries were dried in Pyrex glass m y s  with aluminum covers using a forced 
air explosion pm9f dryer, Dried cakes were grmdated by manually screening through an 
80 mesh nylon screen, and several 25mm x 25mm x 50mm billets were isopressed at 3 10 
MPa from each eomnpositiean. 

The milled PY4, S2Y6, and A2Y6 compositions were densified by hut pressing and 
HIPing after different thermal treatments, including; no bum out; air burn out 
incorporating a 5 hour hold at 550 O C ;  high pressure nitrogen burn out incorporating a 
slow ramp to SS0 O C  followed by an air bum out incorporating a 7 hour hold at 700 "C. 
For hot pressing, the milled powders were bumd out in covered alumina crucibles, while 
for HPing the billets isopressed from the milled powders were burned out according to 
the regular practice used for injection molded paas. 
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Hot pressing was prfomed using the standad cycles developed for each composition: 
PY6 atid S2Y6 at 1750 O@ / 35 MPa / 180 rnhs, and A2Y6 at 1725 "c7 / 35 MPa / 180 
nins. TiWi"ing was performed using the sane stmdard cycle for all compositi~ns: 1825 
O C  f 165 m a /  

Resultant densities froin these hot pressing and WPing prwedwes we given in Table 1 1 .  

pms wcre destroyed at some point in the cycle. Variaus p 
overcome this pr~bleni including use of a double protective barrier layer. Iliese met with 
limited success, and a reliable procedure for HIBiwg requires further development. 

Considerable difficulty was experiienced in ~~~~~~~i~~ pats b ng: seved seas of 

The data of Table 11 show a small general trend of d ~ ~ ~ ~ ~ s i ~ ~  density with increasing 
teinperature and time of &hemal treatment in air for hot presse materials, but a constant 
density for HIP& materials. These is a praapminermt effect of air only bi 

ESP PY6 and S2Y6 compositions. These co~~~p~si t ions  show a significantly reduced 
density following this treatment in both hot press 
whedrer the alternate bum out procetlure which 
from the use of a nitrogen burn out followed by an air burn QUQ, or whether it is due to the 
higher 788 OC temperature of the air tseatment. This 
with previous attempts to densify Sweco milled ESP 
using th is  same air trcattnent at 550 OC cotdd not he hot pressed to high density under the 
usual cycle; 1750 O C I  / 35 MPa / 180 Imins, Density was also not improved using a higher 
tempexamre cycle; 1775 OC / 35 W a  / 180 irmins. The same materials in isop 

HIPiiig using the standard cycle; 1825 O@ / 165 W a  f 90 mitms., 

out at 550 "C for 

and Ffl[lping. It is unclear at present 
densities derives its benefit 

form subjected to the s m e  b u n  out cycle were, however, successfully dens 

Materials densified from powders having no bum out, aid nraterials densified from 
powders subjected to h c  high pressure P l i t ~ c q y x i  burn out followed by an ~i i~ bum out, 
were machined to give lMIE S T D  1942 "A" geommy MOR bars for ~ m m  temperature an 
high tempcramre strength dcteminadon. To date 10 Inan have k e n  broken at rmm 
te1Plpi3rabUlr~, and high tempemtu~e testing i s  in process. 

RT MOR and Weibull snadulus are plotted versus co~x.a~wsition in Figures 7 to 14. MQR 
of materials made using ESP can $@ seen to be essenfially identical imespective of whether 
or not the powders were b m d  out. rl%ere is a small dXferewce in MOM of c 

made using E10, strengths ape slightly lower after burn out for hot pressing and a little 

were deteimiined for each in r to assess material reprodueibi9ity. The resultant data 
was very similar for each batch and is plotted as open symbols in Figures 11 to 14, while 

higher after bum out for mi , Two batches of E10 PYG were processed and properties 
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the combined data is plotted as full symbls for coinp 
Figure 15 illustrates the effects of powder type and ~ ~ ~ ~ s ~ c a t i ~ ~  process on the thee 
compositions PY6, S2Y6, and A2Y6 without a burn out treatment. The data clearly show 
the superiority of hot pressing over the c m n t l y  used 1-W cycle, ‘fie hot pressed 
materials illustrate the strengths which are possible and indicate the need for further 
development of the Hl[lPing process. There is also a cleu compositional influence upon 
the strength. For the A2Yh composition El0 yields higher strengths than does ESP, 
however the difference is not great, being of 
MPa for hot pressed materials md 2270 vs 1 
coniposition however, the strengths for E 10 are considerably greater tlian th-nose for ESP; 
1508 vs 100 MPa for hot pressed materials and 930 vs 690 MPa for H I P d  materials. 
For the S2Y6 composition the status is revmsed, here the strengths for El0 are similar to 
or less than those for ESP; 1310 vs 1260 MPa for hot ressed materials and 750 vs 980 
MPa for I.mpd materials. In ehe absence of an a d ~ i t ~ o n ~  oxide sintering aid to YzO3, the 
oxygen content of the Si3N4 powder and/or Si82 addition is a critical factor in controlling 
the material strength. There would appear to be some optimal Si02 content dependent 
upon the Si3N4 powder type and the amount of Y203 addition. Weibull. xnodulus of these 
materials as calculated is somewhat variable which is to b@ expected from the sample size, 
but for PY6 and A2Y6 compositions is typically in the range of 15 to 30. Tke S2Y6 
compositions generally have the lowest Weibull mdiilus, typically in the range of 10 to 
15. This is likely due to poor dispersion of the extremely fine particle size fumed Si02 
addition. 

son to the other compositions. 

order of 100 to 200 MPa; 145 
W a  for HPed materials, 

PROCESS WROVEMENT - COMFQUNLSING: 
In an attempt to overcome the metallic contamination associated with the cwently used 
sigma blade mixers, experiments have been c out to develop a noncontaminating 
compounding system. 

Initial experiments were made using a small orbital mixer with ai oval chamber 
consmctd of Nylon. A single silicon ra i t de  mixing ball was used for dispersion. This 
small mixer was found to be capable of corn unding 20 gram batches of PY6 using a 
preheated mixing chanlber and ball. Melt index nieasurements indicated that a 10 minute 
orbital mixing t h e  resultd in a melt index value comparable to that obsewed from sigma 
Made compounded PY6 batches. 

A larger scale mixing system (capable of compounding 600 grams of PY6 per batch) was 
then constructed. The mixing chamber was again constnuxed of Nylon with an oval 
internal configuration. The system utilizes a 3-way orbital mixing approach and a single 
mixing ball. Several large diameter mixing balls have k e n  evaluated; 



- Isopressed and I Ped PYB (density = 3.2 gkc) 
tered zirconia (density = 6 g/cc) 

el ball (composite density =I 3.5 gee) 
- Nylon capped WC ball (composite density = 

To perform the c 
Nylon d n g  co 
mixing chamber is then loaded into the orbital 
perid (typically 10 minutes). The compoun 
granulated. 

unding, the powder, binder 
and preheatd to the co 

Since no metallic co 
approach, such contamination can be eliminated. This was c o n f m d  by w m  pressing 
compounded mix fkom the plastic mixer and examining the disks using microfocus x- 
radiography (See Task 3 for details). 

nent contacts the silicon nitride mix during c 

The quality of eompmded mix prepared by this technique has 
melt index viscosity measurements for four 

en evaluated further by 

- PY6 nixing ball and warm mixer 

- Nylon capped WC ball and warm mixer 
- Nylon capped WC ball and cooler mixer 

- PY6 mki11g ball an warm mixer, hen twin swe 

The resulting viscosity curves are shown in Figure 16. The material mixed with the lower 
density PY6 ball possesses a hi 
injection molding. Use of twin screw cornpoiinding after this mixing results in a 
substantial ilecrease in viscosity. It was also 
rnixing ball showed a major hprovenient in co 
preheat is desirable for best mixing quality. 

viscosity, but it is still within the range suitable for 

that the use of a higher density 
ding, md that a higher temnperature 

"he conditions of a high density mixing ball along with a warmer mixer resulted in a mix 
viscosity comparable to that processed through the high shea- twin screw compo 
'Though dl of the mixing to date using this system, there has en no obsemable wear of 
the Nylon mixing container or the capped balls. 

Based on these experimental 
compo~ndd mix for tensile 
was u s d  direct from the plastic compunder; the remaining material was passed through 

dings, the larger mixer was utilized to 
imen injection tnolding trials. Half o 
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the twin screw compounder prior to granulation. Other batches were prepared with the 
standard large Abbe sigma-blade compounder to serve as a baseline, and with a smaller, 
much less-used Abbe machine which was shown to produce less contamination. Material 
fiom these batches has been molded into tensile specimens, dewaxed, and m e d .  They 
are being machined into tensile test specimens. Green-state NDE proved that less metallic 
contamination was incurred utilizing the non-contaminating mixer, as expec ted('l'ab1e 12). 

As as followup to this work, an Abbe sigma-blade compounder similar to the standard 
equipment used at GTEX was located, which had been carefully outfitted with seals to 
minimize metallic contamination. It had also been used for preparation of silicon nitride 
materials, and a procedure developed for it whkh was shown to produce low 
contamination levels, Two batches of PY6 were prepared with this compounder, and 
samples examined by the x-ray microfocus technique described previuosly. Results of the 
number of high-density inclusions (I-IDIs) per unit volume in these materials are compared 
to the previous results in Table 12. They show that with appropriate care, the standard 
Abbe compounder can produce materials with excellent HYI characteristics. These 
batches will similarly be prepared as tensile specimens. 

Another effort in contamination reduction is now underway. This work is aimed at 
evaluating potential plastics for use in silicon nitride processing equipment. The goal of 
the activity is to replace with plastic those metallic equipment components which are prone 
to wear, thus decreasing or eliminating inetdic inclusion defects in injection molded 
silicon nitride. 

The current study is designed to evaluate a range of plastic materials for room temperature 
erosion and abrasion resistance. Plastics investigated have ranged in capability from low 
use temperature to high temperature and low cost to high cost. Generally, higher 
tenzperaturc capable plastics me substantially higher in cost. 

Abrasion resistance is measured by calculating the sample volume loss when it is abraded 
against a 30 prn metal-bonded diamond polishing wheel under a 1 Kg load. The weight 
losses on 0.5 x 0.5 x 0.25 inch samples arc measured at 1-minute intewals (5 minute total 
test time) and converted to volume loss using the sample density. The linear slope of the 
volume loss versus abrasion time is calculated to determine abrasion rate. 

Erosion resistance is measured by grit blasting the samples at 80 psi using 58 pm a 2 0 3  

powder. The sample is placed 13 mm from the blaster nozzle and sample volume loss 
calculated after 1 minute of blasting. 

Tests such as these are useful in a general way in ranking the performance of different 
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materials, but neither test accurately duplicates the actud wear mechanism. It is expected 
that the flow of a submicron SbN4 powder in a heated h i d  binder over a surface will 
produce wear mostly by abrasion, but with some erc9sive contribution as well, 

Table 13 shows the results of ehe study to date, including infomation on maximum use 
temperatwe (temperattire where deflection o c c m  under a 264 psi load) and bulk raw 
materid cost where available. Also included in the study was a hwdeaacd tool steel sample 
(Crucible 95) f a -  comparison with the plastics. The rnrpterials are listed in Table 14. 

Measured wear rates for both tests span two orders of magnitude, showing the wide 
per€o~m~mce range nf available plastics. While many of the plastics tested exhibit poor 
wear resistance relative to tool steel, several plastics show comparable or supxior wear 
rates. For room temperature applications, ultra-high molecular weight p 
(UHMW PEj would be desirable. This material shows minimal weax in b t h  tests, but it 
is only usable at low temperatures. At intermediate temperatures (5Q-W°C) nylon wodd 
be a g a d  chipice. Its wear is comparable to tool steel aid it i s  readily available at low cost 
and large sizes. For high temperature use, or nmlerate temperamrefigh s~ress application 

Iyetheretherketonc (PEEK) appears to be the first choice. This material. is, however, 
expensive and somewhat limited in sizes of stock available. A second choice in this 
temperatare range i s  possibly pdyctlaerimide (PEI). PEI had a medium wear rate, but i s  
readily available in large sizes at 20% of the cost of PEEK. It was also noted in thc study 
that P-naterials with good abrasion resistance were also generally good in erosion 
resistance. 

To evaluate the pedipmmce of an actual plastic compncnt, an injection screw for a 15- 
(Figure 17j. This screw 

was used to injection mold a b u t  5 Kg of PY6 silicon nitride turbocharger test samples, 
hspectian of the screw after this test revealed some polishing of the screw, but no 
significant wear. 'Based on this result, four screw segments for the Bet01 BTS-40 twin 
scxw ccmpounder were fabricated of PEEK, The segments produced were for the feed 
end of the compu~~cler, where conditions are believed to be most at9rasive Forlgr Kg of 
precumpoundd PY6binder was passed through the Betol compounder. The barrel was 
removed after the test and no noticeable wear of the PEEK segments was sbsesvd. It is 
now plaintled to construct a complete pair-set of PEEK screws for this compounder. In 
addition, a PEEK injection screw has lxen designed for the 200  on injection molding 
machine. This screw i s  in the final stages of fabrication at this time. 

oy injection r n d c h g  machine was fabscated from PEE 

The prc9grm baselinc csnaipounder (ABBE) has been completely rebuilt with new 
components, resulting in more precise tolerances between the moving parts. Some 
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materids modifications were inc 
the expectation of reducing metallic contamination. 

rated, via subsititution of higher quality materials, in 

PRRO&IESS IMPROVEMEW-MOLDmG (Brunel University): 
The stripped, cleaned, and reassembled Mk. 1 compounder/molder was used to produce 
three sets of SO ASCERA tensile specimens. Its operation continued to be trouble-free 
during this period. The three sets represent Mk. 1 molding of baseline material, Mk. 1 
molding with variable packing pressure, and Mk. 1 molding with cavity evacuation. The 
material used was precompounded PY6 baseline material., 

Some difficulty was encountered with ASCERA tensile specimens molded with an 
evacuated cavity. The problems were associated with determination of the proper size of 
the O-rings and establishment of a workable cavity evacuation procedure. Once these 
problems were overcome, molding proceeded without further incident. To ensure a fully 
evacuated cavity, the injection nozzle was also modified to contain an O-ring. It worked 
well in preventing vacuum leaks at the nozzle/sprue bushing interface. 

These 150 samples were delivered to GTEL during the program review and progress 
report conducted on November 12 and 13,1990. A report detailing the molding 
conditions accompanied the ASCERA parts. The ASCERA rods will be subjected to NDE 
evaluation, dewaxed, HIPed, machined, and tested. 

A delay was encountered in construction of the Mk. 2 machine, in the return to Dassett of 
some injection stage parts from borofuse processing at Materials Development Corporation 
(MDC). However, the construction of the Mk. 2 compounder/molder is complete. 
Operational testing of the Mk.  2 has been performed at Dassett Processing Engineering, 
and at Brunel University. 

The injection stage assembly, which is comprised of the Betol twin-screw extruder, 
injection barrel, and connecting nlanifoki was the last major assembly to be installed on the 
Mk. 2. The greater size and complexity of the injection stage, as compared to a normal 
reciprocating screw injection stage, necessitated some special design features. Ease of 
disassembly and cleaning was a major consideration in the design of the injection stage. 

Programming of the Manual, Semi-Automatic, and Automatic modes of operation were 
completed. Some nidifications were required subsequent to operation with GTE 
feedstock at Brunel, but, in general, the unit performed as described in the Design Review 
Meeting of April 1990. Some corrective changes were necessary to the hydraulic systems 
to satisfy the unique requirement of the continuously operating extruder. These were 



accomplished without difficulty. All stha aspects of the trials were completely 
satishac tory, 

An experiment in the campunding of PY6 from ~~~~~~ was conducted ming the Mk. 1 
c c r ~ ~ ~ ~ o u l . i ~ ~ I ~ ~ ~ ~ .  Birficult y Im b c n  ~~~o~~~~~~~~ at GTEL in ccamp~m$ing h m  
powder and binder without some form of ~~~~~~~~~~n~~~~ prwedu~e. 'Ilia problem 
enamuntcred is j a m k g  of the scrc s prior to fusion or p sticiziiig of the paw 
mirimres. It W B S  postulated that the Mk. 1 extruder, whi has received eonsi 
during its l i fehe,  might have greater clemmces bet een smcw flights m 

evidence that these deaaances need to be increased. This apparently does have some 
effect, as caiipounding of the PYG (witlwut epoxy) was achieved without any squealing 
or jripmnrmimmg, The Mk. 1 was set up with a screw section profile which could be: easily 
i~t i l ized on the Bet01 macechine at G E L .  The exmnder had 
coaeaitled precompsundd PY6 material at tke start of the experiment. A mixture of PY6 
was mixed by hand in a beaker. Although the: wear-related loose tolerances of the screw 
sections in the Mk, 1 are believed to be a significant factx. in this result, other fzct 
have played some role. The fact that the exmderr contained fully compsunde 
may ease the start of fusion. The configuration of the screw section dimensions certainly 
effects the tendency to jam prior to fusion. However, the experiment does indicate that 
extruder configurations do exist which allow compounding from simple pcs 
mixnires, The screw section pmfile informadon was provided to Cr'EL. 

nnding pr~aseed~ed without jamming in the Mk. 1, this would be strong 

n operating with and 

The Mk.  2 eomgounder/inolder was sliipyed to md iiistalled in the Wolfscrn Centre at 
Brunel BJaiversity, and has k e n  operated extensively with GI33 injection 
feedstock, This effort has k e n  concerned with addressing start-up issues and achieving 
reliable operation of the GTE injection molding prmess. 

The majority of these issues have k e n  routine in nalteare. '%'hey involve repair of S O ~ C  

minor shipping damage, wiring mdifkations for cosmetic and safety considerations, and 
a faulty bezing in the hydraulic motor for screw rotation. Two issues which effect 
operation rerquiird attentkn. The first involved the ball and seat check valve in the 
connecting mrmifoM Although the design is essentially the same as  that used successfully 
in Mk. 1, leakage tbroiq$ the valve prevented the holding of a cushion under i ~ i j a t i ~ n  
presskmrc. It has $%en detcrPnirnd that she ball iameter in the pupk. 2 valve was smaller than 
in Mk. 1. A larger ball has been iiistalle eration is m~\rir satisfactory. 

The second involves injection piston pushback by the exnudate from the twin screw 
ex6ruder. Serious prahletns, which prevented consistent operation, were encountered in 
the M k .  1 design with respect to this phase of operation. ' l lus  fa in the evaluation, Mk. 2 
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has exhibited consistent piston pushback under dl conditions except when the extruder is 
"starve fed". A modification to the hydraulic system which minimizes the steady state 
back pressure on the injection piston during filing has been carried out. Preliminary trials 
indicate satisfactory operation. Hydraulically assisted piston pushback has been 
considered as an option but does not now appear to be necessary. 

Temperature control is excellent throughout the system. A single water circulating unit is 
used to heat both the connecting manifold and the injection barrel. 

All zones of thc extxuder, the connecting manifold, and the injection piston have been set 
to control at 70°C. Some difficulty has been encountered with injection piston retraction 
under these temperature conditions. The extrudate easily forced the piston to retract, 
filling the injection chamber, when the extruder was flooded with material. However, 
when the extruder was "starve-fed", insufficient pressure was generated to move the 
piston back The controlling thermocouples for each component are embedded in the steel 
as close to the melt path as practical. Measurement of the actual melt temperature in each 
coxnpolnent revealed that melt teniperatures in tlic extruder were slightly above the 
controlling thermocouple readings. Actual melt temperatures in the connecting manifold 
and injection piston were slightly lower than the controlling thermocouple readings. 
Under these conditions, hot (low viscosity) material in the extruder was attempting to 
move cooler (high viscosity) material through the remainder of the system. Attempts are 
now underway to determine the effect of a proper temperature profile on piston retraction. 
In any event, the equipment has the ability to retract the piston hydraulically. This can be 
done at a controlled rate during the filling cycle should it be necessary. 

In order to obtain the melt temperature readings, the connecting manifold and injection unit 
were removed and dismantled. The combination metal-on-metal, O-ring seals in the 
connecting manifold worked well with no bleeding observed. No difficulty was 
encountered in removing the slide-in components of the nmifold. The units were cleaned 
and reassembled. The total time requi was approximately one day. 

The large cross section tensile specirnen(MEP) tool was mounted in the Mk. 2 and some 
test moldings were made. As a f ind test of the machine, GEL-derived PY6 was molded 
into MLP specimens, delivered to Gl'E, and will be dewaxed and densified there. These 
will be machined hito tensile specimens and tested. These parts represent the final efforts 
at Brunel University. These moldings as well as the remainder of finishing work for the 
Mk. 2 are expected to be complete on April 12th. At that time the 50 cycle motors will be 
rcplaced by f32 cycle motors and the machine packed and shipped to GTEL by Dassett. 
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m C W O S m u m E  CONrl3QL: WIPing 
Thc study which utilizes Taguchi Methods to identify the steps in the HJP cycle ixripacting 
PY6 strength is continuing on schedule. The control factors and noise factors which are 
being investigated in the L12 X IA  orthogonal army include r m p  rates of temperamre aid 
pressure, hold times and temperatures, enviromietital stomgc and crucible conditions, All 
of the HIP experiments have been performed. Ten of the twelve expriinents ran 
according to plan; however, two of the experiments (#IO 
electrical difficulties in the hot isostatic press. 1.Jsing orthogonal a m y  data analysis 
techniques, the missing data were estimated so that the most influential control factors 
involved in IXPing could be determined within a reasonable degree of certainty. 

d #I 1) were aborted due to 

The density and the surface appearance of each a s - W  
Aciditionally, MOR strength measurements of machined specimens at both room 
temperature and 137OOC were performed. Results to date are discussed below. 

test sample were assessed, 

One of the control factors is the temperature at which the test samples me air flashed to 
fully reniove any residual carbon after binder burnout. It was anticipated that, by raising 
the air flash temperature, this processing st codd dso be utilized to increase the green 
strength of the part. Thus the lilkelihoo of damaging the part during hmdling prior to 

HTP would be reduced. Indeed, the green strength of the test samples flashed at the higher 
temperature was significantly improved. €-lowever, results obtained to date indicate that 
the temperature of air flash has a very significant ef€ect on densification during HIP. 'The 
majority of bars which were air flashed at the standard tempmmre ( 0 ° C )  reached >98% 
theoretical density ('TT)), Those which ware fla41d at the higher ternperamre 
not densify fully, all falling between 9598% TD, Parts which are less than 9 

j did 
are 

expected to be lower in strength than i s  useful €or this progam. Therefore, in order to 

save machining costs, the majority of bass which were H I P d  to less than 98% l0-n were 
not tested for M 
analyzing the renlaining quality characteristics, i,e. density and surface a ~ ~ e ~ ~ a ~ ~ ~ ~ .  

strength. Materials from these experiments will still be useful in 

Another control factor which is being examined is whether or not a barrier layer is used 8s 
a liner in the HIP crucible. While the layer eases removal of the encapsulated coinponents 
from the crucible after HIP, previous experiments have indicated that the s m t ?  purpose 
could be achieved through a slight modification to the WP cycle, The barrier layer is an 
expensive item which must be replaced after each HIP pun. Also, it can cause 
discoloration of the Si3I'Q part sudace when contact is made during MW. Therefore 
elimination of the layer would be desirable. In order EO determine whether removal of the 
layer affects Si3N4 properties, it was included as a conad factor. 

rllree of the nine experiments conducted to date eliminated the layer from the HIP process. 
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While many samples densified, excessive €oaming of the e ~ c ~ p s ~ ~ l a t i ~ ~  glass w c u d  
causing difficult removal of the crucibles from he HIP furnace. Altermatives to the b 
have subsequently been attempted, but a suitable replacement has yet to be identified. 

Preliminary data indicate improvements in strength at both 20°C and 1370°C for PY4 
HTPed at the conditions of Experiment #3. As shown in Figure 18, the 20°C MOW 
strength increased 10% relative to the baseline, atid hc 1370°C strength increased 38%. 
The experimental ltilll cycle was repeated using three different injection-mo 
tensile rod materials. The average MOR strengths were 844 m a  at 20°C (14 9% increase 
over the baseline) and 436 MPa at 137OOC (28% increase), co 
initial trial. 

ming the results of the 

These strength improvements can be related to the microstructure of &e modified material. 
Qualitative and quantitative microscopic analyses have revealed significant 
between PY6 from the baseline and modifid ( 
cross-sections were polished, etched, and ex 
grains. Qualitatively, the modified K6p cycle appeared to produce a miaosmcmt: of 
whisker-like grains interspersed ixi a very fine-gaimd matrix, 'This was csnfimid by 
quantitative image analysis of d ig i t id  scaining electron micropphs sf the etched cross- 
sections. The data obtained regarding the size and shape are listed in Table 15 as 
compared to the previously reported baseline data. Based an this itifonnation it appears 
that a desirable rnicrostructure has been achieved in HPed PY6. That is, the smmxre of 
somewhat equiaxed submicron grains closely packed between whisker-like gains results 
in a well dispersed intergranular phase and high strength, especially impmvd at elevated 
temperatures. 

ment #3) IIIP cycles. Tensile rod 
moscopiccally to reyea1 the Si3N4 

X-ray diffraction analysis of the m d f i  xnaterial was also pe 9 s'hPoWing 88% 
l~eta-Si3N4 and 12% alpha-Si3N4. This agrees with the microscopic analyses in that the 

equiaxed submicron grains are probably residual dphm-Si3N4. The presence of the 

equiaxed alpha grains results in a lower average aspect ratio, although many very acicular 
grains actually formed. Other material characteristics (e.g elastic properties, fracture 
toughness, and hardness) were also measured for the PY6 prduced using the modified 
HIP cycle. As shown in Table 16, no significant changes occurred relative to the baseline 
material properties. Young's Modulus was measured via ultrasonic means, yielding a 
value of 317-322 CPa. When measured via mechanical means (strain gauging;, Task 4), 
the same material exhibits a Young's Modulus of 295 GPa, This value cornelates well 

with modulus measurements performed in tension on PY6 at the X-~I'ML2, which yielded 
30513.5 GPa, 
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A summary of the results is shown in Table 17. The prefend setting (Level 1 or kve l2 )  
for each control factor is listed dong with the quality characteristics which it strongly 
affects. It is anticipated that in 
HIP cycle will also result in le 
confirmation run will be perfo 

tion to inipmving the material propaties the revised 
equipment deterioration and lower cost. 
nd evaluated during the next reporting 

FINISHING A N D  AJYNEALJNG: 
me annealing s 
PY6 has been co 
orthogonal army was implemented, Control factors 
atmosphere, powder characteristics, heating and cooling rates 
factors included a variety of surface characteristics designed 
of the annealing schedule. Room temperature MOR was the quality characteristic used to 
determine the effectiveness of the various treatments. 

designed to determine opti annealing c o ~ d ~ ~ o ~ ~  for machined 
eted. Utilizing Taguchi mimental design, an E18 x E8 

Due to the statistical nature of the strength of structural ceramics, it was decided that more 
than one data point for each response would be required to avoid enona~us conclusions 

response to increa e confidence in the analysis, 
by an abenant data point. Consquently, four MOR bass were tested for eac 

All strength measurements were made 
thern~d treatments were perfom& in 

S T D  1942 "A" size MOR b m .  The 

Results obtained were analyzed 
strength is a characteristic which is treated as a "I,arge~-t~ae-%e~~~" attribute, higher S/N 
ratios indicate higher strengths, Analysis is perfmed for each variable .iaadividually to 
identify its effect on the overall result in a response &mph, 

ise (SN) ratio techni 

A response graph for the control varkib1.e ''te~npemture'' is illustrated in Figure 19. The 
data indicate that changes in tennpefature (which rmgd from 1 100' to 1350" C )  cEatd  the 
largest changes in strength, As shown in the temperature nse plot, strength values 
increased with decreasing annealing tempera 
range, strength values leveled off. 

'Three different atmospheres were tested; air, Nitrogen, and Argon, with all three yielding 
similar results. SignaVNoise graphs of the other e erimental variables, including time, 
also showed flat responses, indicating that these variables Is little effect on strength. 

Variables which yielded the best results for each control variable were combirad and tested 
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in a confirmation run against untreated MOR bars of the same material. In addition, since 
the original experiments were performed in a small capacity tube furnace, a larger box 
furnace was used to evaluate process scale-up potential. Each group consisted of 8-10 
bars. The results are shown in Figure 20. As illustrated, themally treated bars from both 
furnaces show higher strengths and higher Weibull modulus tham the untreated bars. 
These results indicate an overall 6-9% mean strength improvement was realized. 

As a follow-up to this Taguchi study, a study which evaluates the effect of lower 
temperatures (4 100' C) will be performed. Finally, the optimized thermal treatment 
process will be u s e d  on tensile test specinlens in the near €utupe. 

Task 3 - Development and Application of NDE Methods(D. Cotter and W. Koenigsberg) 

Compositional determination of the constituent elements found at the failure origins of 
tensile specimens has shown that the ceramic processing machinery (compounder, 
granulator, and injection molder) is the major contributor to metallic contamination, In the 
last batch of 20 tensile specimens, 14 failed at stahless steel inclusions, implicating the 
compounder. A capital equipment expenditure to replace dl the wearing components in 
the primary compounder being used for this program had previously been initiated, and 
the decision is clearly suppomd by these recent failure analysis data. Additionally, in- 
process nondestructive evaluation results from specinnens prepared during the intemiedi ate 
processing steps have corroborated compositional analysis findings. In-process 
nondestructive evaluation is also providing the feedback necessary to evaluate alternative 
mixing methods. 

IN-PROCESS NDE: MOMTORXNC; FOR PROCESS CONTROL 

A wam-pressing technique was developed to prepare green ceramic specimens from 
compounded, granulated, and as-molded materials for anicrofocus X-ray imaging. The 
specimens are hydraulically pressed in a 25.4-mm diameter die with heated mns. The 
warm rams soften the coarse material, which flows under pressure inlo a uniform 
compact. The pressed specimens provide a homogeneous matrix for X-ray imaging. In 
the past, conventionally pressed samples exhibited a n o n h ~ m o g e n e ~ ~ s  stsklcture which 
made detection of high density inclusions ambiguous. Warming the rams rather than the 
large thermal mass die allows for rapid pressing of multiple samples. A group of 6 
specimens ( a total volume of approximately 18 cubic centimeters) can be pressed in 20 
nlinutes. This corresponds to the aggregate gage volume of 18 tensile specimens, The 
sleeve on the internal diameter of tht: die and the ram faces were made fpom tungsten 
carbide to minimize contamination. 

Nondestructive evaluation was used to compare the metallic contamination levels of 
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several compoainding process routings. The large ABBE c ~ ~ ~ o u ~ d e ~ ,  w ~ i c ~  is the. 
standard compounder for the program, was cornpad to a small ABBE cornpounder that 
has expesknced less wear. Also, a novel orbital mixer (See Task 2-Gompounding, 
above)was investigated, utilizing a nylon mixing charnkr and non-rnetallic ball. Some 
material from the noncontaminating mixer was passed through a high shear Betol twin 
screw compounder which has tool steel components. A group of 6 wm- ress sed 
spechens from each batch of material was inspected with nniCrr,focus X-ray imaging. 
Imaging was done at 1OX magnification on high contrast film. A s u m m q  of the number 
of high density inclusions (I-TDIs) detected was previosly given in Table 12. 

The NDI eoumt was normalized to  1 cubic centinieter, which is the gage volume of the 
tensile specimens used in the prc)gpam. The severity of metallic contamination contributed 
by compounding is apparent when the data are pmsented in this way: it is expected that the 
majority of tensile specimens Will fail at HDIs until the frequency of wcune~~ce is reduced 
to less than I HID1 per cubic centimeter. All of the E-IDIs detected by x-ray were larger 
than 50 micrornetcrs in size and would be critical defects. No high density inclusions 
were detected in the material from the no contanhafig ~~~~~~~e~~ Scaling up of this 
orbital mixer and evaluation of the molding propertics of the material it 
progress. The NDE techique has been inc t d  into the process routing to monitor 
all future batches for F D I  count axid experiments to minimize metallic conramination are 
continuing, 

IN-PROCESS NIWE: L.4SER-SUWhCEi PROFl[EOMETRY 
Laser-surface prof"llotnietry is being employed to investigate the r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ p  letween the 
surface soughiness characteristics and mechanical. behavior of mac ned ceramics, Data 
relating surface defects to the strength of tensile test specimens have not k e n  obtained to 
date because virtually all the samples have failed from internal flaws, 
contramination. Nonetheless, in the present study, silicon nitride MOR (modulus of 
rupture) test b a s  prepared for the annealing experiment were examined. All of the bars 
itispected were tested to failure in four-point bending and failed from surface defects. 

The Rodenstock profilometry system utilizes a solid state laser focussed to an 800- 
nanometer diameter spot size to allow non-contact determination of surhce topography on 
a microscopic scale. As a precise linear slide traverses the laser across the specimen, the 
feedback signal which adjusts the optics to maintain the spot size is n-ronithared. This 
signal is directly related to the peaks and valleys of the surface profile. The system will 

respond to sumfaces with a reflectivity between 2 and 98 percent. 

Numerous roughness values have been developed for characterization of machined 
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mechanical khavior of ceramics is likely depndent on the one deepest valley present, 
which would be a Griffith flaw ( the most critical flaw under the applied stress). The 
roughness characteristics shown Iselow n e  believed to be the most pertinent to ceramics 
that are readily detemind from algcprithms inten for metallic surface inspection. 

Ra is the arkhrne~c avaage of de-vkifions from the calculated mean line of the profile. 

Rq is the RMS ( t. mean square) value of the roughness profile. 

Sk is the skewness, a measure of the aspmetjry about the mean line of the profile 
ment of the roughess data), 

Rv is the deepest valley in the scan. ?&is value was not available from the software 
which is primarily concemd with assessment of surface peaks, but was calculated 
given the mautir~iurn peak to valley excursion and the largest peak present in the scan. 

Roughness chmcte~stics wen detemin 
MOR bars (1.27~2.54~25.4 m>. The bars were longitudinally ground to a 320 grit 
specibication. Five longitudinal scans 5 mm long were obtained at random locations on the 
tensile surface of each bar. The average of the roughness characteristics for the 5 scans is 
shown in Table 18 along with the average strength for both sample sets. 

far thee samples of as-machin 

In view of the limit 
results. It appears that the average roughness did mot change appreciably with annealing. 

average maxitnnmm valley depth was greater for the as-machined specimens, as 
expected. More itnpoamtly, the average negative skewness was consistently more 
negative for all as-machined specimens indicative of a higher density of deeper valleys. 
Sparse peaks which could also cause the skew webe not observed in the individual 
profiles. Profiles shown in Figure 21 me representative of those recorded for as-machined 
and annealed MOR bars. Asynunetry of the as-machined roughness profile was visually 
apparent on most scans. Annealing the material appears to effectively redistribute material 
about the mean line. 

dat~base, care shsdd be taken in assessing the signficance of the 

The roughness profi"nls were acquired by sampling 8 
Average roughiiess (Ka displayed is 3.56 micronmeters for as-rnachi 
micrometers for anneal&) was significantly different for the two co 
bars when exami?ed on the finer scale. The skewness, average maximum valley, and 
similar characteristies related eo surface profiling will lx monitored at various scales as the 

points in the 5-mm scan length. 
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occmence of failure from surface related defects increases for tensile specimens tested in 
the program. 

r n E  OF S P E C M N S  FOR MAC 
In the annealing study, inspection revealed that e baseline as-niollded b m  were 
f n i s ~ e d y  mackirned to a different finish spcificatio 
samples cksignated for annealing, pcstential1y csnfsu 

G cmum 

grit versus 320 grit) than the 

~o~~~~~~~ and waviness profiles of m asmachin shown in Figure 22. 
The roughness profile exhibits clusters of deep v ey clusters were not 
ohsewed on profiles of similarly machined s ss also aypems to 
modulate a backgrasuaad waviness profile, Machined metallic materials typically exhibit 

the tml and zhe latter dependent on th 
speetsum of a pcgptio of the rooghne 
simply shows how the magnitude of the romghess (magnitude s q u a d  i s  acmally 

displayed) i s  c%istribut as a function of fiquency. Perioclicities in h e  rou 
may be related to the machining technique, 'Discussions with the mchine sh 
s ~ ~ o ~ ~ ~ ~ t ~ ~ ~  are in progress to investigate the c se of valley clusters. 

high fit3qUenCy rOU@UleSS On a b W € T  exlcy ~~~~ pattern, the fomem being caused by 
lag or mwhine empl 
is shown in Figure 

U L m s o N c .  PNSPErnON SYSrnM DEVELOP 
The ultrasonic iaispection system wins received at GTEL on November 29, following 
favorable testing results at Pananme s Inc., systems isian, in Ithacia, W .  A remote 

fie8 plllser receiver were the system configuration to 
en ce~-amics, A 

goup of 4 GTEk staff attended ;I 40 hour ultrasonics training session at Paname&ics in 
Wdfiarn7 MA the week of h c e  
the PanmieUi@s Wdtham facility was conductd. The major capabilities of the ultrasonic 
inspmriom system were successfully demonstrated on representative cermic samples. Dr. 
Ron Rokns  , the consultant on Ulsrasmics from the Center of NDE at h e s  La 
bas delivered a report on mdeUing and green density mapping of cemnnics which i s  being 
reviewed. A nuankr of image quality indicators with simulated Raws are being designed 

. Joint expe~iet i ta f i  

ULTRASONIC INSPECTION OF' GREEN-STATE SULICON 
Nondesmsctive evaluation of selected a-molded specimens wa 
to investigate the efficacy of green-state inspection, md to s 
for h e  ulmsonic testing system at G l X L  As-molded spec 
though-transmission node using a pair of 10 MIIz 1 .O in. focal length 0.75 in. diameter 
Pananietei3cs V3 10 trmsducers. Due to the severe attenuation in the 

IBE: 
ucted by B* as 

seeleetion of tranducers 
ere examined is? a 

en material, the 
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transducers were driven by a gated continuous wave signal generated by a combination of 
a LeCroy 9108 programable waveform generator and a 200 watt power amplifier. The 
amplitude and transit time of the transmitted pulses werc digitally recorded. 

Results were obtained on a 6-mm thick by 1.7-crn diameter green disk at frequencies of 5 
and 10 MHz. Amplitude and transit time images are shown in Figure 24. Interesting 
features of these images are the large-scale non-uniformities in amplitude and transit time. 
This indicates that non-unifoasm compaction wcuned during the injection molding process. 
The mold gate (injection port) was located in the upper left hand comer of the images. The 
patterns seen in the images are similar in appearance to those observed in disks molded 
from powder contixninated with iron, in which Row lines were optically visible due to 
discoloration from the contamination. The 10 MPIZ image displays slightly more detail 
than the 5 MHz irnage, due to the shorter wavelength. However, the 10 MHz image 
exhibits considerably more noise, due to significantly increased ultrasonic attenuation. 

Scans were also perfomed of a peen tensile specimen in the 1.3-cm diameter gauge 
seetion. Due to the greater spmimen thickness, the driving frequency was limited to under 
5 MHz. Transmitted mplimde images me shown in Figure 25. The images represent 
transmitted amplitude as a fLmctisan of mid position 
inmge was obtained at 4 MHz. The bottom image was obtained usitig a broadband 
excitation, which after tramsnnission, was centered around 1.5 to 2 NE"lz. These images 
demonstrate that it is 
obtaining focussed images as sho n in Figwe 24 for the planar disk is not easily done due 
to the greater thickness of the spcixnen, and die focussing aknrations caused by the 
curved specimen interface. It is conceivable that such scans may have use in ctetennining 
overdl materia]. uni€omity, or p-haps the detection of gross intenid delaminations. Note 
that the scan did detect the parting line (mold seam) running the length on either side of the 
specimen (imaged as a dark shaded region). 

specirnen rotation angle. The top 

ssible to penetrate the cylindrical green specimens. However, 

The capability of ultmsonicaBly inspecting as-molded specimens will be a valuable tool for 
investigating the injection molding process and assessing the effects of modifications, 
such as gating design and moldiirlg parmeter changes. Previously conducted experiments 
on ultrasonic inspection of burned-out specimens, which were encapsulated (sealed in 
plastic wap), yielcled similar promising results. A quotation on a matched transducer set 
and an w b r  with a yoke assembly designed specifically for the G E L  ultrasonic system 
has beeen received, and a capital expense rcquest has been initiated. Plans have been made 
to prepare core samples from the NSF md MLP 13noIdw.l specimens for future testing. 
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Task 4 - Property Testing atid Microsmictwal Evaluatisn(A. Hecka and F. Sivo) 
MECHANICAL ']TEST DEVEkOPhEPP$F: S ? ' W  GAUGING 
Since even the k s t  tensile grip configurations we known to imparz- bending as well as 
axial loads, a system was recently installed to rnor~itor &e magrnitirde of kending loads. 
v l ~ e  system is similar to the one used at H% by M. denkins and M. Ferkx. It c~ ias is ts  
of a &ea acquisition system (System 10 by Day~oanics Co~orraQion) which mnonitors strain 
(1/4 bridge cornpledon circuits) on four cham&. Four strain gauges are mouamd in the 
gage section. They are placed at 
rod. The bciding loads ;ire expressed by the equation shown below: 

O intervals around the periphery at &he d d p  

The gauges are located inn a cia-planar fashion at 
circumference, M. Jenkins (MTML) uses an allowabk bending in nitude of 5% at fj5m 
N ~ W Q T ~ S  (1,461 lbf). If the bending value exceeds 5% at 65 
@ps are adjusted, and the procedure repeated. G E L  has adopted the same methods and 
practice, Figure 26 illustrates a typical response generated with this system. Notice the 941 
bending value is within the. allowable range (496, @ 1461 IbQ. 

-degree isntewds around the 

PJ, the test is tenrainat&, 

Since strain gauging is now utilized on a regular basis, very acctxrate data may be obtained 
on other physical measurements (Le. Young's Modulus, shown itn Figwc 27). 

PMY SICAL E ~ R O ~ ~ I E R ~ S  OF BASELINE awma4.&: 
The oxidation resistance of the lmeline tensile rod nnaterial has been rneasurd- Machined 
test samples were heated in air at either 11200°C or 1370°C for a total of 5 
change in sample weight per unit surfacc uca was mneasurcd after 5 hours and at 100 

hour intervals thereafter, The results are shown in Figure 28 in csmp%rison to the hot 
pressed baseline powder. 
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'fie weight gain per unit area for both the 12 
injection molded/HIPed baseline material is similar to that which was hot pressed, 
However, the specimen surface appearances are quite different. After exposure to air at 
120O0C, the J3IPed samples changed from their initial gray color to tan, while the hot 
pressed samples remained gray. Microscopically, the surfaces of both sample types 
remained relatively unchanged. 

"C md the 1370°C oxidation tests of the 

After being oxidized at 13'78*C, the differences between HPed and hot pressed materials 
became more apparent. The color of the HPed samples was nearly whitee, while the hot 
pressed specimens were gray. Also, the Ifn"ed bar formed tiny hollow beads of 
crystallized glassy material covering its swface. The hot pressed smple appears to have 
formed a small aniount of a crystalline phase. on its surface, 

During the next reporting period, the oxidation tests will be repeated as a confmiatisn, 
Analyses of the oxidized samples wp11 follow, to identify possible crystalline phases and/or 
impurities which may contribute to the apparent differences between the HPed and hot 
pressed materials. 

Measurement of the MOR strength of the baseline injectionmolded atid KPed tensile rod 
material is complete. Tensile rocl ends were machined into military standard size "A" 
MOR bars and tested at both 25°C (10 samples) md 1 3'90OC (5 samples). The room 
temperature strength of €€Ped baseline material is 780.5+68.3 MPa (Weibull 
11) and the 1370OC strength is 339.5338.4 MPa (Weibull modulus = 15). 

Room temperature tensile testing of the f i s t  two sets of baseline material has been 
completed by G E  Laboratories. Also, ambient temperature testing has been perfomed 
by the University of Dayton Research Institute(UDRI) on specimens fabricated 
intermediate in time between the above two sets. The data are presented on Table 19, 
shown as a function of specimen number on Figure 29, and displayed on a Weibull format 
in Figure 30. The average strength of the rods increases from 5.15 MPa to '716 MPa as 
specimen number increases (Figure 29), The specimen number reflects the specimen's 
placc in the fabrication sequence. The increased strength (and also Weibull modulus) may 
be a result of several minor changes made during the sequence, such as initiating the use 
of screened injection-molding binder wax between the first and second sets, and the 
switch to a second lot of silicon nitride powder between the second and third sets. On the 
other hand, as Figure 29 S~QWS,  the scatter of the data i s  large, and the apparent increase 
in strength may merely be a manifestation of this variation. 

Tensile rod blanks(MLPs) made with large cross-sectional area (&a. = 1.5") were 
machined into tensile specimens. Fifteen of these tensile specimens were tested at GTE 
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The average strength obtain Pa) was less than that pr~viously obtain 
(average baseline strength >. Optical inspection at 4OX h&cat 
samples had broken h m  volunie inclusions; none appeared to be a result of cracks 
fomed during 
to k greater th 
#3 1, W34, and #49. In each case the analysis showed 1 

hidentation fracture toughness was also perfom4 on smples #3 I , #34, and aM9. The 
results indicated a l.owm fracture ~~~~~~n~~~ than previously tested baseline material; Klc = 

reduction in the 
alone accounts for the lower fracture strengths obsemd. Fwthm investigation is currently 
underway to accurately assess the size m d  campmition of each fracture origin. 

out or firing prwesses. "The densities of dl pms were mea3t.I 
theoretical density. X-ray diifmctiisn was QHI samples 

% conversion to S-Si3N4. 

4.1 MPa*ml/2 c to 4.2 MPa*rnln for the b 
ughness Of these s ecimens, it dms not appear that k 3  f actt>r 

Tensile stress mpme tests of similar hasdine m a t e d  at 1230°C have been completed. 

stress of 350 W a  failed on loading or immediately after the test began. Similarly, 
spcimens subjected to static stresses of 250 ma and 200 MPa failed a€tm short e 
times. At a static stress of 150 MPa specimens survived fPom 65 tc9 88 1 1 0 ~ 3 ,  however, 
even at this reduced stress the desired 100 hour expsswre was not obsewed. With the 
exception of one specimen all fracture migins occumed at &e s~~pface, 

are contained in 'T'abk 22. All of the spcirnens subjected to a static 

temperature tensile stress rupture (STSR) testing 
baseline materials, Eight of the 13 specimens provide for STSR have hew tested. As 
shown in Table 23, none of the specimens tested at stress levels of 350 MPa or 25 
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have survived 24 hours at each of the four specified test t e ~ ~ ~ r ~ t ~ ~ s .  Specimen 305 
failed on loading. The failure stress was 292 MPa at 800°C. Specimens 292,289,283, 
and 291 failed before the test furnace temperature had stabilized at 1230OC. Temperature 
overshoot was 11,6,9, and lS°C, respectively, when going from a test temperature of 
loo0 to 1230°C With the exception of specimen 284 all failure initiation sites were 
observed to occur at the surface. Specimen 284 failed after 3.2 hours exposure to 250 

"G. Failure originated from an inclusion at the surface of the specimen. 

Future efforts will focus on the completion of the stepped temperature tensile stress 
rupture testing at a stress level of 150 MPa. In addition, hctographic analysis for all of 
these specimens will be completed. 
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___I_. Status of .. .. . _... urilestoxaes . 

N?aber Milestone 
1.4) MATERIAL SELECTION AND CHA ACTERIZATION 
114301 
1 14302 
114303 

Select silicon nitride and ytltria for purchase 
Complete baseline process powder delivembles 
Select procedures for prepasation of modified silicon 
nitride powders 5/31/91 

114304 Select niatcrials for final process demonstration 12/3 1/9 1 

2.0 MATERIAL PROCESSING AN QCESS CONTROL 
1 14305 

114306 

114307 

1 14308 

114.309 
114310 
114311 
114312 
114313 

114314 
114315 

Develop design and fabrication technique for NNS 
specimens 

Select NDE techniques for process control in final. 
process demonstration 
Deteilnlirie effectiveness of SPC in contrslling 
baseline process 
Decision on control meth 
demon stxation 
Assess potential of "wct process" approach 
NNS specimens fabricated with new molding equipment 
Evaluate iniproved compounding effect on green body 
Machining process decision f ~ r  baseline specimens 
Complete m icrostruc turc/prsperties parametric study 
evaluating Task 1 powder variables 
Initiate Final process demonstration 
Cotiiplets: final process specimen deliverables 

ogy for final process 

8/3 1/90 

6/30/92 

12/3 1/9 1 

6/30/92 
10/3 1/90 
3j3 ID 1 
10/3 1/90 
6/30/98 

6/30/9 1 
6/30/92 
lQ/3 1/92 

3 . 0  DEVELOPMENT AN APPLICATION OF NDE METHODS 
1 143 16 

1113 17 

1 143 18 

Establish x-ray nrierofocus ~ ~ ~ ~ ~ ~ ~ ~ b ~ l ~ ~  l i i t s  for 
all test specimen shapes 
Selmt swfxe measurement parameters relating to 
strength and reliability 9/30/90 
DeteehI-iline feasibility of pulse-echo ultrasonic NDE for 
both peen and burned-out ceramics 2i28/9 1 

Sb3 1/90 

4/30/90 
4/30/90 

8/3 1/90 

2/28/9 1 
11/30/90 
6//30/90 

6/30/90 

1/3 1/9 1 

2/28/9 1 

4 . 0  PROPERTY 'I'ES'II'ING AND MICROSTRUCTURAL EVALUATION 
1 143 19 Finalize tensile specimen geometry and procedure 2D8/90 2/28/90 
1 14 320 hstitute prclimiiaq tensile test technique 6/30/90 4/30/90 

Milestone N114309 (Assess the potential of the wet processirig approach) was delayed 
mtil the end of 6/9 1 while major processing laboratory facility modifications are k i n g  
completai. Milestone #1 143 11 (Evaluate improved compounding effect on green body) 
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was completed with the evaluation results discussed in this report under Task 2.2. The 
effect of the improved compounding will now also be followed through to the ilnal dense 
specimens, and confinned by tensile and MOR testing. Milestone 114317, "Select surface 
measurement parameters relating to strength" was completed, as described in Task 3 
above. The program remains largely on schedule, with the milestone schedule shown 
below. Milestone 114310, due this period, has been altered slightly to utilize MLP 
specimens instead of NSF specimens, as this molding die could be sent to England for use 
at Brunel without compromising the program's deliverables schedule. The specimens are 
expected to arrive in April. Efforts on the remaining milestones are on schedule. 

Publications and presentations 
A. Pasto and S. Natansohn presented a paper entitled ''hproved Processing Methods for 
High Reliability Silicon Nitride" at the ATD-CCM meeting. 

References 
1 .  T. Sat0 et al., J. Am. Ceram. Soc., 71, 1074 (1988). 

2. M. Jenkins, M. Ferkr, and R. Martin, "Rotor Data Base Generation", Pp.40-44 in 
CTAHE Proiect Bimonthlv Technical Proaess Report for Oct. - Nov, 1990,ORNLKF- 
90/3 8 5 , 1 2/3 1/90, 

3. Surface Texture (Surface Roughness, Waviness, and Lay), ANWASME B46.1-1985. 



117 

ble 1. Properties of M Silicon Nitride Materials 

Baseline Small Lot Large Lot 

Properties of Processed Powders: 
Surface Area (mA%/g) 11 .2  9 . 6  9.4 
oxygen (w/o) 3.25 3 . 7 3  3 .29  

Oxygen (rng/m%!) 2.90 3.87 3 - 5 0  

Ssli~lble Si (m 0.75 1 . 1 7  1 .04  

Mechanical Properties: 
Density (glrn"3) 

RT MOW (MPa) 
1370°C MOR (MPa) 

Density (Yo of 3.26) 
3-21 9 3.251 3.259 

98.8 99.7  1 0 0  

9 1 0  1 1 1 0  1 1 4 0  
570 7 7 5  700 

Oxidation Resist 

at 128Q"C (glrn"2) 1 . 4  0 . 7 7  0.77 

at 7 370"~ (gimn29 2.8 1.5 1 . 6  

LE 2. Composition of Intergranular Phase in PY6 Ceramics 

Baseline 

Modified 

Added Silica 

5 3  4 7  1 . 1 3  

56 4 4  1 . 2 7  

5 6 . 5  43 .5  1 . 3 0  
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Table 3. Intergranular Phase Composition Data from AEM 
and Leaching Experiments 

Powder 
Added 

Baseline Modified Silica 

Atomic Ratio Y/Si (AEM) 0.89 0.79 0.77 

Atomic Ratio Y/Si (Leachate) 2.26 1 .o 0.90 

Amount Leached (w/o) 3.60 2.84 0.90 

RT MOR (MPa) 9 4 4  9 9 3  1 1 5 1  

1370°C MOR (MPa) 5 4 9  7 5 8  5 3 2  

Table 4. Characteristics of Aged Silicon Nitride Powders 

Conditions 

Init ial  

Soluble Si Soluble NH3 Si :N 

4.6k0.13 0.65k0.10 4.3 
(ma/al 0 h o  I a r rat io) 

Dry Air- 139 Days 4.71-0.1 9 0.62k0.07 4.6 
257 Days 4.9k0.06 1.2 k0.2 2.5 
323 Days 4.4k0.08 0.9210.04 2.9 

Wet Air- 139 Days 5 .0+0.0 1 0.27kO .07 1 1  
257 Days 4.91-0.2 0.6 rfr0.2 4.9 
323 Days 4.41-0.04 0.66k0.03 4.2 

Dry Argon - 139 Days 4.6kO 1 0.4910.04 5.6 
257 Days 5.0k0.2 0.85k0.13 3 * 6  
323 Days 4.4k0.09 0.85k0.08 3.1 

Wet Argon - 139 Days 4.41t0.3 0.35rirO .04 7.6 
257 Days 4.6-C-0.1 0.7 k0.2 4.0 
323 Days 3.850.07 0.80k0.03 2.9 



119 

Table 5. Properties of PY6 Ceramics Hot-Pressed from Powders 
With Chemically Incorporated Sintering Aids 

Addition Route 
Standard Nitrate Isspropoxide 

(aq) (ale) 
Den si ty 

(g/cm3> 
(% of 3.26): 

MOR (MPa) 
RT 
1370OC 

3.19 3 2 2  3.21 3.18 
97.8 98.7 98.6 97.6 

960+_50 9304120 840&160 745245 
540355 545+ 18 55ok30 3 85_+20 

Table 6. Solubility Behavior of Hot-Pressed PY6 Ceramics in Hot HCI 

Powder 
Treatment 

None 

Modification 

Nitric Acid 

Hydrogen 
Peroxide 

EIy dro fluoric 
Acid 

€3 y drol y si s 

Amom1 

(w/o) 

2.9 

1.6 

3.9 

4.2 

2.2 

3.6 

D I S S O L V E D  
Yttrium Silicon t2l tmnia 

29.6 4.0 

17.2 1.9 

23.4 3.7 

(n%k> 

1.1 

0.4 

1.1 

1.5 

1 .o 

1.2 

Molar Ratio Flexure 
Y : S i : N  Strength 

0 4  

2.0: 1.0: 0.60 9 

1.0: 1.0: 0.28 1Q80 

2.5: 1.0: 0.53 9W 

2.3: 1.0: 0.62 910 

2.9: 1.0: 0.87 840 

2.0: 1.0: 0.52 978 
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Table 7. Density and of hot-pres 

% 3.260 

- 5 0 0  
- 6 2 5  

-500  
- 6 2 5  
.as0 

1 
- 6 0 0  
- 6 2 5  

1 0 1  
1 7  

3.244 

Ips% 

I I 

- I 3.257 11 0 2 3  - 1 -  

-500  
- 6 2 5  

-500  
- 6 2 5  - I -  
- 5 0 0  3.258 9 5 6  
- 6 2 5  

R D U  4 7  
I I 
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Table 9. Density and RT QR of HlPe 

7 9 4  
2 4  
I--- 

--_.__ 

3.249 

0 8 . 7 ~  

2 4  
1 7  
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3 6 5  3 5 5  

3 3 5  

- 5 0 0  
- 6 2 5  
- 8 5 0  

- 5 0 0  
- 6 2 5  

3.252 3.251 

ne.% €%.a% 
--l_ 

2PROPUIOl 3 1 4  - 5 0 0  
- 6 2 5  

3.253 

m u  

3.252 

m.ax 

3.219 

m.m 

3 1 6  

3 2 4  

3.252 

P J X  

3.254 

PPJX 

- 5 0 0  
- 6 2 5  

31 2 

3 2 7  

- 5 0 0  
- 6 2 5  

3.252 

Doas 

3.252 

P J X  

.so0 
- 6 2 5  

T 3.234 ,-,,1,, 
- 6 2 5  
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Table 11. Densification of UBE SN-ESP and SN-E10 Containing Compositions 

COMPN Si3N4 

Y6 E10 
Y6 E10 
Y6 ESP 

S2Y6 E 10 
S2Y6 ESP 

MY6 E10 
A2Y6 ESP 

HOT ISOSTATIC PRESSED 
No B.Q. Air:550/5 k700/ '7  

3.248 floater 3.250 
3.245 3.250 3.246 
3.254 3.195 3.252 

3.233 3.233 3.233 
3.239 3.214 3.236 

3.24% 3.242 3.247 
3.247 3.247 3.247 

HOT PRESSED 
No B.O. Air:550/5 Air:7OO/1 

3.266 3.265 3.263 
3.266 3.264 3.264 
3.263 3.223 3.261 

3.253 3.249 3.245 
3.251 3.246 3.243 

3.258 3.257 3.254 
3.255 3.254 3.251 

Table 12. NDE characterization of the occmence of high density inclusions (HDZsj in 
samples of compounded PYS as a function of their preparation route. 

3 
Number of ElDIs / cm 

Large ABBE 

Small ABBE 

Noncsntaminating 
Mixer 

Mixer with Twin- 
Screw Compounder 

IMPROVED ABBE 
Batch #1 

Batch #2 

Mean - Std. 

2.93 0.96 

1.66 0.32 

0.00 0.00 

0.98 0.52 

0.04 0.10 

0.00 0.00 

- Max. - m. 
4.69 1.97 

2.12 1.32 

0.00 0.00 

1.72 0.49 

0.23 0.0 

0.00 0.00 
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Table 13. Results of wear study. 
x 10-3 Erosive 

Heat Deflection Bulk Cost Wear Rate 
Material Tern? C°Cl $/cu in. {cc/minl 
UHMW PE 48 3.3 0.3 
Nylon 6/6 88 6.4 3.9 

8.1 Tool Steel - - 
PEEK 160 109.3 4.4 
Teflon (FTFE) 56 48 19.2 
Low Pressure PE 38 1.6 6.4 
PP 54 1.5 2.1 
PI (Unfilled) 349 95 30.9 
PEI 200 21.5 13.8 
PI (Filled) 360 97 56.1 
PA1 282 96 49.2 
LCP (Filled) 204 100 44.4 

Abbreviation 
UWMW PE 
Nylon 6/6 
PEEK 
PE 
PP 
PI 
PEI 
PAX 
PTFE 
LCP 

Table 14. Abbreviations used to designate plastics. 

xlO” Abrasive 
Wear Rate 
fcc/min) 

0.5 
2.0 
2.0 
2.4 
3.7 
4.1 
4.8 
5.0 
8.8 
13.0 
23.6 
24.2 

Name 
Ultra-high molecular weight polyethylene 
Polyamide 
Pol yet here therke tone (Vica-ex 45OG) 
Polyethylene 
Polypropylene 
Polyimicle (unfilled: Vespel SP-1, filled: VespelSP-21) 
Polyether imide (Ultem lOOO> 
Polyamide imide florlon 430 1) 
Polytetrafluoroeth ylene 
Liquid Crystal Polymer 
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Table 15: Quantitative microstnuctural characteristics of PY6 produced using the 
dfid KIP cycle as compared to the baseline material. 

Average Area fsq. pm) 
Minimum Area (sq. pm) 
Maximurn Area (sq. pm) 
Average Aspect Ratio (UB) 

Maximum Aspect Ratio 
Number of Data 

0.5 
0.01 
9.5 
2.1 
1 2  
4 1  5 

0.3 
<0.01 
6 .8  

2.0 
7 
6 4 1  

Table 16: Raperties of PY6 produced with the standard and modified HIP cycles. 

BASELINE MODIFIED 

88% Beta Si3N4 
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LEVEL CMQSEN] 
a. I . 
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Table 18. Surface characteristics of machined and annealed PY6 MOR bars. 

As-Machined 
Bar 1 

Bar 2 

Bar 3 

Average 

Annealed 
Bar 1 

Bar 2 

Bar 3 

Average 

&i(um) R a m  

2.02 2.70 

2.07 2.70 

2.1 3 2.80 

2.07 2.73 

2.05 2.58 

1.98 2.50 

2.1 1 2.66 

2.05 2.58 

Sk 

-0.99 

-0.85 

-0.90 

-0.91 

-0.47 

-0.53 

-0.43 

-0.48 

Rv(um MOR(MP@ 

13.6 

12.2 

12.0 

12.6 711  

8.1 0 

10.98 

11.5 

10.2 814 



Table 19. Results of Tensile Testing of Baseline Material 
Spec. # Strength Tester/Set# Spec. t# § t ~ e n g t ~ ~ ~ ~ ~ e r i S e ~ ~  Spec. # Stren t h  Tester/Set# 

(M Pa) (MPa) (MPa) 
69 424.4 GTEL-#I 158 
70 
74 
a1 
34 
8% 
98 
103 
110 
113 
117 
122 
131 
1 38 
141 
145 
4 46 
147 
149 
153 

41 8.4 
51 6.3 
442.3 
428.6 
476.3 
507.7 
562.1 
435.6 
51 9.1 
533.1 
737.7 
659.9 
632.8 
m 2  

61 4.5 
436.3 
596.7 
737.7 
530.7 

GTEL-#I 
ETEL-#I 
GTEL-#1 
GTEL-#I 
GTEL-#I 
GTEL-#I 
GTEL-#1 
GTEL-#l 
GTEL-#1 
GTEL-#I 
GTEL-#I 
G E L - # I  
GTEL-#I 
@TEL-#I 
GJEL-M 
GTEL-#1 
GTEL-#1 
GTEL-#I 
GTEL-WI 

159 
I SI 
16!3 
1 73 
179 
1 82 
1 87 
189 
190 
191 
192 
194 
1 95 
1% 
243 
244 
243 
248 
250 
252 
254 
255 

w.s5 
459.42 
709.99 
762.32 
669.58 
602.50 
657.83 
431.06 
481.63 
546.85 
736.74 
754.59 
91 5.75 
555.1 8 
5m.43 

664.39 
765.08 
667.54 
450.4’ 
561.77 
351.14 
724.44 

UDRI-#2 
UDRW2 
LIDRI-#2 
UDRI-#2 
UDRI-#2 
UDRI-#2 
UDRI-#2 
UDRI-#2 
UDRI-#2 
UD R 1-#2 
UDRl-#2 
UDRI-#2 
LJDRI-#2 
LIDR1-#2 
UBR1-#2 
UDR1-#2 
UDRI-#2 

UQ R I-#2 
UDRI-#2 
UD Ri-#2 
UDR1-#2 
UDRI-#2 

261 61 9.35 UDRl-W2 

Dataset# St re n g t  h We i b u  I I 
(PdlPa) Mod u I u s 
545 6.7 

2 61 1 5.5 
3 71 6 12.8 

357 
361 
362 
364 
365 
367 
370 
371 
375 
376 

379 
382 
383 
384 
387 
388 
395 
399 
400 
402 

378 

659.36 
742.1 3 
802.07 
736.1 8 
725.01 
674.1 3 
740.96 
775.95 
492.96 
686.63 
622.1 6 
730.31 
744.35 
-737.33 
799.12 
766.1 4 
674.13 
544.92 
81 0.36 
657.28 
688.1 7 

GTEL-#3 
GTEL-W3 
GT E 1-#3 
GT E 1-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GTEL-#3 
GT E 1-w3 
GT E 1-#3 
GTEL-#3 
GTEL-#3 
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Table 20. Tensile strength test results for MLP specimens. 

Sample # 
21 
13 
14 
7 
31 
4 
2 9  
8 
36 
23 
26 
9 
4 8  
34 

Strenat  h ( M  Pa) 
421.5 
407.5 
375.4 
365.3 
5459  
566.6 
347.3 
41 7.3 
421.3 
339.9 
381 . O  
467.4 
372.6 
342.8 

Fracture 0 riain 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 
inclusion 

Ave. Strength 41 2.3k70.9 
Weibull modulus 6 
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Table 21. Tensile fast fracture results at 1370°C for baseline PY6. 

SPECIMEN DIAMETER 
NUMBER (m) 

156 
181 
267 
27 1 
277 
278 
276 
266 
263 
275 
265 
273 
269 
274 
176 

0.2500 
0.2497 
0.2500 
0.2499 
0.250 1 
0.2500 
0.2502 
0.2500 
0.2500 
0.2505 
0.2504 
0.2504 
0.2500 
0.2500 
0.250 1 

LOAD 
(Ibs) 

1950 
1300 
1540 
1400 
1400 
1550 
1510 
1610 
1470 
1590 
1540 
1520 
1730 
1440 
1080 

Average 
St. Dev. 
Weibull 

TENSILE STRENGTH 
&si1 (MPa ) 

40 
27 
31 
29 
28 
32 
31 
33 
30 
32 
31 
31 
35 
29 - 

31 
3 
10 

274 
183 
216 
197 
196 
218 
212 
226 
206 
222 
216 
213 
243 
202 

216 
22 

FfaACTURE 
-_I__. ORIGIN 

S. 
S. 
V. 
S .  
S. 
S. 
S. 
S. 
S. 
S. 
V.I. 
S. 
S. 
S. 
s. 

Fracture Origin- V. (volume failure), S. (surface failure), and I. (failed at inclusion) 

NOTES 1: Specimens were preloaded to lo00 lbs at 20 C, held for 5 min. The preload was then 
reduced to 100 lbs and the specimens were put in the furnace where they soaked at 
temperature for 15 min. before testing 

2: Fracture surfaces were difficult to read. There were no completely sinooth mirror 
regions and mirrors were very large. 

3: Specimen 176 did not have the preload removed before it was put in the furnace. It 
failed at 1000 lbs aftcr 50 s at 1370 C. The fracture origin was at the surface and 
showed evidence of slow crack growth. 
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Table 22. Tensile stress rupture results for baseline PY6. 

Test 
Specimen Stress 
Number / m a )  

299 350 
295 350 
288 350 

296 250 
297 250 

286 225 

298 150 
304 150 
293 150 
306 150 

Dim.  
(m) 

0.2500 
0.25 15 
0.2500 

0.25 1 1 
0.2535 

0.257 1 

0.250 1 
0.2504 
0.2502 
0.2503 

Failure Failure 
Load Strength TimeTo Fracture 
(Ibs) LWa) Failure Collets Origin 

2300 323 - 17(2) Surface 

2492 346 1s 17(3) Surface 
2492 350 5s 17(4) Volume 

1779 248 103s 17(5) Surface 
1779 243 265s 17(6) Surface 

1601 213 741s 17(7) Surface 

1068 150 88.7hr 18(1) Surface 
1068 150 65.4hr 18(2) Surface 
1068 150 81.6hr 18(3) Surface 
1068 150 84.7hr 18(4) Surface 

Test Procedure: 0.001 in/min to loOo#; 5 min; reduce load rapidly to loo#; furnace at 
temperature for 15 min: 0.1 i n / h  to test stress. 
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Table 23. Tensile stepped temperature stress rupture results on baseline PY6. 

SPECIMEN 
NUMBER 

305 
285 
28 1 
292 
289 

283 
29 1 
284 

TEST 
STRESS 
0 

350 
350 
350 
350 
350 

1200 

a 
0 
I 
+ 1000 
a 

250 
250 
250 

TIMEAT TIMEAT 
800 C lo00 c 
fhd Ihrs) 

0 
24 
24 
24 
24 

24 
24 
3.2 

- 
4.6 
15.6 
24 
24 

24 
24 
- 

TIMEAT TIMEAT 
1230 C 1370 C 

- 
- 
5 s  
10 s 

22 s 
29 s 
- 

Flg. 1. RT MOR vs. Amount Leached 

900 : I I I 

0 1 2 3 4 
wlo leached 
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Figure 2. Baseline material microstructure. 

Figure 3. HF-treated material microstructure. 
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Figure 4. Modified material microstructure. 
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Figure 5. Flexural strength of hot-pressed PY6 as a function of the 
yttrium/silicon ratio of material leached from the test bars with HCl. 
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Figure 6. Schematic layout for the liquid processing laboratory. 

a 
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Figure 7. RT MOR and Weibull modulus of HIPed ESP compositions. 
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Figure 8. RT MOR and Weibull modulus of H I P 4  air-burned-out(AB0) ESP compositions. 
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Figure 9, RT MOR and Weibull modulus of hot-pressed ESP compositions. 
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Figure 11 .. RT MOR and Weibull modulus of HIPed E10 
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Figure 12. KT MOW and Weibull modulus of HIPed ARO E10 compositions. 
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Figure 15. RT MOR of hot-pressed and HIPed ESP and E10 powder compositions. 
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Figure 16. Viscosity for several batches compounded using the 
noncontaminating compounder. 
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Figure 17. Injection molding screw fabricated from metal (top) and PEEK plastic (bottom) 
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Figure 18: MOR strength of PY6 H I P 4  at the conditions of Experiment #3 as compared to 
the baseline material. 
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annealing cycle. Best annealing temperature is attained at temperatures of 1100-1 150°C. 
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Figure 20: Results of Taguchi Methods experiment to optimize the annealing cycle. 

Confirmation experiments show improvement in strength is gained by annealing 
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Figure 21. Roughness profiles shown are representative of those recorded for as- 
machined(top) and annealed (bottom) MOR bars. Asymmetry of the as-machined 
roughness profile was visually apparent on most scans. 
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Figure 22. An as-machined MOR bar roughness profile is shown (top) which reveals 

clusters of deep valleys. The profile is filtered, revealing the background waviness 
pattern (bottom). 
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Figure 23. The Fourier spectrum of a portion of the roughness scan is shown which 
reveals how the magnitude of the roughness (magnitude squarted is actually 
displayed) is distributed as a function of frequency. 
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Figure 24. Ultrasonic images of as-molded disks of silicon nitride, taken at two fkquencies 
( S M H Z ,  top; 10 MHz, bottom). Left-hand image is an amplitude plot, right-side 
image is transit time plot. Inhomogeneities imaged indicate that non-uniform 
compaction occurred during the injection molding process. 
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I 

Figure 25. Transmitted amplitude images of green cylindrical tensile specimens, taken at 4 
M H z  single frequency (top) and with broadband fiequency(bott0m) ultrasonic 
scanning. The images were taken as the specimen was rotated. The dark shaded 
linear indication is an image of the parting line along the as-molded specimen. 
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Figure 27. Strain gauge data taken on a PY6 tensile rod yields a Young's Modulus of 295 GPa. 
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Figure 28. Oxidation behavior of injection molded/HIped baseline material. 

1000 1 

800 - 
600 - 
400 - 

0 
0 

0 1 
0 100 200 300 400  5 0 0  

SPECIMEN # 

Figure 29. Baseline PY6 tensile strength data show an apparent increase as experience has been 
gained working with the material. 
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Figure 30. Weibull plot of tensile strength data for baseline HIPed PY6, as measured at GTEL and 
UDRI in fast fracture at ambient temperature, for near-net-shape(NNS) fabricated 
specimens(open symbols) and for large cross-section fabricated materials (MLP) as 
filled squares. Tensile strength at 1370°C was measured at UDRI for NNS 
specimens, and the results are shown as filled triangles. 
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Processha Science for Si.$& Ceramics 
F. F. Lange, D. S .  Pearson (University of 
California, Santa Barbara) 

We are tryin to increase the understanding of the role sf 
interparticle forces in the processing of ceramics. 
electrolyte addition and pW changes on the rheological properties 

ons, the kinetics of pressure filtration, and the 
B properties and microstructure of the resulting bodies 

The effects of 

will be compared to each other and to existing models of 
interparticle forces (i.e. DLVQ theory). 

We are formulating a new processing paradigm. The current 
paradigm is based an producing slurries with Ion -range repulsive 
forces. 
produce better slurries and green bodies. 
repulsive forces which permit particle segregation, short-range 
repulsive forces prevent particle segregation by permitting 
particles to weakly agglomerate without surfaceJsurface contact. 
We are examining two silicon nitride systems with short-range 
repulsive forces: one aqueous and the other non-aqueous. 

This short-range repulsive force can be tailored to create a 
shear-thinning slurry where particles can be separated and mixed 
at high shear rates and the mixing frozen in place when no shear is 
applied. The green bodies formed from these weakly agglomerated 
slurries are plastic when saturated and dry without cracking. 

We propose that strong, short-range repulsive forces 
Unlike Ion 

Alumina slurries have shown improved processing when salt 
is added(') and we have attempted to determine if this effect 
occurs in silicon nitride. In alumina, the viscosity of the slurry is 
increased by the addition of salt while the green body remains 
plastic with little effect on the green-density. 

Salt addition increases the viscosity of silicon nitride 
slurries but never as high as that of a flocced slurry (one formed 
by uncharged powders). We consolidated powders of the three 
types: dispersed (pH2), 'coagulated' (pH2, 6.5 
(pH6.5) by pressure filtration or centrifugation. The resulting 

NW&I), and flocced 
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densities are shown in Figure I .  Note that the dispersed and 
'coagulated' slurry were pressure indepen ent while the flocced 
slurry was pressure dependent. Unfortunately the density of the 

ulated' slurry was much lower than that of the dispersed. The 
coagulated slurry did flow plastically, but only after a very large 
yield-stress had been exceded. 

Figure 1. Packing density increases less with increasing 
pressure for dispersed and 'coagulated' slurries than for 
f locced sl ~1 fries. 

Using a process develope by Iler(2) for making organaphilic 
silica, two silicon nitride powders have been reacted (UBE E l 0  and 
UBE E3) with octadecyl alcohol. The reaction was carried out at 
200C for 2h under a nitrogen atmosphere. 
powder was washe With toluene to move unreacted alcohol. The 
resulting powder w analyzed by T (1% weight loss = 
O.Snm2/molecule) and IR spectroscopy (absorption bands at 2850 
and 2920 cm-1, indicative of hydrocarbons). 
this powder. 

alcohol at raom temperature and then with toluene. 
nitride in this mixture appeared dispersed. 
examined as described above. It lost <0.1% in the TGA and did not 

This alkylated-El0 

Water did not wet 

As a eontral, U E E t 0  powder was mixed with octadecyl 
The silicon 

It was then washed and 
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he IR bands. Water t j ~ J  wet this pow er. After washin 
sed-El 8 flocce rapidly in toluene. 

UBE E3 was used to make a larger batch of alkylate 
nitride. The same time and temper t u re  were used but a 
batch size (5Og). This material was analyzed by TGA (0.3% weight 
loss, 0.43wm2/molecule). 

Several other chain-lengths were reacted. Slurries of thes 
powders were forme by mixing ps der arid solvent in a mortar arid 
pestle. The rheolog of these slurries was examined using cone and 
plate geometry (40mm diameter, 0.04 radians) in a constant stress 
rheometer. Bath slurries were shear-thinning (Figure 2) but the %- 
8 did not exhibit a measurable yield stress, while the %-2 did. 

8.1 1 1 0  1 Q O  1 O Q O  
rate IS-' 

Figure 2. Shear thinning behavior for samples with different 
s hort-rang e repu Isive forces. 

Contrary to expectations, a higher viscosity does not produce 
ensity, Table 1 shows the densities of pellets formed by 

colloidal-pressing pellets from slurries with different surface 
reactants. The best density of the alkylated powders is better th 
the best aqueous-dispersed density and higher than the 'coagulat 
aqueous slurries. 
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Table 1. Density Results 
SAMPLE density coverage 

s-2 60 0.21 
s-2x 55  0.07 
S - 8  56 0.20 
S-8b 57 0.20 

(volume yo)* (weight YO)+ 

* 
measured by weight (wt) loss on drying compact: 
V(powder) = dry wvdensity powder 
V(solvent) = (wet wt - dry wt)/density solvent 
density = V(powder)/(V(powder) + V(solvent)) 

+ measured by TGA: 
coverage = (wt (2OOC) - wt (500C))/wt(200C) 

Status of milestones 

114401 

1 14402 

11 4403 

114404 

1 14405 

114406 
114407 

1 14408 

Survey rheological characteristics of slurries 
produced under a variety of pH/electrolyte 
conditions. Develop methodologies for 
characterization of slurry rheological 
properties and green body mechanical 
pro pert ies. 
Status report on testing procedures and 
preliminary results. 

Determine effect of pH/electrolyte 
conditions on green body properties including 
processing rates, mechanical properties, and 
density. 
Status report on green body properties and 
processing relationships. 
Explore other means to modify interparticle 
interactions (polymers such as PVA). 
Status report on polymer effects. 
Examine flaw populations in sintered bodies. 
Final report on colloidal processing. 

1 Oct 90 

1 Nov 90 

1 Oct 91 

1 Nov 91 

1 Apr 92 

1 May 92 
1 Oct 92 
1 Nov 92 
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None. 
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1.2 CERAMIC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

SiC-Whisker-Touqhened Si 7 icon- N i t r i d e  
H. Yeh, E. Solidum (Garrett Ceramic Components), 
K. Karasek, G. Stranford and D. Yuhas (Allied-Signal Research 

S .  Bradley (UOP Research Center), and 
J. Schienle (Garrett Auxiliary Power Division) 

Techno1 ogy) , 

Ob.iective/scape 

The objective o f  this program (Phase XI) i s  to maximize the 
toughness in a high strength, high temperature Sic whisker/Si3N$ 
matrix material system that can be formed t o  shape by slip casting and 
densified by a method amenable to complex shape mass production. The 
ASEA glass encapsulation hot isostatic pressing ( H I P )  technique s h a l l  
be used for densification throughout the program. 

The program is divided into seven technical tasks with  multiple 
iterations o f  process development and evaluation. 
shall be conducted to optiniize processing steps developed in the Phase 
I effort, guided by established analytical and NDE techniques. The 
seven technical tasks are: Task 1 - Selection o f  Sic whiskers, Task 2 
-Baseline Casting Process, Task 3 - Parametric Densification Study, 
Task 4 - Effect o f  Specimen Size and Shape, Task 5 - On-Going 
Evaluation of Alternate Whisker, Task 6 - Nanometer Deposition o f  
Sintering Aids, and Task 7 - In Process Characterization and Process 
Control During Drying o f  Cast Ceramic Parts. 

Parametric studies 

The technical effort was initiated in June 1988. Task 1 was 
completed in January 1989. Based on the results, HF-etched American 
Matrix Inc. Sic whisker was selected for use for Tasks 2-4. Task 2 
was initiated in February 1989 and was completed in June 1989. Task 3 
effort was initiated in July 1989, and was completed in December 1990- 
January 1991 Si-monthly reporting period. 
modification No. 14, dated 12/12/90, the last part o f  Task 3 (Subtask 
3.C) and the entire Task 4 efforts were deleted. 

Based on contract 

Research sponsored by the U.S. Department o f  Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office of 
Transportation Technologies, as part o f  the Ceramic Technology 
for Advanced Heat Engines Project o f  the Advanced Materials 
Development Program under contract OE-AC05-840R2140 with martin 
Marietta Energy Systems, Inc., Work Breakdown Structure 
Subelement 1 . 2 . 2 . 1 .  
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Tasks 5, 6 and 7 tasks added o n t o  this contract and work 
t t h e  mainline activities. Task 5 
mber 1990 reporting period; Task 7 

e Bctober4dovember 1990 reporting period; and Task  
this reporting period. T h i s  co l e t e s  a l l  t h e  

technical efforts for this program (Phase 11). 

Techni 

TASK 1 - Selection of 

All technical efforts had been completed and the results were  
reported in Semi-Annual Report October 1988 - March 1989. 

In summary, Tateho, as received American M a t r i x ,  HF-etched 
American Matrix, and Advanced Composite Material Corporation (ACMC, 
formerly ARCO) 
composites w i t h  the baseline process established under Phase I. 
an the mechanical properties and availability, HF-etched American 
Matrix S i C w  as selected for use under Tasks 2 and 3 ,  

ere evaluated by fabricating 20 wtX SiCw/GN-10 S i  N4 
8ased 

All technical efforts had been completed and the results were 
summarized in the April-September 1989 Semi  -Annual Report. 

ary, four iterations were conducted t o  optimize the green 
farming process far composites containing 1 
whiskers, respectively. In these, the Si3W der, prior to blending 
with Sic whiskers, contained t h e  standard G sintering aids 
concentration. The o p t i  ized process, was used t o  fabricate another  
set of four composites ( 0, 20, 30 and 40 wtX S i c  whiskers), in which 
t h e  sintering aids concentrations in t h e  S i  N4 pawder were increased 
with Sic whisker loading 
sintering aids and t h e  su S i  N atid S i c  hisker. These series o f  
compasi tes are referred a s  10XSitwjGiV-l0A, 2 %Si@w/@N-lOA, 3Q%SiCw/GN- 
1014, and 40XSiCw,lGN-lQA. 
effect of sintering a i d s  concentration on t h e  structure/properties o f  
densified composites. The green composites, a total o f  e i g h t  
varieties, plus a monolithic G N - I O  were t o  be densified under Bask 3.A 
-statistical matrix to determine the e f f e c t  o f  H I P  parameters. 

, 30 and 40 wt% Sic 

aintain a cons ? nt ratio between 

The purpose o f  these was t o  determine the 

TASK 3 - Parametric Densification Study 

o subtasks (A and B) ere  t o  be conducted to evaluate the 
effects o f  key densification parameters on microstructures/ 
of Si3Nq/SiCw composites. Samples containing 18 t o  40 wt% 
and two levels o f  sintering aids fabricated under Task 2 were 
densified by a HIP matrix ( s i x  runs), resulting in forty-eight (48) 
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Materi a1 

GN-10 

GN-10 + 30 wt% SiCw 
GN-1OA t 20 wt% S i C w  
GN-1OA t 30 wt% SiCw 

GN-10 t 20 wt% SiCw 

different composites. 
also included in each HIP run as a reference. Based on the results, 
the more promising composites (20 and 30 w t %  SiCw) were selected and 
refabricated at the selected optimun HIP cycle (Tz°C/t2hr) for a more 
detailed mechanical property characterization. 

A baseline monolithic GN-lO green sample was 

RT 
Avg Std 

708/102 a31 12 
626/91 49/7 

890/129 124/18 

756/110 77/11 
648/94 110/16 

Table I summarizes the strength results. No improvement over GN- 
10 monolith in strength was observed by S i C w  reinforcement, in either 
GN-10 or GN-1OA series. Rather, the strength decreased as the whisker 
content increased. The sintering aids adjustment (GN-lOA) was 
beneficial for both room and 1375% strengths but not significantly. 
Fractography results indicated that GM-1OA composites exhibited more 
inclusion failure origins. All composites exhibited slow crack growth 
in 1375'C tests. 

1375OC 
Avg S t d  

514/74.6 22/3.2 
381/55.3 20/2.9 
362/52.5 34/4.9 
393/57 0 26/3.7 
419/60.8 57/8.3 
I I 

TABLE I 

Four-Point Flexural Strength 
(MPa/ksi ) 

Note: 1. Ten bars per material were tested at room temperature, 
five at 1375OC. 

powder, GN-1OA denotes matrix with adjustment in the 
starting powder. 

2 .  GN-10 denotes matrix without adjustment in the starting 

3. Test bar size: 3mm x 4mm x 50mm. 

The Chevron notch toughness measurements for the same series of 
These materials at room temperature and 1200OC were also conducted. 

tests were conducted at NASA-Lewis Research Center by Jon Salem. 
Table I1  summarizes the results. The 1200°C toughness was lower than 
the room temperature toughness for all materials. Overall the 
composites did exhibit higher toughnesses than the GN-10 monolith, at 
both temperatures, being the 

However, the improvement over the monolith GN-10 is only 12.8% at room 
temperature and 8.6% at 120OOC. 

th those o f  GN-10 + 30 wt% Si 
highest, 6.4 MPa-1nl.7~ at room temperature, 5 MPa-m fY2 at 12OOoC. 

This completed all technical efforts for Task 3. In summary, 
the results indicated that S i c  whisker reinforcement is not an 
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e f f e c t i v e  approach t o  i p r o v i n g  t h e  mechanical p r o p e r t i e s  o f  GN-10 

TABLE T I  

Chevron Notch Toughness 

(MPa -m1/2) 

M a t e r i  a1 

GN-10 
GN-10 + 20 w t %  S i C w  
GN-10 t 30 w t %  S i C w  

GN-IOA i- 30 w t %  S i C w  
GN-10A + 20 w t %  S i C w  

RT 
Avg S t d  

5.67 0.13 
5.99 0.45 
6.40 0.40 
6 - 1 1  0.20 
6.02 0,46 

1200oc 
Avg S t d  

5.48 0.11 
5.74 0.23 
5.95 0.42 
5.48 0.18 
5.42 0.30 

Note: 1. S i x  ba rs  o f  each m a t e r i a l  were t e s t e d  a t  room 
temperature,  f i v e  a t  1 2 0 0 ~ ~ .  

s t a r t i n g  powder, GN-1OA denotes m a t r i x  w i t h  
ad justment  i n  t h e  s t a r t i n g  powder. 

2 .  GN-10 denotes m a t r i x  w i t h o u t  ad justment  i n  t h e  

3. Tes t  b a r  s i z e :  3mm x 6min x 50inm. 

TASK 4 - E f f e c t  o f  S i ze  and ShaDe 

Deleted.  

TASK 5 - On-Goins E v a l u a t i o n  g-f A l t e r n a t e  Whiskers 

T h i s  t a s k  was completed i n  August-September 1990 b i  -monthly 
r e p o r t i n g  p e r i o d .  

I n  summary, t h e  whiskers examined were o b t a i n e d  f rom Kobe S tee l  
(AT r e c e i v e d  3/89) and A ' T  r e c e i v e d  4/89), Tokai  Carbon (TldS-400 
r e c e i v e d  2/89 and TWS-100 r e c e i v e d  5/89), Advanced Ceramic 
Technologies o f  Somerset, NJ (Grade L l V 5  r e c e i v e d  13/11/89), and 
Keramont Corpo ra t i on  o f  Tucson, AZ (grade 91#49-51 r e c e i v e d  9/89). 
A l though two o f  t h e  wh iske r  v e r s i o n s  were more a t t r a c t i v e  than  t h e  
o t h e r s  (Tokai  TWS-400 and Kobe S tee l  A ' T ) ,  t h e r e  i s  no reason t o  
expect  these wh iske rs  t o  o f f e r  s i g n i f i c a n t l y  b e t t e r  p r o p e r t i e s  than  
t h e  American Mat i r ix  wh iske rs  ( s e l e c t e d  under Task 1) when i n c o r p o r a t e d  
i n t o  a s i l i c o n  n i t r i d e  m a t r i x .  



164 

Task 6 - Nanometer Deeosition of Sinterins Aids 
The objective o f  this task was to evaluate the the potential 

benefits o f  nanometer deposition of sintering aids for preparing GN-10 
S i 3 N 4 ,  This effort was conducte in three stages. 

different nanometer deposition methods using small batch size (3009) 
materials. 

In stage 1, a screening study was conducted to investigate eight 

Based on the uniformity o f  sintering aids distribution 
the green state and the sinterability o f  the green 

o methods (spray drying and polymer precipitation) were 

the 1 ast Semi -Annual report. 
e 2 evalution, Stage 1 results were summarized in 

In stage 2, intermediate batch s i z e  (6009) materials were 

These green pl ates were then densified by gl ass 

prepared using spray drying, polymer precipitation, and conventional 
method (wett ball milling), and were slip-cast into plates 
( 2 " x 3 " ~ 1 / 2 " ) .  
encapsulation HIP and m c h i n e d  into test bars for strength 
comparisons. 
included in the study- 

The effects of sintering aids level and H I P  cycle were 

Table I11 lists the flexural strengths of the stage 2 materials 
at 23, 1100, and 3370%. 
per room temperatue and 3 per elevated temperature condition) and the 
large number of variables involved, no clear trend was observed as to 
which sintering aids deposition method is better. However, within 
each deposition method, materials densified it TZ0C/t2hr and 
containing higher level o f  sintering aids hade higher strengths. 
Since the polmer precipitation prepared green cast plates were more 
fragile and had a high tendency t o  cracking, reported in the last 
semi-annual report, only spray drying method was retained for 

Due to the limited strength data (5 tests 

ith the conventionally prepared material in stage 3 study. 

X-ray diffraction phase analysis was conducted on some of the 
materials listed i n  Table 111, which included spray dried samples with 
10 and 6 w t %  sintering aids and the conventionally ball milled sample 
with 6 wt% sintering aids that were glass encapsulation HIP'ed at 
TZoC/tZh. ith 10 wt% sintering aids that was 
densi fled at Tq°C/t2h was a1 so analyzed e 

in the two samples containing 10% sintering aids. However, the spray 
dried and conventionally prepared samples with 6 wt% sintering aids 
densified a t  T O C / t z h  contained around 7% and 14% alpha-Si3N4, 
respectively, t h e  balance being beta-Si3N . The presence of alpha 

content. 
spray dried than in the conventional samples would suggest a better 
sintering aids distribution in the spray dried material. 

The spray dried sample 
Only beta-Si3N4 was detected 

phase in these samples i s  probably a r e m  4 t of the lower liquid phase 
The higher degree o f  alpha to beta phase conversion in the 
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Table I11 
Four Paint Flexure Strengths o f  S i 3 N 4 .  

% Sintering Aids/ H I P  

Average Strength 
MPaJksi 

 est Temperature 

I n  stage 3 ,  the batch size was increased t o  3QOOg. Th is  was t o  
allow the  evaluation of scale-up potential, and provide sufficient 
aterials f o r  an in-depth characterization, Three batches o f  
aterials were prepared with 10% sintering aids using conventional 

mil 1 ing method, s a l l  bench-top spray drier, and large pilot size 
spray drier. The small spray drier was the one used for s tages  1 and 
2, but the material fed into the drier was blended as a single 3000g 
batch rather than the smaller batches previously. The reason for 
using t w o  different driers was t o  d termine the effect o f  spray drier 
on t h e  properties o f  spray dr i ed  po ders and the subsequent material 
property/strueture. All three materials were e a s t  into large size 
plates ( 5 " x 5 " ~ 3 / 4 " ] ,  glass  encapsulation HIP'ed, and machined into 
test bars for various characterizations. 
TZoC/t2hr was selected as t h e  HIP densification cycle. 

of the  three stage 3 materials are listed in Tables IV and V ,  

Based on stage 2 results, 

The four-poi n t  flexural strengths and Chevron notch toughnesses 
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r e s p e c t i v e l y .  The r e s u l t s  show t h a t  t h e  exper imenta l  m a t e r i a l  w i t h  
s i n t e r i n g  a i d s  depos i ted  by a small spra d r i e r  (SMSD) e x h i b i t e d  

than t h e  o t h e r  two m a t e r i a l s .  
conducted under f o u r - p o i n t  f l e x u r a l  c o n d i t i o n  a t  12OO0C, and t h e  
r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  1. 
convent iona l  m a t e r i a l  i s  t h e  best,  t h e  SMSD t h e  second, and t h e  LRGSD 
t h e  worst .  

h i g h e r  room temperature and 120OoC (2200 il F) s t r e n g t h  and toughness 
St ress  r u p t u r e  t e s t s  were a l s o  

The d a t a  show t h a t  a t  120OoC t h e  

X-ray d i f f r a c t i o n  phase a n a l y s i s  o f  t h e  t h r e e  m a t e r i a l s  shows 

convers ion d u r i n g  d e n s i f i c a t i o n ,  w h i l e  LRGSD t h e  lowest .  SMSD samp 4 e 
t h a t  SMSD sample has t h e  h i g h e s t  degree o f  alpha-Si3N4 t o  beta-Si3N 

c o n t a i n s  90% beta-Si3N4, convent ional  70%, and LRGSO 50%. The more 
complete phase convers ion i n  SMSD c o u l d  be one o f  t h e  reasons f o r  t h e  
b e t t e r  mechanical p r o p e r t i e s .  

TABLE I V  

Average Four -Po in t  F l e x u r a l  S t rengths  
(MPa/ ks i ) 

D e p o s i t i o n  RT1 12oooc2 1370°C2 
Method (22OOOF) (25OOOF) 

Convent ional  821.2/119.1 618.5/89.7 450.2/65.3 

SMSD 909.5/131.9 660.5/95.8 408.9/59.3 

LGRSD 792.2/114.9 408.9/59.3 275.1/39.9 

SMSD = Small spray d r i e r  prepared; SRGSD = Large spray d r i e r  
prepared 

1. Average o f  t e n  t e s t s  
2. Average o f  t h r e e  t e s t s  
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TABLE V 
1 

1200oc 
(220OOF) 

Conventional 4.80 +/- 0.18 

SMSD 5.94 t/- 0.19 

LGRSD 4 . 2 4  +/- 0.05 

(SMSD = Small spray drier prepared 
spray drier prepared 

4.02 - t / - O , O 4  

5.06 +/-0,04 

3.94 +/-0.58 

LRGSD = Large 

1. Average o f  three tests. 

TIME IO FAILURE ( M I N I  

Figure 1. 1 2 0 Q O C  Four-Point Flexural Stress Rupture Test Results. 
Conventiona?=prepared by ball milling; SMSD=prepared by a 
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small spray drier; LRGSD-prepared by a large spray drier. 

To compare the distribution of sintering aids in the three 
material s ,  scanning electron microscopy (SEN) was conducted on the 
polished sections cut from the test bars. 
(Figure 2) sho hat the sintering aids are much mare uniformly 
distributed in e two spray dried materials than the conventional. 
This is in agr ent with the results of the green samples prior to 
densification. However, there i s  no detectible difference between t h e  
two spray dried materials in sintering aids distribution. 

ack scattered images 

Scanning transmission electron microscopy (STEM) was conducted to 
examine the microstructure o f  the materials. There are several 
apparent differences in microstructure between the SMSD and 
conventional materials. First, for the conventional material there 
are two different crystalline grain-boundary-pocket phases and a small 
number o f  non-crystalline grain-boundary pockets. Grain-boundaries 
were non-crystalline. 
phases are the H-like or apatite-type and the N-rnelilite-like phases. 
The SMSD sample only exhibited a single crystalline grain-boundary- 
pocket phase. This phase has a structure similar to that o f  the W -  
like phase. No non-crystalline grain-boundary pockets could be found. 
Grain boundaries are noncrystalline, however. In addition, the 
results of a detailed grain-boundary and grain-boundary-pocket phase 
composition analysis suggest that the distribution of sintering aids 
in SMSD sample is more uniform. As for LRGSD sample, the major 
difference between this sample and the other two is the presence o f  a 
large number o f  Fe-based (possibly silicide) submicron particles. This 
Fe is the likely cause of the low beta-Si3N4 content and poor 
mechanical properties. 

The two crystalline grain-boundary-pocket 

Task 7 - In Process CharacterizationKontrol Durincl Orvins o f  Cast 
Ceramic Parts 

This task was completed and the results were presented in Octobcr- 
November 1990 Bi-Monthly Report. In summary, experimental results 
showed that attenuation monitored from the freshly cast ceramic parts 
did not correlate with the moisture contents o f  the parts, and sonic 
velocity as a function of moisture content was double-valued. The 
couplant non-uniformity was identified as  one o f  the major reasons for 
the experimental difficulties. The methodology for modeling drying 
was established using ANSYN code. 
code i s  not cost effective to perform the intended modeling. 

However, it was found that this 
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.b c 

Figure 2 .  SEM back scattered images o f  polished sections o f  samples 
prepared by conventional ball milling ( a ) ,  a small spray 
drier ( b ) ,  and a large spray drier ( c ) .  
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Status o f  mi 1 estones 

Milestone 122116 (Task 6) "complete the in-depth characterization 
of the optimized Si3N4 material prepared using a nanometer deposition 
method" was completed during this reporting period. This completes 
all technical milestones. Milestone 122112 "Final Report" is to be 
submitted (draft version) May End 1991. 

Pub1 i cati ons 

H. Yeh, E. Solidum, J. Schienle, K. Karasek, and J. Salem, 
"Processing and Mechanical Behavior of Whisker-Toughness Si1 icon 
Nitride", presented at the 28th ATD/CCM, Oct. 24, 1990, 
Dearborn, MI. 

K. R. Karasek, S. A. Bradley, J. T. Donner, J. L. Schienle, H. 
C. Yeh, "Sic Whisker Characterization: An Update," Bulletin of 
the American Ceramic Society, Vol. 70, No. 2, February 1991. 

K. R. Karasek, S. A. Bradley, and H. C. Yeh, "Whisker and Fiber 
Reinforcements for Ceramic Composites,'' Proceedings of the 37th 
agamore Army Materi a1 s Research Conference, Plymouth, MA, October 
2, 1990. 
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I n - S i t u  Touqhened S i l i c o n  N i t r i d e  

H. Yeh, J. Pollinger (Garrett Ceramic Components) 
J. Yamanis (All ied-Signal Research and Technology) 

Ob.iective/scoDe 

The objective of this program is to improve the properties o f  a 
newly developed in-situ reinforced high temperature Si3N4 material 
(AS700), and to develop net-shape component fabrication processes. 
This effort is targeted for heat engine applications, and the goals 
for the key properties are listed below: 

Flexural Strength at 137OoC 
Stress Rupture 490 MPa @12OO0C 
Fracture Toughness > 10 MPa.m1/2 
Wei bull Modulus > 18 

490 MPa 
>lo0 hr 

This effort consists of five (5) technical tasks: Task 1 - Slip 
Casting Development; Task 2 - Improvements of Densification and Grain 
Growth Processes; Task 3 - Alternate Raw Materials; Task 4 - 
Fabrication of Test Specimens and Task 5 - Material Characterization. 

The technical efforts were initiated January 2, 1991; Tasks 1, 2, 
and 3 were conducted in this reporting period. 

Technical Droqress 

TASK 1 - S L I P  CASTING DEVELOPMENT 

The objective of this task is to develop a process to pressure 
slip cast the baseline AS700 Si3N4 material in thin cross-section test 
plates and thick parts with varying cross-sections. Material shall be 
densi f i ed and heat-treated using establ i shed base1 i ne procedures. 
Mechanical properties and microstructures will be characterized and 
compared with current baseline cold isostatic pressed AS700. 

Research sponsored by the U.S. Department of Energy, Assistant 
Secretary for  Conservation and Renewable Energy, Of f ice  of 
Transportation Technologies, as part  of the Ceramic Technology 
for  Advanced Heat Engines Project of the Advanced Materials 
Development Program under contract DE-AC05-MOR2140 with 
Martin Marietta Energy Systems, I n c . ,  Work Breakdown Structure 
Subelement 1.2.2.1. 
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Viscosity (cps) 

1.1 S1 i D Devel oDment 

54 329 

The goal of this subtask is to develop an AS700 Si3N4 slip with 
desirable properties for slip casting both thin and thick cross- 
section components. 

Initial efforts focussed on extensive characterization of AS700 
raw materials. Properties measured included as-received powder surface 
area and particle size. Colloidal aqueous suspension properties 
measured included zeta potential as a function of pH and determination 
of iso-electric point (zeta potential = 0 mV), and the effect of 
electrostatic/ steric dispersants on individual powder dispersion 
properties. The most suitable combination of pH and dispersant 
composition and concentration was selected (based on generation of 
same-sign large magnitude zeta potentials for each powder). 

The selected pH and dispersant conditions were then utilized to 
prepare baseline AS700 slips for evaluation. Two solids contents were 
examined and small plates (2"  by 3" by 0 .625" )  were cast. Table I 
presents the resulting slip and cast plate properties. The baseline 
solids content (SI) resulted in a slip with acceptable viscosity and 
no indications of agglomerates during slip screening. The higher 
solids content (S2) slip exhibited a much higher viscosity and 
exhibited agglomerates during slip screening after milling, indicative 
of too high a solids content for the baseline slip preparation 
process. Both solids content slips were able to be cast into visibly 
defect-free plates with good green densities. The plates were 
successfully dried using the baseline drying procedure, no drying 
defects were generated. 
for future slip development. 

Solids content S1 was chosen as the baseline 

TABLE I 

Baseline AS700 Slip and Cast Part Properties 
as a Function o f  Solids Content 

SOLIDS CONTENT 

I s1 1 s2 I 
Green Density I(% Theoretica1)l 57.9 I 57.6 I 
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TABLE I I  

AS700 S l i p  and Cast Part  Properties as a Function o f  Process 
Development Using H i l l i n g  Times M1 and M2. 

MILLING TIME MI 

S L I P  REVISIONS 

Basel i ne Rev. 2 Rev. 3 

Dispersant Conc. I D1 I D1 

Sol ids Content S 1  s3 

Viscosity (cps) 54 1 4 1  

Presinter Density 
(% Theoretical ) 1 59.9 I 59.8 

MILLING TIME M2 

126 

59.9 

SLIP REVISIONS 

[ 62.3 1 62.6 
Presinter Oensity 
(% Theoret i cal ) 

I I I 

Rev. 5 

7 8  

63.1 

CONDITIONS: SOLIDS CONTENT S > 
DISPERSANT CONCEaT 
MILLING TIME M2>M1 
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Over the next reporting period, Subtask 1.1 work i l l  investigate 
further improvements in AS700 slip including higher solids contents, 
lower viscosities, slip stability, green microstructure ~ ~ m o ~ e n ~ i t y ,  
further casting and green density improvements, as well as continue 
characterization o f  slip process and resultant p a r t  properties, 

1 2 Formi nci Devel opmesat 

The goal o f  this subtask is t o  take the AS700 slip developed in 
Subtask 1.1 and develop pressure slip casting process para 
generation of uniform high green density, warpage and crack-free green 
parts, both thin and thick varying-cross-section. Improvements in the 
baseline drying cycle will also be investigated, the goal being t o  dry 
parts in the shortest cycle that yields a 100% defect-free part 
reprsduci bly. 

Initially, all slipcast AS700 has been in the form o f  2" by 3" or 
5" by 5" plates, approximately 0.5 to 0*625" thick. No cracking has 
been detected during dryin or presintering. The green den 
have been achieved are acc p t a b l e  although further improve 
being explored by increasing slip solids contents and optimizing slip 
dispersion/stability under Subtask 1.1. 

With the excellent properties of the current AS700 slips 
(revisions 3 and 5 ) ,  forming develop ent is now focussing on large 
cross-section billet fabrication. AS700 billets (3 .25"  d i a .  by 2" 
tall) are being fabricated for evaluation o f  the ability o f  the AS700 
densificatian/heat treatment process to produce a uniform in-situ 
reinforced Si3N4 microstructure throughout such a large cross-section 
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part. The larger component also allows a better evaluation o f  slip 
stability since it takes much longer to cast these parts compared to 
relatively thin plates. 

Two pressure slipcasting approaches are being evaluated: 
unidirectional dewatering throu h the billet bottom, and side and 

and 5. The parts are currently being dried. 
billets will be sliced into small subsections and the presintered 
density will be determined as a function of position (both radially 
and vertically). Defect-free billets of uniform green density will be 
used for densification/heat treatment and subsequent microstructure 
and mechanical property evaluatisn in Task 2. 

ttom dewatering, Billets have been cast us ing  bath slip revisions 3 
After presintering the 

The objective of this task is to establish improved densification 
and heat treatment process conditions for  AS700 Si3N . The evaluation 
processed surface quality, and shape retention. Density and mechanical 
properties shall be the primary screening criteria. Large AS700 
samples (approximately 3" diameter by 2'' high) will be used as the 
primary samples for densification and grain gro 
devel opment . 

criteria shall be density, microstructure, mechanica 4 properties, as- 

Isostatically pressed cylindrical AS700 billets are being used 
for densification/heat treat development until sl ipcasting of 
cylindrical billets i s  developed. Four large cylindrical billets o f  
AS700 were fabricated by isostatic pressing during this reporting 
period. 
densified and heat treated using a range of processing conditions, a s  
described in Table I V .  Although s gnificant density was achieved, the 
billets cracked extensively during densification. The cracks are 
similar to those seen in some samp es which have cracked during 
presintering. Potential causes of the cracking include: 

Three of the billets have been presintered and subsequently 

1) Fast heating rate during densification. 
2) Presintering cycle conditions. 
3 )  Large green density gradient in the isostatically pressed 

billets. 

The base1 ine AS700 material, which is isopressed and processed using 
the baseline presintering cycle P 
does not have cracking problems. F urther adjustments o f  the 
presintering and densification cycles are being examined to solve the 
large billet cracking problem. 
homogeneous green densities are being fabricated under Subtask 1.2 and 
will be utilized during the next reporting period for AS700 
densification and heat treatment developments 

and sinter/heat treat cycle F1,  

Large slipcast billets with more 
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estatically Ppesse 

Isopressed Sampl Isopressed Sampl 

Initial densification/heat treat ent processing o f  basel ine sl i p  
plates using presintering cycle Pq and sinter/heat t rea t  cycle F has 
resulted in some cracking o f  the plates,  also  belieued to occur Auring 
heatup. The potential causes are postulate t o  be a t o o  f a s t  heat ing 
rate or potent ial stresses/defects i ntroduc d during drying t h  
undetectable a t  that stage. The cracking during h e a t u p  i s  bein 

ntering cycles. The v a r i a t i o n  o f  presintering 
nge presintwed plate mechanical properties and 

sintering/heat tre ting plates that have been processed 

a f f e c t  critical factors such as ther a1 shock resi stance % 

The slipeast plates d i d  achieve >9% o f  theoretical density and 
t h e  plates ,  Room 
MPa (103.5 k s i ) ,  

crack-free t es t  bars were able t o  be machine 
temperature average strength o f  three bars w 
which is similar to st rengths obtained from mall isostatically 

ilar to isopressed AS700 propert 
e s ,  Strength at l3750C was $08 Pa (59-2 k s i ) ,  which 

The objective o f  t h i s  t a s k  i s  t o  e v a l u a t e  the influence o f  t he  
chemistry and physical characteristics o f  the s t a r t i n g  S i $ q  powders 
on in-situ reinforcement processing and resultant properties,  

Uork was initiated under t h i s  task during this r epor t ing  period. 
Critical Si3N4  pow er  characteristics t o  be evaluated ere selected: 



178 

1) Surface area/particle size distribution. 
2) Oxygen content. 
3 )  Trace element impurity levels. 

Alternate Si3N4 powders were then selected. Selection criterion was t o  
keep all other powder properties similar to the baseline powder, while 
having a lower or higher value o f  one o f  the three critical Si3N 
powder characteristics to be evaluated. Six commercially availab e 
powders meeting this requirements were selected and efforts are now 
underway to evaluate them in the AS700 system. 

4 

The evaluation procedure being used is to develop AS700 slip 
properties o f  the alternate powders so that equivalent green density 
and green microstructure to the baseline AS700 process are achieved. 
This will eliminate any convolution of results due to different 
packing densities or green microstructure. The a1 ternate powders will 
be processed into AS700 slipcast plates, sintered/heat-treated and 
properties and microstructure compared with the baseline AS700 systenrl. 

Status of milestones 

M i  1 estones are on schedule. 

Pub1 ications 

None 
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PABRIC'ATdON OF $iC:AlN COMPOSITES 
G. E. Hilmas and T. Y. Tien 
(The University of Michigan) 

The goal of this project is to obtain dense Sic-AIN coniyosites containing AIN- 

polytypoid phases(s) as a dispersed second phase, A1N-polytypoids (8H, 1 SR, 12M, 
21R and 27R) form as elongated rod-like or platelet-like grains and are stable at high 

temperatures potentially producing an in-situ reinforcement phase in advanced 

composites. Hot-pressing was selected far this study to optimize densification at high 

ternperamrts 

Technical progress 

1 .o bdTRODUC"rION 

The formation of A1N-polytypoids and subsequent S i c  rnatrix:AlN-polytypoid 

composites have been described in the last semi-annual report [ 13, incliiding some 

preliminary microstructural and mechanical property data. It is the intent of this report to 

enhance the understanding of the mechanical properties of these materials by obtaining 

room and elevated temperature flexural strength measurements on a series of SCAlN- 

polytypoid samples containing a decreasing percentage of A1N-polytypoid second phase. 

The starting powders are P-SiC and AIN - A1203 in the ratio 3A1N : lAl2O3 

designed in this case bo fomi 12E-%(II) polytypoid as a second phase (see previous semi- 

annual report for explanation of designation type "I" or type "11" polytypoids [l]). The 

materials for this series are referred to by their respective starring powders in terns of 

volume percent of material: i.e. 90 vol.% p-Sic + 10 vol.% 12H(II)-polytypoid = 

BS90: 12pI(TI). 

2.0 EXPERIMENTAL 

2.1 Specimen kepafation 

The starting powders were placed in  a graphite die and cold-pressed isostatically 

under a 15 ma load. The samples were then hot-pressed in  a graphite resistance furnace 

under a "static" nitrogen atmosphere at 2 100 for 1 hour. A 24 MPa load was applied 

during the heating cycle above 1000 "C and released upon cooling below loo0 "C. 
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Not-pressed billets of all five compositions (BS90: 12H(II), BS80: 12H(II), 

BS70: 12H(TI), BS60: 12W(TI) and BS50:12H(II)) were prepared. Twelve test bars were 

then diamond machined from each billet to a final size of 20 x 3 x 2.25 mm in preparation 

for four-point bending. In order to alleviate any strength or toughness anisotropies, all 

test specimens were machined such that the tensile face was perpendicular to the hot- 

pressing direction. The tensile surfaces were polished to a 0.1 pm diamond finish, and 

the edges of the bars were chamfered. All tests were performed using a specially 

designed self-aligning four-point bend test fixture made from hot-pressed SIC. The 

fixture also contained cylindrical Hexalloy SA (a-Sic) supports and had an outer span of 

16 mm and inner span of 8 mm. A universal Instron testing machine was utilized to 

fracture the test bars using computer control. The crosshead speed was 5 x 10-3 in/min, 

corresponding to a strain rate of 1 x 10-4 /sec, and the room temperature was -27 "C.  

2.2 Mechanical Properties 

All flexural strength measurements were made in four-point bending utilizing the 

following equation: 
0 = 3P(IA1 - L2) / 2bd2 

where P = load at failure (N), L1 = outer fixture span (m), L2 = inner fixture span (m), b 

r= width of the test bar (m) and d = thickness of the test bar (m). Flexural strength 

measurements were obtained from three bars at each of four different temperatures (room 

temperature - 27 "C, 900 "C, 1200 "C and 1400 "C). 

The controlled surface flaw method was utilized for the fracture toughness 

measurements. This method was used only on sample BS9O: 12H(I1) to corroborate the 

high KIC values obtained with the direct crack method of Anstis et a1.[2]. A Vicker's 

diamond point indentation was made at the center of the test bars on the tensile surface 

while making sure to keep the indent oriented orthogonally to the longitudinal axis of the 

test bar. An  indentation load of 15 kg was used for all test bars, and following fracture 

the critical srress intensity factor, KIC, was calculated using the equation from Chantikul 

et al. [3]: 

KIC = 0.59( Em) I/'( (TPi 1/3)3/4 

where E = Young's modulus (GPa), H = hardness (GPa), Pi =Vicker's indent load (N)  

and G = indented flexure strength (MPa). Young's modulus was measured for each hot- 

pressed billet using a non-destructive acoustic pulse-echo method. 
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The fracture toughness results obtained on three BS9Q: 12H(II) samples using the 

controlled surface flaw riiethtd are summarized in Table 1. These can be compared to the. 

average value obtained by direct crack measurements, also shown irn Table 1. This value 

was d.etemiined from ten Vickers indents using m load of 20 kg. The data shows that the 

controlled surface flaw values were quite uniform and comparable to the direct crack 

measurements. 

The results of the room temperature and elevated temperature flexural strength 

measurements are shown graphically in figures 1-5. The flexural strength values were 

generally quite consistent, indicating a fairly narrow flaw size distribution. The only data 

point that was out of character with the rest of the results was the room temperature data 

for BS60:12M(TI) (see figure 2). A review of these bend-rest bars revealed that all three 

fractured outside the lirnit of the fixtures inner span. The required set-up in the Instron 

testing machine is different for room temperatiire versus elevated temperature 

measurements, and it is likely that the room ternperatlire set-up was not aligned properly 

during these test:;. To date all microstructiml and mechanical property results have 

shown little difference between samples 1BSSO:Polytypoids and BS60:Polytypoids, thus 

the room temperature flexure strength for composition BS60: 12H(II) is probably in the 

range of 800 - 850 MPa. 

The gradual change in  the slope of each curve in the range of lo00 - 1400 "C can be 
likely attributed to grain boundary creep due to a silicate-based glassy phase remaining at 

the grain boundary. A s  yet though, 110 compositions i n  this study have been tailored to 

obtain a crystal1iz;ible grain boundary phase. 

The most remarkable results arc still for the composition BS9O: 12H(II) having a 

fracture toughness of 8.5 - 9.0 MPa-dm, an elongated inicrostruciure with a grain size in 

the range of 10 - 15 prn [ I ] ,  and a room temperature strength of -550 MPa. Examination 

of the fracture surfaces for all the compositions is still incomplete and so will not he 

discussed further at this point. Additional analysis is also currently underway to 

accurately measure the grain size of all compositions in this series for a complete 

comiparison between their g a i n  size, fracture toughness and flexural strengths. 

Status of milesto3 

On Schedule. 



182 

Public at ions 

None. 
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Table 1 .  Mechanical Property Data for BS90: 12H-I1 Composites 

_--- BS90: 12H(II)-5 3.04 2.25 428 14.7 9.25 

---- BS90: 12H(II)-9 3.04 2.25 428 14.7 8.97 

BS90: 12H(II) ---- -__- 428 14.7 ---- 8.50 k0.6 
f C.F. = Controlled surface flaw measurement 
t i  D.C. = Direct radiaVmedian crack measurement 
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Figure 1. Plot of tlexural strength versus temperature for sample BS58:12H(II). 

Temperature ( C) 

Figure 2. Plot of flexural strength versus temperature for sample BS60:12SI(II). 
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Figure 3. Plot of flexural strength versus tempemture for sample BS70:12H(II). 

900 

700 1 1  
600 

E - 500 
c i 
u 

a 
L 
$i 4 7  300 

200 

100 

0 
0 200 400 600 800 lo00 1200 1400 1600 

Temperature ( C) 

Figure 4. Plot of flexural strength versus temperature for sample BS80:12M(II). 
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Figure 5. Plot of flexural strength versus temperature for saniple BS90:12M(II). 
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Optimization of Silicon Nitride Ce ramice 
I<. R. Lai and T. Y. Tien 
(The University of Michigan) 

Obiective/scope 

To develop processing methods to  obtain silicon nitride ceramics with a 
fibre-like grain morphology. Silicon nitride ceramics containing P-Si3N4 

grains with fibre-like morphology have high fracture strength, high 

fracture toughness and superior creep resistance. The fibre-like structure 
of the P-Si3N4 grains can be obtained by sintering the silicon nitride 

ceramics at higher temperatures under a higher nitrogen pressure. The 

composition of the sintering additives will also affect the microstructure 

development. The mechanical properties can further be improved by 

controlling the composition and structure ofthe grain boundary phase. The 

major goal of this project is to  develop monolithic silicon nitride ceramics 
with optimum mechanical properties and to understand their 

microstructure - property relationships. 

Technical progress 

Silicon nitride compositions containing 10 weight % of YAG as 

densification additives were prepared. Samples were sintered in a high 

nitrogen pressure furnace at temperatures up to 1900oC under a nitrogen 

pressure up t o  20 atmospheres. Samples with densities greater than 98% of 
theoretical were obtained when sintered at  temperature higher than 18OOOC 
for one hour or  longer. Ceramics with fibre-like structure were obtained for 

all of the samples. Kinetics of microstructure development of samples 

sintered at different temperature under 10 atmosphere of nitrogen pressure 

with holding time up to 10 hours were studied. The results are given in 

Figs. 1 through 3. 

These results showed that the growth rates in both the length and width 
directions of the P-Si3N4 grains followed the empirical equation: 

where L and W are the grain sizes and KL and Kw are the rate constants in 

the length and width directions of the P-Si3N4 grains respectively. Lo and 

Wo, the initial grain sizes. Lo and W, are negligible when a-SigN4 were 

used as the starting materials. 

Ln - Lon = KLt and Wn - Won = Kwt 
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The best fits of these curves gives the exp~nents o f 3  and 5 for the 

The Aspect Ratio (AR) is defined as the teq$h to  width ratio of the of 

length and the width directions of the P-Si3N4 grains respectively. 

the p-si3pa4 vain. Then: 

A R L/W (EIJHi;,) t(2’I5) 

The line of AR vs time plot should have a slop of 2/15 which agrees with the 

experimental results as shown in Fig. 3. 

-- Status of milestones 

On schedule, 

__l_l_ Publications 

None 
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Fig. 1. Widths of the P-Si3N4 Grains in Specimens sintered at 
different temperatures under 10 atmosphere of nitrogen 
pressure. Samples composition: 10 wt.% of YAG, 
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1.2.3 Oxide Matrix 

ened C o m  
T. N. Tiegs, P. F. Becher, P. A. Menchhofer, W. H. Elliott, D. J. Kim, and 
D. W. Coffey (Oak Ridge National Laboratory) 

This work involves development and characterization of Sic whisker- 
reinforced ceramic composites for improved mechanical performance. To date, 
most of the work bas dealt with alumina as the matrix because it was deemed a 
promising material for initial study. However, an effort in Sic whisker-reinforced 
silicon nitride and sialon is in progress. In addition, studies of whisker growth 
processes were initiated to improve the mechanical properties of Sic whiskers by 
reducing their flaw sizes. In-situ acicular grain growth is also being investigated to 
improve fracture toughness of silicon nitride materials. 

Hot-pressed silicon nitride and sialon-Sic whisker composites 

As reported previously, samples of various compositions, where the 
intergranular-glass phases were modified, have been fabricated and machined into 
test specimens. At the present time they are being flexural-strength tested at room 
and elevated temperature. 

Evaluation of experimental Sic whiskers from Materials and Electrochemical 
Research (MER) Corp. is in progress. These whiskers were produced under an 
Small Business Innovative Research (SBIR) contract from the Department of 
Energy. Scanning electron microscopy characterization showed the whisker 
diameters to vary from 0.2 to 1.5 pm (Fig. 1). Alumina and silicon nitride matrix 
composites containing 20 vol % whiskers have been hot pressed and are being 
machined into test bars for fracture toughness, hardness, and flexural-strength 
measurements. 

Microstructure development 

The series of silicon nitride materials to assess the role of elongated-grain 
microstructure on fracture toughness has been fabricated and is being machined 
into test specimens. The compositions and hot-pressing conditions are given in 
Table 1. In addition, supplemental samples have been fabricated where the hot 
pressing has been stopped at intermediate densities. From these specimens we 
will determine the microstructure development by X-ray diffraction and electron 
microscopy . 

Summaries of the initial mechanical properties and phase compositions are 
given in Tables 1 and 2. As shown, a wide range of compositions and processing 
has resulted in a wide range of mechanical properties and phase contents. Further 
testing of the materials is in progress. Selected compositions were tested at 
elevated temperatures and the results are summarized in Table 3. 
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Table 1. Summary of initial results to date on silicon nitride materials 
for microstructure developmen t-pro pe rty relations hips 

Composition 
19oom 

Hot-pressing conditions (oC/min) 

1725/60 1800/90 1800/180 1800/90 16!%/W 

6% Y2O3-2% A1203 
Density (% T.D.) 100.0 100.0 100.0 99.6 

Flexural strength (MPa) 9 1 6f48 1 1 4m25 94a185 849f101 1234f107 
Fracture toughness 

6% Y203-2% A1203a 

B-Si3N4 Content (%) 75.0 100.0 100.0 100.0 

(MPadm) 6.6kO.7 

Density (% T.D.) 98.0 
13-Si3N4 Content (%) 82.0 
Flexural strength (MPa) 777*123 
Fracture toughness 

(MPadm) 
GN-1 0-Additives 

Density (% T.D.) 
B-Si3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

(MPadm) 
8% L+03-2% A1203 

Density (% T.D.) 
O-Si3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

(MPadm) 5.W0.6 
3% Y203-4% L+03-% A1203 

Density (% T.D.) 
6-Si3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

(MPadm) 

7.6ctl.1 

98.0 100.0 100.0 
75.0 97.0 
943i32 104M32 1 O44il21 

6.2to.6 

98.2 100.0 
100.0 100.0 
1-0 1043i111 1 0 7 W  

98.6 99.5 100.0 
96.0 100.0 100.0 

883i108 1052tl37 101 Oil 22 

6.7fl.3 

99.2 
100.0 
8W70 

99.7 
100.0 
10691 29 

Contained 40% 0-Si3N4. 
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Table 2. Summary of initial results to date on sialon materials 
for microstructure development-property relationships 

Composition 
1850/90 

Hot-pressing conditions (OC/min) 

1 725160 1800/90 1 8OO/180 1800/9O 1650/60 

2% Y,O3-4% AIN 
Density (% T.D.) 
13-Si3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

(MPadm) 

Density (% T.D.) 
0-Si3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

4% Y203-6% AIN 

(MPadm) 
6% Y203-l 0% AIN 

Density (% T.D.) 
BSi3N4 Content (%) 
Flexural strength (MPa) 
Fracture toughness 

(MPadm) 

98.2 99.4 98.7 
79.0 87.0 

707+19 727f88 

6.120.2 
S 

99.3 99.5 97.6 
45.0 50.0 

555f96 723f115 

5.1 M.3 

99.9 
15.0 

489241 

4.020.2 

97.1 

99.8 
91 .o 

741 f85 

98.7 
50.0 

694f33 

97.9 

632k31 

15.0 

Table 3. Summary of results of high-temperature 
fast-f ractu re f lexu ral strength 

Composition 

Flexural strength (MPa) 

22% 1000°C 1200°C 1300°C 14OOOC 

6% Y203-20/0 A1203 11 42tl25 937328 
8% L+03-2% A1203 1043f111 842t75 726k14 
3% Y203-4% La203-2% A1203 1 0 5 M  37 834f101 71 &41 

6% Y2O3-20/0 Ea0 
6% Y2O3-2% S O  

0 % Y2O3 
11.5 % La203 

4 % Y203 

1 072tl07 
1041 f121 
1090fl21 
800fl37 
=la3 

957-9 72oM1 
963- 
91 7- 

697330 

688f106 

66of4 

780333 

751f101 
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Initial compositions of Si3N4-6Y0 Y203-2Y0 AI203 containing O-Si3N4 seeds 
densified poorly during hot pressing. Evidently, during formation of the O-Si3N4 
seeds, the Si02 content was sufficiently reduced so that the liquid content during 
fabrication was too low for adequate densification. To increase the Si02 content, 
the h e e d  material was oxidized at 700°C for 1 h. Samples containing 5 and 
20 wt Yo of the oxidized B-seed have been fabricated. In addition, samples con- 
taining 8'-sialon powder as a seed material have also been fabricated. Initial 
microstructural examination of Si3N4-6Yo Y203-2Y0 AI203 containing 20 wt % 
0'-sialon powder showed extensive grain growth (Fig. 2). Fracture toughness 
measurements on this composition are in progress. 

Previous results from other researchers have shown that gas-pressure 
sintering of silicon nitride materials at temperatures 2 1900°C can develop large 
grains and high fracture toughness.1-3 In our hot-pressing studies, certain 
materials densified at temperatures 21 850°C had some of the highest fracture 
toughness values and microstructurally had extensive grain growth. However, 
these samples also experienced excessive weight losses due to silicon nitride 

15947 
II - 

hg. 2. rracturt! s u r f a ~  d SigN4-0-/~ 
Y2O3-2% AI203 containing 20 wt % On-sialon 
powder showing extensive grain growth 
during hot pressing. 



196 

decomposition. To examine the effect of high-temperature sintering at high 
nitrogen gas over pressures on microstructural development, a series of samples 
have been fabricated. Compositions include: Si3Nq-6% Y2O3-2% Al2O3, 8% 
La2O3-2% Al2O3, and Si3N4 with GN-10 additives. All of the samples were 
processed by turbomilling of the powders and slip casting into plaster molds. 
Microstructures and mechanical properties will be compared to those from the 
initial hot-pressing study. 

As shown in Table 3, the additive chemistry greatly affects the high- 
temperature mechanical properties. Generally, the rare-earth additions without 
other oxides, such as AI203 and BaO, exhibit better high-temperature properties. 
This behavior has been observed previously and reported in the literature.4-9 
Additional samples are currently being fabricated with 1 to 12% rare-earth oxide 
(Y2O3, La2O3, or Nd2O3) and 1 to 8% Si02 additives to take advantage of some of 
the good high-temperature properties. With a sufficient volume of liquid phase 
present during fabrication, elongated 8-Si3N4 growth will occur for increased 
fracture toughness, but the intergranular phases will be refractory enough for good 
high-temperature properties Tpe Si02 additions will be used to control the 
intergranular phases and maintain the composition in an appropriate phase 
compatibility area so oxidation problems are not encountered. If the rare-earth 
contents are too high without the Si02 additions, phases, such as melilite, can be 
obtained that undergo dramatic volume expansions during oxidation.W 1 Lewis 
and co-workers have demonstrated good mechanical properties for these types of 
compositions.6J Mechanical property reductions, due to volume decreases 
associated with the crystallization of the glass phase in these systems, have been 
observed. Crystallization under pressure will be used to try to minimize the 
strength and toughness decreases. 

Because the rare-earth Si02 compositions are highly refractory, they are more 
difficult to sinter to high density. Recent literature has shown that combinations of 
rare-earth oxides can be used to aid in promoting densification.gJ2 Samples with 
different Y203-La203 ratios have been fabricated and are currently being 
examined for densification behavior by hot pressing, pressureless sintering, and 
gas-pressu re sintering . 

Alternate grain-boundary phases are also being examined that will aid in 
densification but be of a transient nature and crystallize into a refractory grain- 
boundary phase. Some possible grain-boundary phases include the rare-earth 
oxide and nitride apatites as discussed by Thompson.13 These include a wide 
range of stable apatites of composition A2Bs(Si04)602 where A is a divalent cation 
(typically Mg, Mn, Pb, Ca, Sr, Ba) and B is a trivalent cation (typically Y, La, Ce, Nd). 
An advantage of the nitrogen apatite is that it can oxidize without a large volume 
expansion. Samples using various combinations of Y2O3, La2O3, Nd2O3, Yb2O3, 
BaO, and SrO to develop these grain-boundary phases are being fabricated. 
Densification and microstructure development during hot pressing, pressureless 
sintering, and gas-pressure sintering will be assessed. Formation of 0-Si3N4 by 
the nitridation of Si additions to the compositions will also be done. 
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s of milestones 

Milestone 1231 10, "Determine effects of process parameters on flaw 
generation in Sic whiskers," was not completed. 

None. 
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1.2.4 Silicate Matrix 

Low Expansion Ceramics for Diesel Enaine Alodlications 
D. A. Hirschfeld and J. J. Brown WPI) 

0 bjective/scope 

Optimize the chemistry, properties, and processing of selected low thermal 
expansion compositions based on the zircon (NZP) and the p-eucryptite-AIPO, 
systems. The major long-term goal is to develop an economical, isotropic, ultra- 
low thermal expansion ceramic material capable of having stable properties 
above 1 200 " C. 

Technical Drogress 

Zircon (NZP) System 

The fabrication of large pieces of (Ca,Mg)Zr,(PO,), is required to 
demonstrate that this material is ready for testing in advanced heat engines. 
These large samples will demonstrate the ability to manufacture this ceramic on 
an industrial scale and allow a more complete characterization of the thermo- 
mechanical properties. During this reporting period, 5 kg of 
(Ca,. ,,Mg,. ,)Zr4(P04), (CMZP) powder were prepared by sol-gel synthesis 
techniques described in previous reports. The CMZP produced was pure with 
no secondary phases detected by X-ray diffraction analysis. The majority of this 
powder will be hot pressed and/or hot isostatically pressed into large plates for 
characterization. The remainder will be used as a matrix reinforced with Sic 
whiskers to evaluate the composite material properties. 

The effects of sintering temperature and time on the thermal expansion 
and microstructure of CMZP prepared using a solid-state reaction method were 
investigated. Bars containing 1 wt% ZnO (sintering aid) were pressed, and then 
sintered at temperatures of 11 50°C to 1300°C. Densities greater than 95% of 
theoretical were achieved when the sintering temperature was higher than 
11 50°C. As shown in Figure 1 , with an increase in sintering temperature from 
1 150" C to 1300 " C (sintering time = 24 h), the bulk thermal expansion of CMZP 
decreased from 9.0 x 10-7/"C to -9.0 x 10-7/0C while the grain size increased 
from 2 pm to 8 pm. Similarly, an increase in grain size from 5 to 8 pm was 
observed with longer sintering times (sintering temperature = 1200 " C) while the 
bulk thermal expansion coefficient decreased to -14.4 x 10-7/oC as illustrated in 
Figure 2. Scanning electron micrographs of the microstructure revealed the 
presence of a glassy phase within the grain boundaries and microcracks as 
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shown in Figure 3. The decrease in thermal expansion with increased sintering 
time and temperature may be attributed to microcracking and the glassy phase 
which appears to be a zinc phosphate. 
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Figure 1. Grain size and thermal expansion of CMZP 
as a function of sintering temperature . 



20 1 

-- 
-- 
-- 

1 1  -- 3 

-- 0 

-- -3 

-- -6 
-- -9 
,- -12 

-- 
-- 
-- 
-- -- -15 

# 
I 

I 
I 

I 
1 

I 
I 

- 

10 
n 

5.9 
v 

m 
c 7  

& 6  

c 

5 

Time  a t  1208C ( h )  

Figure 2. Grain size and thermal expansion of CMZP 
as a function of sintering time 

n 

0 

I 

u 
I+ 

0 
c 

U 

a 

Figure 3. Microstructure of CMZP sintered at 
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Ceramic Composites 

The effects of aging heat treatments and fiber volume fraction on the bulk 
thermal expansion of chopped Nicalon-Sic fiber-reinforced 
(Ca,. ,,Mg,. 4)Zr4(P04)6 (CMZP) were investigated. 

A composite containing 5 vol% chopped fibers was hot pressed in air at 
1220°C at 14 MPa pressure for 6 h, then aged in air at 1200°C for 4 h without 
pressure. The average bulk coefficient of thermal expansion (CTE) of the 
composite was -2.0 x 1 0-7/ " C. Another composite containing 5 vol% fibers was 
hot pressed in N, under similar conditions, then aged in N, at 1220" C for 20 h. 
This sample had a bulk CTE of -8.0 x 10-7/0C. Preliminary results indicate that 
the hot pressing atmosphere has no significant effect on CTE and, similar to 
previous observations for monolithic CMZP, the CTE becomes more negative with 
aging. It is noted that both these composites had densities greater than 96% of 
theoretical. 

Composites containing 20 vol% chopped fibers were prepared by hot- 
pressing in air or Ar at 1230°C and 30 MPa pressure for 3 h. Densities of these 
samples, 90 - 92?? of theoretical, were lower than those of composites containing 
lower fiber volume fractions. The bulk CTE of the high fibel: volume fraction 
composites was 14 x 1 0-7/0 C, independent of hot pressing atmosphere. 

The nature of the fiber-matrix interface is known to have a significant effect 
on the toughness-related properties of ceramic composites. The chemistry of the 
interface between Nicalon-Sic fibers and a (Ca,. ,,Mg,. 4)zr,&(P04)6 (CMZP) 
matrix was characterized thermodynamically using SOLGASMIX-PV, a computer 
program for calculating equilibrium relationships in complex chemical systems. 
Since the CMZP composites are currently produced in the laboratory by hot 
pressing at approximately 1230°C in either air or Ar atmospheres, these 
conditions were used in the thermodynamic calculations. 

The results of the SOLGASMIX analysis for these conditions indicate that 
CMZP reacts with SIC in either air or Ar to form Ca,-xMgSi2*0,-, (x may be 0, 
1, or 2) and possibly MgO, ZrP,07, Zr,P,O,, ZrSiO,, or SiO,, depending on 
system conditions. Even when SiO, is assumed present with Sic and CMZP, it 
is noted that the Sic is oxidized even in an Ar atmosphere suggesting that 
oxygen may be provided to the interface by the CMZP. 

Energy Dispersive X-ray Analysis (EDX) was used to examine the hot 
pressed CMZP composites to determine the Si, Ca, Mg, Zr, and P contents in 
both the fiber surfaces and the interfacial area of the matrix exposed by fiber 
removal (matrix trough). The EDX results indicate that the Si content in the matrix 
trough of the sample pressed in air is significantly higher than that of the sample 
pressed in Ar. Since Si is not likely to exist in the form of Sic in the matrix, the 



203 

high Si content in the trough indicates the possible oxidation of Sic fibers when 
the composite is pressed in air. 

The fiber-matrix interface of CMZP composites that were hot pressed in air 
and argon are shown in Figures 4 and 5, respectively. The composite pressed 
in air exhibited some bonding between the fiber and matrix and the fiber surfaces 
appeared to be rough, probably due to SiO, formation. The camposites pressed 
in argon exhibited fiber/matrix debonding and smooth fiber surfaces. 

A new technique for processing a self-reinforced CMZP composite has 
been developed. Information on this technique is being withheld pending 
patentability determination. 

Lightweight Ceramics 

The flexural strength of lightweight (Ca, x,Mgx)Zr,(PO,), ceramics where 
x = 0.0-0.3 are shown in Figure 6 as a functkn of relative density. Included in 
the figure is the strength of open cell ZrO,. As shown in the figure, the strength 
determined by %point bending compares favorably with that of open cell ZrO,. 
The strengths were independent of composition. 

(Ca,-,,Mgx)Zr4(PO,), ceramics was measured. Figure 7 shows the strength of 
lightweight (Ca,Mg)Zr,(PO,), as compared to lightweight Zr02-4%Mg0, a 
conventional thermal barrier material. Both materials have relative densities 
varying between 0.2 and 0.7. The compressbe strength of (Ca,Mg)Zr,(PO,), is 
strongly related to the density. Furthermore, it appears to be independent of the 
composition as noted previously for MOR and tensile strengths. The compressive 
strength compares favorably with that of partially-stabilized zirconia. 

The thermal shock resistance of lightweight (Ga,. 9s Mg,. JZr4(P04), was 
investigated during this reporting period. The lightweight ceramics were made by 
the polymer powder method (NZP and a polymer powder were mixed, pressed, 
and sintered). As shown in Figure 8, lightweight ceramics with relative densities 
of 0.87 and 0.54 exhibit no significant strength losses following air quenching 
from any temperature up to 155O'C. The addi in  of ZnO, a sintering aid, 
increased the modulus of rupture and did not appear to affect the thermal shock 
resistance. 

The room temperature compressive strength of lightweight 

p-Eucryptite System 

It was previously reported that the processing of AIPO,-modified p- 
eucryptite utilizing conventional glass-ceramic techniques resulted in severe micro- 
cracking due to the thermal expansion mismatch between the parent glass and 
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Figure 4. Nicalon-SiC/CMZP composite hot pressed in air 

Figure 5. Nicalon/SiC CMZP composite hot pressed in Ar 
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the r e ~ ~ ~ t a ~ l ~ z ~ ~  phase. To overcome this problem, two approaches have been 
. One is the development of an alternate method to produce near-zero 

n p-eucryptite. A patent disclosure on this process has been 
filed and Characterization of the thermal and mechanical properties h 
initiated. The second a praach is to reduce the viscosity of the glass during 
recrystallization and thus relieve the internal stresses induced by the volume 
change. The viscosity of the glass was reduced by adding 2 wt% CaO to the 
modified p-eucryptite. After heat treatment, the resulting material had no 
microcracks; however, the melting temperature was reduced to 1 08Q " C making 
this material unacceptable for high temperature applications. 

The corrosion resistance of modified p-eucryptite processed by 
conventional glass-ceramic techniques and by ed method has 
been compared to a commercial lithium alu 
provided by Garrett Auxiliary Power Div., Allied Signal Corp., Phoenix, AZ. 

les were exposed to either aqueous I solutions at 25°C and 1 
Na,SO, at 1000°C and their weigh 

of exposure time, When exposed to HCI, gre s was recorded for 
the modified p-eucryptite than for the commercial US. With ~ x ~ ~ s u ~ ~  to molte 
Na,SO,, both materials gained wei ht due to the formation of a alkali melt. The 
p-eucryptite material gained more eight than the commercia LAS. Scanning 
electron microscopy with EDX analysis of the exposed specimens revealed that 
the corrosion of the P-eucryptite produced by the conventional technique resulted 
from acid or molten salt penetrating the sample through the microcracks and 
removing AIPO, fro the lattice. The P-eucryptite produced by the new method 
was corroded to a lesser extent because the AIPO, was removed from the 
sample surface only. 

Status of milestones 

Table 1 contains the key to major milestones and Fj ure 9 contains the 
milestone status chart. 
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Table 1. KEY TO MAJOR MILESTONES (WBS ELEMENTS) 

VPI 2.4.1 Property Optimization by 
Hot isostatic Pressing 

Completion Date 

July 31, 1992 

VPI 2.4.2 Optimization of Compositions Mar. 31,1991 

VPI 2.4.3 Mechanical Properties of NZP Ceramics 

a. Characterization at Room Temperature Dec. 31,1991 

b. Characterization at High Temperature July 31, 1992 

VPI 2.4.4 Fiber Reinforced Composites 

a. Synthesis of SiC/NZP Composites July 31, 1991 

b. Characterization of Mechanical Properties July 31, 1992 

VPI 2.4.5 Lightweight insulation sept. 30,1991 

VPI 2.4.6 Characterization of In-Situ Toughened Composites 

a. Modified p-eucryptite Composites July 31, 1992 

b. NZP Whisker Reinforced Composites July 31, 1992 

VPI 2.4.7 Submit Technical Paper on Research Results 
for Publication July 31, 1991 

VPI 2.4.8 Final Report Sept. 30,1992 
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Publications 

1. D. Hirschfeld and J. Brown attended the 28th Automotive Technology 
Development Contractor's Coordination Meeting on 8ct. 22-24, 1 990. Dr. Brown 
gave a presentation entitled "Development of Ultra-Low Expansion Ceramics." 

2. Y. Yang and T. Li attended the Materials Research Society meeting in Boston, 
MA on November 28-29, 1990 where Y. Yang presented a paper entitled "Effect 
of Grain Size and icrocracking on the Thermal Expansion of 
(Ca,. ,,Mg,. ,)Zr,(PO,),." 

3. Two patent disclosures have been submitted to Virginia Tech Intellectual 
Properties for evaluation: 

1. NZP Whisker Ceramics 

2. An In-Situ Whisker Reinforced Glass-Ceramic Based on p-Eucryptite 

4. The following presentations were made at the Second Annual Program Review 
of the Center for Advanced Ceramic Materials at Virginia Tech, Blacksburg, VA, 
on February 7 and 8, 1991: 

1. Synthesis and Thermal Properties of (Ca,_x,Mgx)Zr4(P0,),, 
S. Van Aken 

2. Effect of Grain Size and Microstructure an the Thermal Expansion of 
(Ca,-x,Mgx)Zr,(PO,),, Y. Yang and T. K. Li 

3. Lightweight (Ca, x,Mgx)Zr,(PO,), Ceramics, D. M. Liu 
4. Synthesis and Thermal Properties of (Rb,Cs)Zr,(PO,),, e>. Raqu6 
5. Corrosion Resistance of Modified p-Eucryptite, L. Battu 

Posters were presented on Fi ber-Reinforced CMZP Ceramics, Corrosion 
Resistance of Modified P-Eucryptite, Processing of Modified p-Eucryptite, and 
Development of Lightweight CMZP Materials. 

References 

1. T.M.Besmann, "SOLGASMIX-PV - A Computer Program to Calculate 
Equilibrium Relationships in Complex Chemical Systems," ORNWM-5775, Oak 
Ridge National Laboratory, Oak Ridge, IN ,  April, 1977. 



Fabrication and T e s 6 - i ~  o f  Corrosion-Resistapt- Coat inas 
D. P. Stinton, J .  C. claughlin, and L. Riester (Oak Ridge National 
Laboratory) 

0 b.i e c t .i .v e/ s e: 6 De 

corrosion o f  silicon carbide and silicon nitride components 
problem, The outer sur- 
peratures to form an SiO, 

in gas turbine engines i s  a potentially seri 
faces o f  Si6 and Si$, parts oxidize at high 
layer that inhibits further oxidation. Howe sodium (which i s  present 
in high-temperature combustion a ~ ~ ~ ~ ~ h ~ r e ~ )  reacts with t h e  Si?, layer ,  
such that i t  i s  no longer protective. The objective of this program i s  to 
develop a coating that ill  protect. the underlying S i c  or Si,M, from sodium 

rosion and provide simultaneous oxidation protec 
a v i s r  o f  potential materials i n  sodium-containin OSphk?reSp the Cor- 

rosion resistance o f  hot-pressed sa les will first valuated. A cherni- 
cal vapor deposition (CVD) process will be d veloped for appl ication o f  the 
appropriate coat ings .  7he effect o f  the com ust i on envi ronment upon coat- 
ing characteristics such as i crostructure trength adherence, and other 
properties will then be evaluated. 

To evaluate the 

ent o f  coatings to protect S i c  o r  S i $ ,  turbine engine compo- 
corrosion continued this period. In order to 

protect engine components from corrosi heres, the coatings m u s t  
adhere t o  the substrates and remain im and crack free throughout 
the life o f  the e ine. Considering t number and severity o f  the 
thermal cycles, a erence i s  a serious problem that can only be addressed 
by carefully des i  ed coatings, Zirconia-toughened alu ina coatings for 
Si6 and Si,N, eng 
Laboratories for several years They addressed the adherence i ssue by 
applying an A1N interlayer t o  the  substrate prior to deposition of the 
coating.. 
the coating to the substrate by for iing a thin reaction layer arid to allow 
a gradual increase in the csefficie t of thermal expansion (CTE) of the  
caatiogs f r o m  that o f  the substrate (5 x "C) to that o f  the coating 

could never be appl  ied t o  S C 

components have been under develop 

The purpose o f  the A l N  in erlayer was t o  improve t h e  adherence o f  

( >  8 x ao-6 / "C) .  Despi this, AlZQ, coat 
i N, without cracki o r  sppl l  ang. c gs t h a t  were! applied at 
o t  could not be ut zed at turbine temperatures above 2200°C because 

the coatings s u l d  still crack when heated due to t h  ismatch in ther 
expansion. e atings that were applied a t  higher tern atures t u  a v o i d  

en cooled t o  room temperature, again  be 

icient of thermal expansion 
of protective coatings m 
Experience at GTE Laboratories indicates that the best adherence (for 
coated cutting tools) is achieved when-the CTE o f  the coating is slightly 
less than the CTE o f  the substrate. 
will be placed in compression at temperatures less than the deposition 

akch that of  the substrate. 

Under these conditions the coating 
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temperature. The coatings are, of course, much stronger (more resistant to 
cracks) in compression than in tension. 

Utilizing the above concept, the list o f  potential materials for 
corrosion protection becomes very limited. 
(for oxidation resistance) with a CTE less than or equal to Sic. 
Protective coatings for carbon/carbon composites are o f  interest because 
these materials must also have very low CTEs and be stable to very high 
temperatures, Therefore, a search of the literature dealing with the 
oxidation protection o f  carbon/carbon composites has identified several 
coatings with the potential for improved corrosion resistance. Table 1 is 
a partial listing of several materials that appear promising. 

The material must be an oxide 

efractsry oxides with potenti a1 for 
corrosion protection 

Compound 
Thermal expansion 

Dens i$y coeffjcieyt 
(s/cm 1 ( x  10- OC- ) 

Ta*O, 
3Al ,03* 2s i 0, 
A1 ,Ti 0, 
ZrTiO, 
HfTiO, 
T a ,O, 0-6 Z r 0, 
Ta205* 6Hf 0, 

Sic 
Si $4, 

8.02 
3.20 
3.68 

3.21 
3.19 

3.6 
5.7 
2 . 2  * 
* 
* 
* 

5.5 
3"0 

CTEs of these materials have been reported to be very low. * 

In order to more easily evaluate the corrosion resistance of poten- 
tial materials, dense pellets of the materials listed in Table 1 are being 
purchased or prepared by hot pressing. Commercial suppliers were identi- 
fied that could provide dense pellets of ZrTiOC, HfTiO,, and Al,TiO,, These 
materials have been ordered and will be corrosion tested upon arrival. A 
specimen o f  3A1,03*2Si0, was hot pressed at Oak Ridge National Laboratory. 
The sample appeared to be dense when examined at 400X with the optical 
microscope. X-ray diffraction o f  this pellet showed that it was mullite 
with no unreacted A1,O or SiO,. Specimens o f  Ta,05*6Zr0, and Ta,O5*6HfQ, 
have been prepared both by hot and cold pressing and sintering. 
Unfortunately, X-ray diffraction patterns showed that the desired phases 
have not yet been produced. Specimens of A1,Ti05 and ZrTiO, prepared by 
hot pressing were corrosion tested for 100 h at 3000°C in a combustion 
atmosphere. Examination of the samples after corrosion testing was very 
encouraging as they appeared to be unaffected by the corrosive atmosphere. 
A control sample of S i c  in the corrosion test had a thick layer of SiO,  
gl ass. 
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One additional aterial o f  particular interest i s  l a  Q, becauy o f  
corrosion resistance, low ther a1 expansion (5.6 x 1Q- /"C), 

Therefore, development of a process for the deposition o f  

several references that identified suitable conditions 

CVD. 
gs was initiated this period. A search of the technical 

films onto single-crystal s i 1  icon for the deposition of dense ?a 
substrates. After a limited a nt o f  experimentation, adherent coatings 
were deposited anto silicon substrates at a te perature o f  1200°C and 
pressures varying from 5 t o  760 torr. 
X-ray diffraction revealed crystal 1 ine Ta,O,. 

Characterizatian o f  the coatings by 
The process has been 

o SiC-coated graphite disks that simu- 

t s  are being 
corrosion tested in a simulated en sphere at 1000°C. Initially, 
natural gas and building air were a 1:10 ratio t o  simulate the 
engine environment (Table 2). Sod ntroduced by pumping a mixture 
o f  NaOM and water ( g NaOH/l H 0) into the furnace. Unfortunately, the 
atmosphere containe nearly 20% water vapor instead of the desired 7.3%. 
In addition, the bu ning of natural gas created a hot spot that occasion- 
ally cracked the alumina tube. Therefore, it was decided to purchase a 
premixed bottle o f  gas t h a t ,  when mixed w i t h  the NaQH solution and heated 
t o  1O0QoC, would produce the engine environment. Thermodynamic 

ulations were performed to determine the appropriate gas composition - 
xture of 5.2% 0 , 80.2% N,, and 14.6% CO, plus the NaQH solutian 
le 2). Gas bottles o f  this composition have been ordered to use i n  

future corrosion tests. 

Tab1 e 2. Combustion atmospheres 

Gas Equilibrium composition 
(battled gas i- H,O-NaOH solution) environment 

(%I 

A1 kal i 

13. 
3.5 
75.3 

7 . 3  

13.4 
4 . 9  

73,8 
7 .9  
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The objective of this program is to develop oxidation-resistant, high toughness, 
s turbine engine. These 
reaction bonded Si3N4 

(WBSN), sintered SIC (SSG), and f4lP'ed Si3N4 (HSN). The coating will be designed to provide 
the best mix of mechanical, thermal and chemical properties for the application. 

licon-based ceramics for use in an advanced 
ted by chemicai vapor deposition (CVD) o 

Room-temperature pin-on-disk tests on coated samples are underway. The test 
procedure being used was described in the April 1990 Bimonthly Progress Report. Sets of pins 
and disks of RBSN, SSC, and HPSN were coated with AIN and AI203-eZrO2 coatings. The 
friction results to date are shown in Table I. In previous reports, the velocity of the pin relative to 
the disk was incorrectly reported as 0.1 m/s; the actual velocity used in these tests was 0.01 Ws. 

Table I .  Results from pin-on-disk friction tests of uncoated and coated RBSN, HPSN, 
and SSC. All tests were done on self-mated samples. Reported values, unless 

is@ indicated, are an average ob three tests on the same pair of samples. 

Material 

R5SN 
uncoated 
mate 

HPSN 
uncoated 
uncoated 

uncoate 
uncoate 

SSC 

Test 
Temperature 

("c) 

25 
25 

25 
1000 

25 
1000 

Breakaway 
Friction 

Coefficient 

0.1 
0.2 

0.3 
0.15 

0.1 
0.25 

Kinetic Fridion cOeff&nt 

initial 

0 5  
0.2 

0.5 

-" 

0.5 

only 1 ~~~~1~ has been tested at this condition to date. 

after 1 krn 

0.8 
0.8. 

0.8 
0.9. 

0.3 
0.7 

The remaining pin-on-disk tests are currently being carried out. It is anticipated that they 
will be completed in time for presentation in the June 1991 Bimonthly Progress Report. 
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Oxidation Testing 

Oxidation tests of the current coating configuration were suspended until a meeting 
could be held with the ORNL Technical Monitor, D.P. Stinton, to review recent fin 
obtained to date have shown that the current coating ~ o n f i ~ ~ r ~ t ~ o n  is not o x ~ a ~ ~ ~ ~ ~ r ~ s j ~ ~ a n ~  far 
500 hours at temperatures above 1000°C. The poor protection given by the coating is 
cracks in the A1203eZr02 layer, which allow oxygen to penetrate is layer and react with Ai 
"Residual Stress" section below). The kinetics of ~ x ~ d a ~ i ~ n  of Ai are sufficiently slow at 1 
for the coating to protect 1 OQOOC, the oxidation 
rate of AIN is rapid eno edore 506 hours. This 
oxidation is accompanie 

resulted in similar behavior to that of the coated substrate. 
Based on the apparent i n ~ b ~ l i ~ y  to produce a c r a ~ ~ - ~ ~ ~ ~  oxide co 
ed that no further oxidation tests be done with the current 

ting ~ ~ f ~ ~ ~ r a t ~ ~ n  that is better able to ilc 
iscussed with D.P. Stinton an April 2 and 

before doing any new work. 

deposited on the 
interlayer (-50 prn 
This approach ha successful in the roject " ~ n a l ~ ~ ~ a ~  and 
Joining Silicon Carbide to Metal f 
Applications" [2] I 

Residual Slsess 

In an effort to reduce the residual stresse 
ate before A1203-eZr02 de 

act to reduce the stresses 

in the A1203t-Zr02 lay 
errnal ~ x ~ a n s ~ ~ n  rnisrna 

e coefficients of thermal expansi 
ith the Young's modulus (Ec) a 
ating (of) was ca~cu~ated 

(Td) from Eq. 1 : 

Eq. 1 

Calculated ~ ~ ~ ~ - ~ e ~ p e r a ~ u r e  stress values for AI203 on Si3N4, A1203 on Sic, AIN on 

ed that the ~ n ~ e ~ ~ a ~ ~ r  is 
Si3N4, and AIN on Sic are shown in Fig. 2. It should be noted that the stress in the o 

nearly independ 
n [3]. For this syst 
say to calculate 

coating layer and the substrate. Notice that, in all c 
stress at room temperature due to the fad that Ithe CTE than the substrate. 



This suggests that the coating and interlayer should both be cracked in the as-coated state, 
which has been confirmed by scanning electron microscope examination for coatings on Si3N4. 

I I I I 
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Figure 1. Thermal expansion coefficients of the various materials present in this system over 
the temperature range 20°C to 1400°C. 

Deposition Temperature, O C  

Figure 2. Calculated room-temperature stress in AI203 and AIN coatings on Si3N4 and SIC. 
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In order to confirm the calculations described a ve, residual stress measurements were 
done using the radius of curvature method. Samples of HSN, measuring 25.4 mrn x 6.35 mm x 
0.292 mm were stress-relieved at 1200°C in vacuum for 1 hour. These samples were then 
mated on one side with Alhl at 1 000OC. The weight gain was converted into a coating thickness, 
assuming a uniform coati along the entire sample. The radius of curvature was measured over 
a h of 20 mm with optical profilometer and the stress in t 
a ng to Equation 2 [4]. 

Eq. 2 

where Es is the You 

is the radius of cu 
uncoated substrate. 

ubsltrate, 300 GPa, ts is the dhic 

ubstrate, and RUc is the rad 
ress measurements are I 

0.292 mm, tc is the t I is Poisson's ratio of th 

Table II. Results from residual stress m ~ a s ~ r e ~ e n t ~  of AIN coati 

Sample 

A 

B 

e 

3.5 

2.81 

4.45 

0.9213 0.4404 

0.8474 0.3925 

0.9027 0.31 20 

Stress in AIN 

873 

709 

708 

Samples A and €3 from Table II were exarnin 
? in sample A. The cracks in sanpl 

in an SEM for cracks. 

spaced 125 pm apart. The crack size and spacing w 
relief that took place by the cracking (see February Bi 
98 MPa. Adding this stress to the measured stress in the AIN coating on sarnple B (709) gi 
807 MPa. This result can be compared to predicted residual stresses shown in Figure 2. For 
deposited on Si3N4 at 1000°C the predicted stress was 81 1 MPa. The measured and predicted 
results are in good agreement. This confirms that large stresses are nt in the CVD coatings 
upon cooling after deposition, and these stresses are relieved by ma 
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future Plans far 7997 

In order to address the cracking problem more thorough~y, the modelin 
project will be restarted. The effects of cracks in the coating on the behavior of a coated part 
subjected to contact stress will be examined. Finite element analysis and fracture interface 
mechanics will be used to study the propagation of cracks under e stress field that i 
during contact stress. The results of these i n v e s ~ ~ g a t ~ ~ ~  will compared to the 
actual coated samples subjected to a scratch test. This inform n can be used to 
coating layer thicknesses and materials to obtain ~ ~ ~ r ~ v e  

Microstructural evaluation of the A120 3 + 2 r 0 2  
composite layer. 

Studies of first generation coating canfiguration to 
determine cause of failure? during oxidation tests at 
1200°C and 1375°C. 

Modification of coating configuration to improve 
oxidation resistance at 21 200°C. Develop CVD 
process and coat samples for ~ e s t ~ n ~  the f o ~ ~ ~ ~ ~ n ~  
~ d ~ ~ ~ a t i o ~ s ~  a) add A!$, layer between A! 
A1203+Zr62 composite layer. 

Feasibility study of m e a ~ u r i ~ ~  friction ~ ~ ~ f f ~ ~ ~ e n ~  and 
mnventianal pin-on-clis 

P e ~ ~ ~ ~ ~ ~ c ~  tests of mdifie mating ~ ~ ~ i ~ ~ r a ~ ~ ~  
including: i) 580 hour oxid tion, ii) thermal shock, and 
iii) flexure strength. Each test will be done on coated 
and ~ ~ ~ ~ a ~ e d  samples. All tests will be conducted at 
roorn-lemperature,l 00OoC, 1 200°C, and 1375"C, 

Test feasibility of coating a commercial pad or 
equivalent. 

Submit draft of final re rt covering Phase II results. 

12/89 

83/90 

Completed 

Completed 

09/90 Delayed to 3/91 due to 

modifications. 

12/90 In progress. 

03/9 1 
delays in above 
milestones. 

06/91 On schedule. 

09/9 1 On schedule. 
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son (ORNL), D.P. Stin 
NL), met with W.J. Kim 
(GTE Laboratories) on 
ct was discussed. It was 

would travel to Garrett Turtine Engine C 
r e ~ u i r e ~ n ? ~  of coatings in the gas turbi 
this meeting, the remaining milestones 
achieving w Q ~ a ~ l e  coatings for s 

1. 

2. 

3. 

4. 

, K. H a y ,  8. End imada, "High temperature oxidation of hobpressed 

J. Selverian, H. Kim, and O'Neil, "Analytical and Experimental Evaluation of 
ilicon Nitride to Metal and iliG0t-i Carbide to Metal for Advanced Heat Engine 
ns," subcontract # ~ E - A C O 5 - ~ 4 O R 2 ~ ~ Q Q ,  GTE Laboratories Incorporated, 

(1 990). 

T.4. Sham esidual Stress Calculaltions in Coati C o ~ f i ~ u r a ~ ~ Q n s  using 
Finite Elem 

r ~ r ~ ~ a t ~ o ~  of Stress in 
IEEE Transactions on 

e by water vapur," J. Matefials Science, Vol. 22, 2277-2280 (1987). 

ics Eng. and Sci. Pmc., Voil. 9 (9,l 1189-98 (1988). 

, and W.D. Nix, 
ation as a Funct 

D-34, no. 3, p. 689-698, March 1987. 
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Wear-Resistant Coatings 
ha. H. Haselkorn (Caterpillar, Inc.) 

The goal of this technical p r o s  
cylinder liner components for low heat-loss diesel engines. 

is to develop wear-resistant coatings for piston ring and 

Wear resistant coatings will be applied to metallic substrates using plasma spraying, 
deposition (CVJNPVD), and enameling coating processes. First, the adherence of 

each coating for each coating process to the metallic substrate will be optimized. Methods 
which can be used for improving the adherence of these coatings include development of 
unique substrate preparation methods before application of the coating, grading coating 
compositions to match thermal expansion; compositional changes; laser or electron beam 
fusing and/or optimizing coating thickness. Once the adherence of each coating system is 
optimized, each coating will be screened for friction and wear at 35PC under lubricated 
conditions. Coatings which show promise after this initial screening will be further 
optimized to meet the friction and wearrequirements. Then, the optimized coating systems 
will be fully characterized for oxidation resistance, adherence, uniformity, and thermal 
shock resistance, as well as friction and wear. 

Selection of the most promising coatings and coating processes will be made after 
the characterization task. Criteria for selection will include not only performance (i.e., 
wear, adhesion, fiction coefficient, thermal shock resistance and thermal stability) but also 
manufacturability and economic factors, as well. Using both criteria a coating system 
having acceptable cost/benefit relationships will be selected. 

Candidate wear resistant piston ring coatings identified from the pin-on-disk friction 
and wear screening included: 

1. Plasma sprayed chromia-silica composite, 
2. Plasma sprayed high carbon iron-molybdenum blend, 
3. Plasma sprayed, self-lubricating, PS2 12, and, 
4. Mid-temperature chemical vapor deposited Ti(C,N). 
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Candidate wear resistant cylinder liner coatings also identified from this friction 
and wear screening included: 

1. Ixiw temperature arc v or deposited (LTAVD) chrome nitride, 
2. Plasma sprayed chromia-silica composite, and, 
3. Plasma sprayed high carbon i r o n - ~ ~ ~ y b d e n ~ m  blend. 

Each candidate piston ring/cylinder liner pair was then further optimized for 
friction and wear using the Hohman A-6 Double Rub Shoe Friction and Wear Test 
Machine. All tests were mn at 350 C, under lubricated conditions. The results of this 
testing are contained in 'Tables 1-3. (Note: one of the overall goals of this program is to 
obtain an average wear coefficient of at least 1.OxIQ-8 mm3/N-rn for each coating pair.) 

Running plasma sprayed high carbon iron-molybdenum coated rub shoes against 
a plasma sprayed chrsmia-silica coated disk (Table 1) producd coefficient of friction 
values below 0.15 and average wear coefficients ranging from 2.3 to 0.4~10-8 mm3/N-m 
for the shoes and from 2.43 to 142x10-8 mm3/N-rn for the disks. The Hohrnan test results 
obtained from this coating pair showed that this piston ring/cylinder liner coating pair 
would meet the program goals for both friction and wear. 

Coefficient of friction values of above 0.2 were obtained running plasma sprayed 
PS2 12 rub shoes against a plasma sprayed chromia-silica disk. These high coefficient of 
friction values, in turn, caused high PS212 wear coefficients and, for this reason, this 
coating pair ran only 480 hours before the chromia-silica coating completely woke through 
the PS212. Table 1 lists average wearcoefficients of 9.1 1x10-9 for thechromia-silica and 
1.70~10-7 mm31N-m for the PS212 coatings. 

Running plasma sprayed chromia-silica or mid-temperature chemical vapor depos- 
ited titanium carho-nitride coated rub shoes against the plasma sprayed chmmia-silica 
coated disks p uced friction coefficients above 0.2 an average disk wear coefficients 
ranging from 10-5 to 10-6 mm3/N-m, respectively. Very little wear was apparent on either 
set of rub shoes. T e friction and average disk wear coefficients for these coating pairs 

hich met the program's friction and wear goals is plasma 
bdenum rub shoes running against a low temperature arc 

vapor ~ e p ~ s i t e d  (CI'AVD) chrome nitride coated disk (Table 2). This coating pair had 
coefficient of friction values b l o w  15 and, in three tests, had average wear coefficients 
which ranged from 1.23~10-9 to 7. x 10-8 rnm3/N-m for the high carbon iron-rnolybde- 
num coated shoes and from 3.13~10-7 to 1 .48~1  -8 mrn3/N-rn for the chrome nitride 
coated disk. 

Running plasma sprayed chromia-silica or mid-temperature chemical vapor depos- 
--nitride coated rub shoes against the plasma sprayed chromia-silica 
ed friction coefficients above 0 2  and average disk wear coefficients 

ranging from 10-5 to 10-6 mm3/N-m, respectively. Very little wear was apparent on either 
set of rub shoes. The friction and average disk wear coefficients for these coating pairs 
were above the program goals. 
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Rurnirirng either plasma sprayed chroxia-silica or mid-temperature iitaniurn cwikbs-nitde 
CVD rub shoes against the L'FAVD chrome nitrick coated disk resulted in coefficient of 
fiicticn values above 0.20 and very high chrome niaide aver-age wear codficiewts (10-6 
mm3/N-~i1). For this reason, tkse  tcsts had to be t e m i m e d  after only 5-30 minutes of 
testing since  one of the chi-onle njlL-ridc coating rmmined. on the s u r f ~ e  of the disk. 

Average disk ~ i c a r  cwfficients of 1.84~10-4 smim3/N-rn were obtained mnxaing 
plasma sprayed PS2 12 coated rub shoes against a chrome nitride coated disk. This wear 
cmfficient was well above the desired 10-8 mm3m-m weax coefficient of this pmgltnm. 
High friction cmffiieitnts were the probable reason for rhe poor average wear coefficient for 
thc, PS212, 

WE Hskmman friction and wear results for the mid-temperature titanium carbo- 
nitride, LTAVD chrome nitride ard clmmia-silica csated rub slams running against plasma 
sprayzd high carboil iron-molybdenum coated disks are contained in Table 2, Running the 
mid-temperature titanium cxbo-nitride mb shoes against the high ear%, 
num disk resulted in fkicticn cwffienenis of below 0.15 and average we 
1.42~10-9 to 9 .55~ 10-8 mm3/N-m for rhe titanium ca-b-ho rmitri.de coated stams and 1.56~10- 
8 to 1.86~10-8 rnm3/N-m for the high carbon iron-iao'lybdenvlrmn shoes, These ~ s ~ l t s  
irdicatc that this coating pair  ill rncet the friction arid wear goals of this program. 

hrome nitrkIe coated rub shms against the high 
 arbo on iron-molybdmurn coated disks cauld not bc coxp!cted d w  to the chrome raitriide 
coating spallation. The fi-irst instance s f  spallation occurred during a heat-up cycle after  he 
teqt was stopped to obtain a n  initial see of w a x  measurements. Prior to the castrrsphic 
coating failure the mb shoe and disk had average wcar coefficients of 10-9 rnm3/N-nn. 'The 

Wear testing of the 5 micron thi 

secofld nqstance of coating spallation OccuITed prior 10 testing whear the rub shoes were 

Frktion coefficients bdmv 0.15 and average wear coefficients of less than 10-9 
mm'/TN-m W ~ P C  obtained for the, rub shoes and the disk running plasma sprryed chromia- 
silica rub shcms against w high carbon iTorn-mo~-ybcl~:i?uPlli disk. The friction and w e z  
cocfficieairs obtained from this coating pair were similar to those obtained running high 
carbun iron-molybdenum shmc against a chrornia-silica disk (Table 3). These results 
imdkate that this material pair can he interchcnged, and either coating can be used for B 

cylinder liner or piston &g co 
Wear curves were, obtained for the high carbon ironmolybdenum blend running 

against the chomia-silica csmposix and the high carbon iron-ndybd'*enuni blend running 
against the LTAVL) chome nitride. 

7'hese wear cumes w x e  obiaincd by running thc specimens 03 the Hskman A-6 
Do:hle Rub-SPier: machine, at 350 C, with a nomal. load of $9 N, and a surface velocity 
of 3.4 rn/sec. During the testing, an experimcfial synthetic hbricant f m n  Lubrizol was 
used. The lubricant was delivered to each shoe surface using a peffistadc pump at 2 rate of 
3mnlhmin. After cvcry 120 ininutes the test was intempted to measlire the wear On the SlhW 

and disk surfaces, Wear curves for eech coating pair were then developed from these wear 

heated to the 350 C test te1nperatul-e. 
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measurements. The we 
chrcarnia-silica are cont 
curves for the high c 

ure IR>. The wear 

sition sf this simulated diesel exhairst a~~~~~~~~~ was: 
Oxygen (02) 9.6% 
Carbon Dioxide (CQp2) 8.3% 
Carbon Monoxide (C8) 143 
Nitric Oxide (NO) 1439 pprn 
Hydrocarbons 264 pprn 
Water Vapor (N20) 7.3% 
Nitrogen (N2) Ralance 
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TF.e plasma sprayed chromia-silica coating was not affected by the simulated diesel 
exhaust atmosphere. No coating spallation or discoloration was obsemd on m y  of the five 
specimens exposed. In fact, the physical appearance of these specimens was identical to the 
physical appearance of plasma sprayed chromia-silica specimens which had not been ex- 
posed to the simulated diesel exhaust atmosphere. 

The high carbon kon-molybdcnum plasma sprayed coated discolored during the 
500 hour exposure to the sinnlmlatcd diesel exhaust atmosphere. This dkCObI-ak.iOII was 
caused by oxidation ofthc ~ Q I I  on the surface of thc specimens which was in direct contact 
with the atmosphere. The oxidation was limited to the very top surface of the coating and 
for this reason no significant increase in coating thickness or spallation BCCSB 

The hemal shock resistance of the plasma sprayed high carbon iron-molybdenum 
and plasma spayed chrcsmia-silica coatings was detemined by quenching plasma sprayed 
cast iron Falex spccirnens fifty ( S O )  times from 650 C into boiling water. Each specimen 
was themocoupled to assure that it attained a 650 C temperature prior to each quench. ?he 
thennocouple also illustrated that it took approximately seven 47) seconds for the P'alex 
disks to be quenched from 450 to 100 C. 

Cracks were noticed in both coatings after thee thermal slimk cycles. Although 
additional crack propagation occurred during the subsequent themd shwk cycles, no 
coating disbondirrg or coating spallation occuned, In addition, no excess oxidation was 
observed on any of the plasma sprayed coated specimens after completion of the thermal 
shock testing. 

The cracking observed within thes:: plasma spray coatings after the thermal shock 
testing is not considered a problem since plasma sprayed piston ring coatings usedin current 
production diesel. engines exhibit similar crack patterns and these cracks are not detrimental 
to the friction and wear pmgeflies of these coatings, 

Wear resistant enamel mating develogmenP 

To reduce the coefficient of friction of the enamel and improve its wear properties, one 
method evaluated was the addition of solid lubricants to the enamel. The solid lubricants 
evaluated included boron nitride, calcium flouride, barium fluoride, silver flake, and ccsium 
oxy thiomolybdate. 

dieions above 5 weight pc~cent were required toreduce the cwffieient 
of friction of the enamel. Additions of 10 weight percent silver flake to the enamel reduced 
the coefficient of friction for the enamel from 0.035 (no additions) to 0.26. However, even 
with this coefficient of friction, the enamel had unacceptable wear rates during the initial 
pin-sn-dkk screening. 

A 5 weight percent barium fluoride addition to thc enamel reduced the coefficient 
of friction of the composition to 0.26, Further barium fluoride additions to the enamel 
increased the coefficient of friction to above 0.30. For this reason, the barium fhsrick did 
not improve the wear resistance of the enamel. 
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Up to 10 weight percent additions of boron nitride, calcium fluoride, and cesium 
oxythimolybdate solid lubricants did not reduce the ~ ~ ~ i ~ ~ e n ~ o f ~ ~ ~ t i ~ n  andor reduce the 
wear properties of the enamel. 

The following combinations of solid lubricant the enamel were 
evaluated: 

1.2.5 weight percent barium fluoride plus 5 or 10 weight percent silver flake, and, 
2.5 weight percent barium fluoride plus 5 or 10 weight percent silver flake, 

These combinations of solid lubricants reduced the coefficient of 
enamel to 0.26. Again with this coefficient of fiction the enamel compositions had unac- 
ceptable wear rates. 

Examination of the wear surfaces of the enamel c o ~ ~ Q § i t i o n s  after pin-on-dkk 
friction and wear screening showed that the reason p00r wear characteristics of the 
enamel was the presence of bubbles in its micros which significantly reduced the 
compressive strength of the enamel. 

A program was initiated to determine if the number and size of the bubbles in the 
enamel could be reduced by changing the firing cycle of the enamel. Fast heating rates (less 
than one minute to attain temperature), slow heating r 2 C/minute), as well 
as long and short soak times at temperature were eval 

The fast heating rate resulted in the formation of very luge  bubbles in the enamel. 
Reducing the heating rate resulted in the formation of numerous s all bubbles evenl 
dispersed within the enamel’s microstructure. Time at t ~ ~ p e r a t u r e  or increasing the SO 

temperature had little affect on the bubbles which developed within t 
tructure. In summary, none of the firing cycle changes were able eo p 
enamel microstructure. 
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Cmdidate Piston Ring Coating Time Average Wear Coefficient (mm3/Pa-m) 
(Min.) Shoe Coating Cho~nia-Silica 

Chromia-Silica Composite 120 1.4x10-9 3.36~10-6 

FS 212 488 7.61~10-7 9.1 1x18-9 

Mid-Temperature Ti(C,N) 55 3.50~18-9 152x10-5 

High Carbon Iron-Molybdenum 370 2,30x10-8 2 4 3 ~  IO- 8 
975 7.56,10--8 1 . 4 6 ~  IO- 8 
960 4. 1 4~ 18-8 5.91x 10-8 
899 4.48~10-9 1.42x 10-7 

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3Rd-m) 
(Min.) Shoe Coating Chrome Nitride 

Chrornia-Silica Composite 8 2,17~1O-8 e," 36x 10-7 
5 2.17~10-7 6 . 9 5 ~  10-6 

Mid-Temperature ?'i(C,N) 6 1 . 7 2 ~  i 0-7 1.05x10-6 
5 2 . 9 5 ~  10-9 6.35~10-6 

30 4.83~ 10-9 7.72~10-6 

PS 212 120 7.86~18-9 1 . 0 4 ~  10-4 

High Carbon Iron- 1 20 1 23x1 0-9 3.13~10-7 
Moly bd- am 650 2,8 SX 10-8 1.92~10-8 

375 7.16~10-8 1.48~10-8 
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~Q~~~~ A-6 Friction and Wear Results 
Candidate Piston Ring Coatings Run Against a 
High Carbon ~~on"M~1yb~enurn Coated Disk 

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3/N-m) 
(Min.) Shoe Coating High Carbon Iron-Mo 

Mid- Tern pera ture Ti( C , N ) 34 9.55~10-8 1.68~10-8 
24 1 1.42~ 10-9 1.56~ 10-8 
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1 . 4  JOINING 

1.4.1 Ceramic-Metal Joints 

~ - -  Joining o f  Ceramics for  Heat Enqine Application$ 
MI. L, Santella (Oak Ridge Nation 1 Laboratory) 

The objective o f  t h i s  t a s k  i s  t o  develop strong re l iab le  jo in ts  
containing ceramic components far applications in advanced heat engines. 
Presently, this work i s  facused an the joining s f  5ilicon n i t r ide  by 
brazing, The technique ( i . e . ,  vapor coating ceramics t o  circumvent wetting 

s) t h a t  was developed f o r  brazing zirconia a t  low temperatures i s  
being applied t o  brazing s i l icon ni t r ide.  The emphasis o f  t h i s  ac t iv i ty  
during FY 1991 will be on: (1) high-temperature brazing o f  si l icon ni t r ide 
and ( 2 )  correl a t i n g  braze- joint. microstructures with strength d a t a  t o  
identify factors that. inf l  ueglee j o in t  strength.  

Technical D ~ Q C ~ ~ ~ S S  

S i &  jo in t  tests:  Flexure ba jo in ts  o f  Ti-vapor-coated 
$NU0 S i  N vacuum furnace brazed i-25Pd w t  X f i l l e r  metal 
tested a i  9 0 0  an reas a t  600°C many jo in t  t e s t  bars failed in 
the S i  N, away fr  a l l  o f  t he  bars tested above 600°C fa i led 
near the jo in t  r st o f  t he  bars  tested a t  800°C .broke under pre- 
1 oadi ng candi t i  a a1 examination o f  t h e  t e s t  ba r s  suggested that  
fa i lures  were n o t  occurring in the f i l l e r  metal layer. 
examination o f  the bars  i s  cantinuing. 

Table 1 contains the  resul ts  from flexure tes t ing the jo in ts  a t  708 
and 800°C- These data are also plotted 1n Fig. I with the d a t a  from previ- 
ously reported t e s t i  g a t  room temperature and 680°C. Figure 1 shows t h a t ,  
for t h i s  material co bination, high-joint strength was mintained up til 

A more detailed 

a m t i c  loss o f  j o in t  strength occurred f a r  speci 
ause o f  this behavior, only a few bars were tested a t  

Two separate points are plotted in Fig. 1 a t  700°C because i n i t i a l  
emmilnation o f  these data  suggested t h a t  the final thickness o f  t h e  braze 
layer influenced j o i n t  strength. Table 1 shows t h a t  the braze! layer thick- 
nesses of speci ga coupons (815 and $19) were i n  the  range o f  
10 eo 20 Jm, and i n  the range f 48 t o  50 ,m f o r  the remaining two (814 and 
816) .  
braze layer thickness. The bars were a l l  taken from the same orientation 
re la t ive  to  the Qrigitllkl brazed coupon, and the layer  thicknesses were 
measured on the faces loaded in tension d u r i n g  tes t ing.  
thickness o f  the braze f i l l e r  metal fo i l  i s  25 The source of the  
variation in brare layer thickness and the apparent dependence o f  jo in t  
s t rength  on the  braze f i l l e r  metal layer thickness are currently under 
investigation. 

Si,N, brazing: Several experi ere done t o  investigate the p o s s i -  
b i l i t y  s f  bonding Si,N, with a h i g  perature f i l l e r  metal than t h e  

brazing Ti-vaper-coa 

The d a t a  indicate t h a t  o i n t  strength may be improved by reducing 

The nominal 

Au-25Ni-25Pd W t  % (P  = 1100 t o  11 lloy currently being used f o r  
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Tab1 e 1. Results o f  testing T i  -vapor-coated Si,#, 
jaints a t  700 and 800°C 

Fracture Strength,  Test  Braze Bar Bar 
NPa I D  temp., th ick . ,  width, th ick . ,  Load, 

O C  rn mm mm ks 

824-1 
814-2 
814-3 

814-5 
814-6 
815-1 
815-2 
815-3 

815-5 
815-6 
816- 1 
816-2 
816-3 
816-4 
816-5 
816-6 
817-1 
817-2 
817-3 
817-4 
817-5 

814-4 

815-4 

817-6 

700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
800 
700 
800 
700 
700 
700 
800 
700 
800 
700 
700 

50.8 
44.5 
44.5 
44.5 
44.5 
47.6 

9.5 
9.5 

12.7 
9.5 

15.9 
25.4 
50.8 
41.3 
41.3 
41.3 
41.3 
44.5 
12.7 
9.5 
9.5 

12.7 
15.9 
12.7 

3.068 
3.094 
3.035 
3.142 
3.056 
3.112 
3.048 
3.056 
3.023 
3.119 
3.073 
3.101 
3.043 
3.066 
3.083 
3.023 
3.117 
3.043 
3.084 
3.061 
3.094 

3.053 
3.081 

3.084 

2.456 
2.479 

2.494 
2.487 
2.502 
2.512 
2.522 
2.527 
2 "  530 
2.527 
2.540 
2.537 
2.540 
2.540 
2.548 
2.548 
2.535 
2.499 
2.502 
2.517 
2.517 
2.527 
2.530 

2.484 

31.9 
30.2 
30.4 
32.7 
30.4 
33.1 
38.6 
43.1 
39.7 
43.1 
39.7 
37.2 
- - -  
2.3 

29.2 
1.4 

32.7 
35.5 
42.2 

2.3 
46.5 
10.4 
51.1 
48.1 

322.3 
296.4 
303.1 
312.1. 
300.5 
317.6 
374.5 
414.5 
384.1 
403.3 
377.7 
347.3 

21.4 
274.1 

13.0 
301.6 
339,3 
409.1 

22.1 
443.1 

99.3 
489.3 
455.9 
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....... ...... 

SN220 silicon nitride 
Lapped joint surfaces 

w t X  alloy 
........ .... 

1.-..-u.- 

0 200 400 600 808 
Temperature, @c 

Fig. 1. Variat ion a$ j a i  h w i t h  t e s t  t e  
P T i  -vapcar-ca 
d wt % f i l l er  

Published work ogn the strength o f  ceramics bonded ith metals indi- 
cates  t h a t  a thin-ductile metal  layer with a thermal ex ansion coefficient 
higher than t h a t  s f  a ceramic is advantageous for bonding because edge 
fracture i s  suppressed. Thin-ductile, low-strength metal layers are  also 
capable of sustaining tensi le  stresses i n  excess a f  their nominal yield 
strengths because o f  hydrostatic loading. 

evaluation as possible brazing filler metals for  Si N,. The alloys in- 
cluded pure platinum, Mi-28Cr- v t  %, and Pd-4QNi wt A.  Platinum was 

Based on this information, s e v e ~ a l  d u c t i l e  a l loys  were selected f o r  

2 
ed because o f  its good oxidation resistance and h i g h  ductility. 
or-coa ted  and uncoated SN226 Si,!$ s p e c j m n s  w i t h  1 x 1-ciii surfaces 
orsded with 25- -thick Pt foils a t  temperatures a f  1000, 1250, 1275, 

and 1300°C. (The me! ing temperature of P t  is 1769°C.) The bonding was 
done in vacuum9 and the specimens  ere h e l d  t o g e t h e r  by applying a load 
t h a t  resulted in a pressure o f  0-03 MPa during the bonding process. 

s achieved a t  all temperatures except far 1000°C. An optical 
of the bond made a t  1250°C i s  shown in F i g .  2. No r eac t ion  

ased after bonding, and the appearance o f  the joint suggested 
u i d  phase was present at 1250°C. These observations indicate 

Both 

een the P t  and the Si,N,, but the Filler metal layer 

that considerable decomposition o f  the Si,N, occurred. 

Figure 2 also shows t h a t  there were large voids  at t h e  bond layer/Pt 

Microchemical 
alysis in the scanning electron microscopy confirmed t h a t  t h e  alloy layer 
s a mixture of P t - S i  so l id  so lu t inn  and Pt-silicides a f t e r  bonding, 
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n 0 

e .  

Fig. 2. Cross-sectional view o f  bond layer formed be- 
tween SN220 S i g h  and P t  at 1250'C. 

interfaces and suggests that there was some intrusion o f  1 iquid phase into 
the S i  N4. The extent o f  reaction between the Si,N, and the Pt foils was 
slightly less when the Si,N, was coated with Ti and, in both cases, it 
increased with temperature. These observations indicate that Pt cannot be 
used for high-temperature bonding of Si,N, unless reaction between the two 
materials can be inhibited, perhaps through the use o f  other coatings. 

Another series of joints was made by brazing Ti-vapor-coated SN220 
Si,N, with a Ni-EOCr wt% alloy. The melting temperature o f  Ni-2OCr is in 
the range of 1400 to 1425"C, and brazing was done at 1450°C under vacuum 
and under slightly less than 1 atm o f  nitrogen. The exterior appearance of 
these joints was good. However, evidence of spraying of the liquid filler 
metal out of the bond layer was found on both, and both contained large 
areas of voids. Similar behavior was observed for the Pd-40Ni wt % alloy. 
The reaction of Ti-vapor-coated Si,N, with these filler metals is being 
further investigated. 
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Status of mi 1 estones 

Milestone 141109: 

Complete initial evaluation o f  the use of indentation fracture testing 
for studying residual stresses in ceramic joints. 

December 31, 1990 - Completed. A d r a w p o r t  is available. 

Publications 
None. 
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ide tQ xDeflmental Fv- of J o i w c o n  Nitrrde to M e & /  and Slllcon Garb .Analvtical and F 
Metal for Advmed Heat F w e  

. .  .. . .  . .  
. .  - S. Kang (GTE Laboratories Incorporated) 

The goal of Phase I is to demonstrate analytical tools for use in designing ceramic-to-metal 
joints, including the strain response of joints as a function of the mechanical and physical 
properties of the ceramic and metal, the materials used in producing the joint, the geometry of 
the joint, externally imposed stresses both of a mechanical and thermal nature, temperature, and 
the effects of joints exposed for long times at high temperatures in an oxidizing (heat engine) 
atmosphere. The maximum temperature of interest for application of silicon carbide to metal and 
silicon nitride to metal-containing joints is 950 "C. The initial joint-fabrication work shall include 
"expenmental" joints whose interfacial area is not less than 2 cm2. The work shall also include 
demonstration of the potential for scale-up of the joint size to interfacial areas of commercial 
significance, applicability of the analytical joint modeling tools, and the ability to use these tools to 
design and predict the mechanical and thermal behavior of larger joints. These joints, referred to 
as "scale-up" joints, shall have an interfacial area of at least 20 cm2. 

The goal of Phase I1 is to optimize materials systems and joint designs building on the 
results of Phase 1. The work shall also include demonstration of the potential for scale-up of the 
joint size to interfacial areas of commercial significance, apolicability of the analytical joint 
modeling tools and the ability to use these tools to design and predict the mechanical and 
thermal stability of the larger joints. These joints, referred to as "scale-up" joints, shall have the 
ceramic shaft at least 0.8 inches in diameter. The goal is to develop a system which can perform 
in an engine such as the ATTAP engine. The anticipated environment will be oxidizing and will 
have joint temperatures of 650°C or higher. Improved joint materials systems shall be developed 
to optimize the combination of competing properties which include ductility, yield strength, and 
creep resistance. The effect of each of these properties on joint performance shall be examined 
using the FEM model. Finally, a program of mechanical testing shall be camed out to confirm the 
effectiveness of the modeling program. This shall include torsion tests, thermal and mechanical 
fatigue, and creep testing. In addition, an analytical and experimental program in service life 
prediction will be undertaken. 

Technical Proa r a  

Materials System Design 

Brazina Allov Des ian 

Search for Ni-based new brazing alloys with adequate melting points (about 1200°C) was 
continued. DTA has been completed for the alloys with metalloids or I6 elements (~20% in wt.). 
In this reporting period, new braze alloys with higher percentages of Au, Cu, and Pd (10-20°/0) 
were characterized to find optimum compositions in terms of melting points and tensile 
properties. 

Differential thermal analysis (DTA) of the alloys showed that the additions of 10-20% IB 
elements or Ge to the Ni-Cr-Mo system resulted in melting points of 122O-131O0C and 970- 
1 26OoC, respectively, while the same additions of IB or Ge to the Ni-Cr-Fe system reduced the 
melting points to 1 28O-138O0C and 98O-132O0C, respectively. The effects of these alloying 
elements on the melting points of the Ni-Cr-Fe alloys were found to be about the same as on the 
Ni-Cr-Mo alloys. Ge reduced the melting points of the alloys significantly, even though the effect 
is not comparable with that of 6 or Si. The additions of Ge caused a broad melting range and 
multiple exothermic reactions near the melting points, implying the formation of various phases. 
This may limit the use of Ge as a component. 
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Table 1 summarized the tensile properties of the Ni-Cr-Mo alloys. Among those listed in 
the table, the Au-containing alloy exhibited the best properties. Combination of high ultimate 
tensile strength and extremely low yield strength of this alloy will provide the ability to 
accommodate the stress built between ceramic and metal during processing and service. Pd- 
containing alloys behave similarly to the Au-containing alloys. The Cu-containing alloys also 
resulted in reasonably good tensile properties, even if the properties degrade as the Cu content 
increases. The elastic moduli of the alloys are expected to be low as well. The Ni-Cr-Fe alloys in 
Table 2 showed a slightly lower strength level than that of Ni-Cr-Mo alloys. The addition of Au to 
the system again resulted in the best properties among the alloys. 

The study performed in this period indicated that lncoloy 909, a typical structural alloy for 
this application, would lose its desirable mechanical properties if heat treated above 1200°C. 
Also, our brazekoating compatibility study revealed that severe degassing started around 
1200°C from the Ti- or Zr-coated PY6 silicon nitride. The degassing can cause gas entrapment in 
the joining area, resulting in large unbonded area. Therefore, it is recornmended that all brazing 
process be carried out below or at 1200°C. 

Finite element analysis (FEA), Summarized in the following section of this report, showed 
that brittle braze alloys such as alloys of intermetallic compositions increase the maximum tensile 
stress in the vicinity of the joint 5-7 times compared to a ductile braze alloy like Au-Pd-Ni. Also, 
the FEA study with various braze alloys and interlayer materials indicated that alloys with a high 
thermal expansion coefficient and low yield strength would perform better in handling the 
residual stress at the ceramidmetal interface than those with a low thermal expansion coefficient, 
high yield strength, and high Young's modulus. These results emphasize the significance of 
high ductility of the brazing alloys and interlayer materials. 

Based on this information, new brazing alloys are being designed to have a liquidus 
temperature around 1150°C with a low yield strength. Also, it is important for the alloys to have as 
much Ni as possible to improve high temperature performance. Sixty additional brazing alloys 
categorized as Ni-Cr-Cu-Sn or In, Ni-Au-Cr-Mo, Au-Ni-Cr-Mo, and Au-Ni-Cu-Cr-Mo were 
prbduced, and some of them were characterized with differential thermal analysis (DTA), 
hardness test and tensile test. 

Differential Thermal Analysis (DTA) showed that the addition of 10%Sn or 5-10% In to Ni- 
Cr-Cu alloys has been effective in lowering the melting points below 1200°C. The additions of 
10%Sn or 5%ln resulted in melting points of 915-1180°C and 104O-121O0C, respectively, for Ni- 
Cr-Cu alloys. Large temperature gap between solidus and liquidus (ATeq >150°C) was a setback 
of these alloys. Further, Rockwell hardness tests showed the values of RB over 100, while 
useful ductility for Ni-Cr-Mo alloys was found around 90. Addition of less than 5% In or 7% Sn to 
the alloys resulted in the RB below 100, indicating that the addition of Sn or In embrittled the 
base alloy significantly. Tensile tests performed with Ni-Cr-Cu-Sn or In demonstrated that the 
addition of Sn or In to Ni-Cr-Mo alloys not only embrittled the alloys, but weakened the strength in 
general. 

Au-Ni-Cr-Mo and Au-Ni-Cu-Cr-Mo alloys were produced to meet the processing 
temperature and yield strength requirements with a moderate gain in high temperature creep 
strength. These alloys provided desirable melting temperatures ( 4  200°C) and ductility for 
ceramic-metal joints. They are expected to show improved high temperature performance 
compared to previous alloys like Au-Pd-Ni and Au-Ni due to the presence of 20-40°/o Ni-based 
super alloy in the system. Optimization of these alloys will be done by increasing Ni content and 
replacing Cr content with other solid solution strengtheners like Mo and Fe. Oxidation resistance 
which is obtained from Cr for Ni-based alloys will be maintained by the presence of Au in the 
system. 



Ni-Cr-Wlo-1 QCu 
Ni-Cr-Ms-1 SCu 

13.3 
18.1 
13.5 
18.6 
15.8 
15.4 

Y9 Elongation -..- 

105.6 (46)* 
43.0 
98.0 
313.0 (5) 

102 0 (47) 
lQ4.9 (55) 

I 

Ni-Gr-Fe-15Cu 
Ni-Gr-Fe-1 OGe 

1 Ni-Cr-Fe-1 OCLl 

Ni-Cr-Fe-1 OAU 

95.0 
76.5 
98 "6 
97.1 

11.5 
12.8 
15.7 

9a.o (46). 
92.0 (54) 
1% 0 (31) 
101.0 (63) 

._cI 

( )*  Measured eiangaticsns from teste 

Interactions between vari us combinations of coatings and brazing alloys were 
investigated in tbe Bsmperatuae ran of 1 ? 00-1 25O"C, 8. W ~ S  conci~siled froi11 this study that all 
joining process with Ni-based brazing alloys should be ~~~~~~~~ below 1206°C to suppress the 
nitrogen evolution from the coated silicon nitrldle supface. 

For the ~x~~~~~~~~~ the brazing alloys were placed on a coated substrate (PY6 silicon 
nitride) and healed in argon atmosphere. The wetting behavior and ~~~~~~~~~ phsnomena were 
monitored using a video system. irrraiawafy results ~~~~~~ that t 
120 ni all the Ti-, Mf-,or Zr-c 
test done with pure Au an 

6 .  Furthermore, the Au-Ni-Cs-Mo alloy did tiat cause dega 
the A!-mated siliwr~ nitride (SNWl 000) was used as a subs%&. TRi 
aIloy with these reactive coating rnateriak causes n tragen degassiw 
can be avoided or minimized by brazing bekw 1200°C. 'The result from this Warelcoating 
compatibility study emphasizes the need of brazing allays which meit below 12iQ8"C. 
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There has been a concern over the effed of the high-te aature brazing process 
(>1 000°C) on the mechanical prope of lncoloy 909 such as (1) extent of degradation in 
the mechanical properties of lncalo after heat treatment at a high temperature (>I OOOOC), 
and (2) the possibility of the strength recovery of this a! during the brazing process. In this 
study, the effects of h i ~ ~ - t e ~ ~ ~ ~ a t ~ r e  brazing on the me nical properlies of lncoloy 909 were 
evaluated after various heat treatrn nts, and a pst-heat trea?tment procedure was demonstrated 
to regain the strength of lncolsy 9 

Incoloy 909 has become a I allay for c ~ r ~ ~ i ~ - ~ ~ ~ a ~  joints 
because it has a low thermal expans h ~ ~ r e ~ g t h ~  This precipitation- 
hardened Fe-based alloy (Fe-38Ni used for gas-turbine casing, 
shrouds, vanes and shafts. Aceor ntington Alloys, ?he alloy is 
normally homogenized at 1200°C (2 0°C (l80OoF), and double 
aged at 750°C (1375T) for 4 hours and at 828°C (115BOF) for 4 hours to strengthen it. 
Therefore, the use of lncoloy 909 is limited by the solution heat treatment (SHT) temperature. 
This alloy is also known fo suffer oxygen e r n ~ ~ ~ ~ ~ ~ ~ ~ e n ~  at high temperatures due to the lack of Cr 
in the alloy composition. In aircraft brazing ap lications (1050°C brazing), the manufacturer 
recommends overaging treatment along with solution treatment at 1050°C. Table 3 lists the 
manufacturer's specifications on the room-temperature and 650°C tensile properties of lncoloy 
909, which was prepared by the regular heat treatment and overaging treatment. 

In Phase I of the ceramic-metal joining program, FV6 silicon nitride was joined to lncoloy 
909 via brazing at 11 80°C with an Au-Pd-Ni ai For Phase ! A ,  new brazing alloys which have 
high-temperature creep st being sought. As the application temperature 
of the joints increases, it is ZB alloy to have a high melting point. 

For the experiments, lncoloy 909 was solution heat treated in vacuum at 1200°C for 30 
minutes to exaggerate the brazing condition. The duration of brazing time at a brazing 
temperature does not normally exceed IO minutes. In addition, the solution !rea%& alloys were 
aging treated at the temperature range of 600-1000"C for 1-24 hours in air. Table 4 shows the 
results of hardness tests (Rg) after various aging heat treatments. The SWT at 1200°C for 30 
minutes resulted in a reduction of Rs from 102 to 89 by putting precipitates back into ssiution. 
Subsequent aging treatments (AT) resulted in gradual gains in hardness, depending on aging 
temperature and time. Of these aging temperatures, a quick response was noted from AT at 
690°C. 

Table 3. Tensile Properties of In 9: Manufacturer's Specifications 

SHP at 980°C (1 hr.), 
AT at 750°C (4 hrs.) 
and at 620°C (4 hrs.) 

SHT at 1050°C (1 hr.), 
AT at 770°C (8 hrs.) 
and at 620OC (4 hrs.) 

Elon ation -JB-i 
10 

10-1 5 
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Table 4. Rockwell B (Rg) Hardness of lncolay 9 

He at Treatment Condi ti am 

As-received 

SHT at 1200°C (1 0 min.) in vac. 

"C (30 min.) in vac. 

SHT at 1200°C (36 min.) in vac. 
AT at 6GO"C in air 

SHT at 1200°C (30 rnin.1 in vac. 
AT a! 800°C in air 

SHT at 1200°C (30 min.) in vac. 
AT at 1000°C in air 

0 

102 

92 

89 

_I 
1 - 

92 

$9 

87 

2 - 

95 

90 

87 

3 - 

98 

89 

87 

- 

4 - 

100 

91 

86 

_I__ 

8 
P 

106 

107 

- 

12 -- 

%(?I 

108 

_I_ 

24 
P 

104 

112 

__. 

Based on the hardness results, representative heat treatment con 
800°C) were selected for lncoloy 909, and the tensile properties were 
substandardized samples of 0.25" diameter. The results, an average of three tests for each 
condition, are listed in Table 5. Compared lia the 
properties of as-received lncoloy 909 were signific 
high. The solution heat treatment at 1200°C for 38 
(from 132 ksi to 98.25 ksi) without a loss of ~ u ~ j l i ~ ~ ~  
that prevented the alloy's embrittlement. Aging at 
strength. As expected, aging treatments (AT) in ai 
Aging treatment at 800°C seemed to have caused overaging of the alloy as well as noticeable 
embrittlement. The AT'S at 600°C and 800°C were done in air to simulate actual service 
conditions. 

Tabie 5. Tensile Properties of lncolsy 989 After Various Meat Treatments 

Heat Treatment Conditions 

As-Received 

SHT* 

SHY, AT 600°C (4 hrs.) in air 

SHT', AT 600°C (24 hrs.) in air 

S H T ,  AT 800°C (4 hrs.1 in air 

SHT', AT 800°C (24 hrs.) in air 

UTS (ksi) 

132 

99 

121 

139 

88 

105 

YS (ksi) 

81 

52 

89 

163 

til 

P 

Yo Elongation 

52 

58 

4 

33 

37 

1 1  

*SMT (Solution Heat Treatment) was done at 1200°C for 30 in., ~ u ~ ~ ~ ~ u ~ n ~ ~ y  followed by AT. 
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Attempts were made to s brazi ng at 1 180°C 
-step high temperature for 10 min~~les an the rnechanica 

brazing which coiild restore the 
1200°C for 10 or 30 minutes and s 
shown in Table 6. Evidently, h 
strength of the alloy by 15 % an 
a Boss of ductility. However, the 
increased the yield strength of the 
tests with the alloys showed that t, 
30 min. and AT at 600°C for 4 
resulting in softening of the alloys. 

Table 6. Tensile Properties of lncoloy 989 After Bne-Step Process 

Heat Treatment Conditions 

11 80°C for 10 min. 
(a typical brazing cycle) 

1200°C for 10 min., 
600°C for 4 hrs. in vac. 
(typical brazing & heat ~ r ~ a ~ m e n t ~  

1200°C for 30 min., 
600% for 4 hw. in vac. 
(extended brazing time -I- 
heat treatment) 

111 

135 

117 

YS (ksi) 

65 

101 

89 

Yo Elongation 

52 

44 

44 

Overall results Showed that high temperature brazing at 1200°C lowered the strength of 
the allay as the brazing time at the temperature increased. However, it was confirmed that the 
strength loss caused by high temperature processing such as brazing could be minimized or 
avoided when proper past-heat treatment was used. Therefore, the service life of the alloy for 
600-650°C application is more related bo the intrinsic h ~ ~ h - ~ e m ~ e ~ a t u r e  properties of the alloy 
than to the processing history. 

DesignlFailure Analysis 

Work continued ta develop a better method of predictin the strength of brazed joints. 
The previous method used as essentially a strength-of-mate als approach and ignored the 
probabilistic nature of cera c fracture, In the recently developed method, the probabilistic 
nature of ceramic fracture was included in the predicted joint strength. The present method 
involved several steps that are outlined below. First> t al stress in the joint was calculated 
with the ABAQUS finite ele code. Second, an torque was added to the residual 
stress field. The torque is a s a shear stress. torque was added to the residual 
stress field, the stress c8nc due to the change in cross-section at the joint was included, 
along with the torque transf en the ceramic and metal in the joint region. Figure 1 shows 
the torque distribution used in the predic2ion. Third, once the torque was added to the residual 
stress field, the combined stress field was used as input ‘to the CARES probabilistic failure 
computer code. CARES was used io give the probability of survival for the joint at the applied 
torque level. This same procedure was followed for several different torques, resulting in several 
different probability-of-survival values. Once the analysis was completed, a Weibull plot was 
made of the torques and probability-of-survival values (Figure 2). This results in a predicted 
Weibull plot of the braze joint, and is a better measure of the joint‘s strength. 
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Figure 1. Plot of the torque distribution in the ceramic portion of the brazed joint. The Torque 
values are normalized to 1 .O. 

Figure 2. Plot of the predicted and experimental values of the brazed joint strength 
measured in torsion. 
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The final joint geometry from phase 1 of the program was studi by probabilistic failure 
analysis. This joint consisted of a 12.5 mrn diameter ceramic, an interlayer with an inner diameter 
of 12.9 mrn and an outer diameter of 16.08 mm, and a structural alloy with an inner diameter of 
16.28 mm and an outer diameter of 19.46 mm. The effects of a nickel and a molybdenum 
interlayer on the probability of survival (P,) of the joint were studied. Updated materials 
properties were used in the finit lement model and in the CARES analysis: a normalized 
Weibull scale parameter of 471.3 a n1~~~5.6, a crack density coefficient of 32.2, and a Weibull 
modulus of 15.6. The shear sensitive Shetty criterisn wit C = 0.82 and a penny-shaped crack 
were used. The join ith a nickel interlayer was found to have a Ps of 0.999955, while the joint 
with the m ~ ~ y ~ e ~  had a Ps of 0.999293. It is to be noted that high values of Ps are 
theoretical upper limits of the idealized joints used in the above calculations. 

A n a l v s  of S hrink Fa 

To address the possibility of using a shrink fit joint as opposed to a brazed joint, the 
following study was carried out. A simple shrink fit joint between a 14 mm diameter PY6 Si3N4 
ceramic and lncoloy 909 with a 2 mm wall thickness was assembled at several temperatures 
commonly suggested for this method and cooled to room temperature. After reaching room 
temperature, the stresses in the ceramic were used to calculate the Ps. For the joint mentioned 
above assembled at 600°C, the Ps was 0.80, and for this joint assembled at 5OO0C, PS was 0.98. 

Joints assembled at these two temperatures were studied to determine the torque as a 
function of reheat temperature. The torque, I, was calculated according to T = pPrA, where )J- is 
the metal-ceramic fn'ction coefficient (p = 0.10), P is am calculated from finite element analysis, r is 
the radius of the ceramic ( r  = 7 mm), and A is the joint area. The calculated torques for the joints 
assembled at 500°C and 60Q°C, as a function of temperature, are shown in Figure 3. The 
maximum temperature that these joints can sup rl 20 N-m is 270°C for the joint assembled at 
500°C, and 360°C for the joint assembled at 600°C. It should be noted that the stress 
concentration associated with the change in cross-section from the metal to the ceramic was 
ignored and that by increasing the joint area the maximum torque would be increased. For the 
shrink fit joint geometry described above the maximum assemble temperature should be 500°C. 
This temperature corresponds to a probability of survival of 98% when cooled to 20°C. Higher 
assembly temperatures wauld result in significantly lower values of Ps. Therefore, the maximum 
use temperature of the shrhk fit joint described above would be 270°C. 
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-is of Multi-interlw 

The effect of nickel, molybdenum, tantalum and a composite nickel-molybdenum on the 
probability of survival, Ps, and the shsink-fit stress was studied with finite element analysis and the 
CARES computer code. Table 7 shows the calculated Ps for each interlayer material at 20'6. In 
these joints the structural alloy was lncoloy 909 and the braze alloy was Au-5Pd-2Ni. The nickel 
and tantalum interlayers resulted in similar Ps values, and the molybdenum and Ni-Mo double 
interlayers had lower PS values. 

Table 7. Comparison between different interlayer materials and the PS of the 
brazed joint at 20°C. 

Interlayer 
Material I 

Nickel 

Molybdenum 

Ni & Mo 

Tantalum 

P S  

0.9999549 

0.9972930 

0.9884370 

0.9999877 

Figure 4 shows the stresses in the ceramic at the interlayerkeramic interface. These 
stresses are analogous to the "shrink-fit" stresses. The stress plot for the nickel interlayer is 
symmetrical about the midpoint of the interlayer, while the other 3 stress plots are not 
symmetrical. The nonsymmetrical stress distributions are due to the nature of the deformations 
that occur in the joint. The low expansion interlayers, Mo, Ta and Ni-Mo, result in the bottom part 
of the interlayer being squeezed more that the top part of the joint. This is because these 
interlayers do not shrink much and are squeezed more by the structural alloy, and the structural 
alloy is more compliant at the top of the joint than at the bottom. Figure 5 shows the maximum 
principal stresses in the joint with lncoloy 909 structural alloy and the nickel-molybdenum 
composite interlayer after cooling from 1180°C to 20°C. This figure indicates that the 
molybdenum undergoes little deformation as compared to the nickel interlayer. From the above 
studies of interlayer materials, it was concluded that (1) the most important interlayer property is a 
low yield stress, and (2) the interlayer made of two different materials such as Ni and Mo is not 
clearly advantageous over a single interlayer. Therefore, there will be no further investigation 
with multi-interlayer for the joint component systems. 
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Figure 4. Plot of the shrink-fit for several different interlayet materials at 20%. 
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Fsgure 5. Max. pn'ncipal stress contour of PYGlku-Pd-NVNi-Mo interlayer/Au-Pd-Ni/incoloy 909 
system 

Note: The level of deformation occurred on NE (teft side) and Mo [right side) in 
interlayer. 
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Effect of Braze and Interlaver ProPerties on Re- 

There are two main components of the stress field in the joint, neglecting shear forces. 
Both of these components are due to the difference in the coefficients of thermal expansion of 
the joint materials. The first component is the compressive stress in the ceramic. This is mainly 
caused by the radial force applied by the structural alloy, which is transmitted through the braze 
and interlayer to the ceramic; this is analogous to the "shrink-fit". The second component is the 
tensile stress in the ceramic. This tensile stress is mainly caused by the metal components of the 
joint shrinking in a direction parallel to the long axis of the joint. The interlayer causes the largest 
part of this tensile stress because of its close proximity to the ceramic. The metal interlayer will 
shrink in the axial direction due to its much higher coefficient of thermal expansion as compared 
to Si3N4. Several finite element calculations have been carried out for the tapered cylindrical 
joint to determine the effect of the physical and mechanical properties of joint materials on the 
residual stress in the joint. The results of these finite element calculations can be used to identify 
important concepts in ceramic-to-metal joining. 

The mechanical properties of the joint materials play an important part in determining the 
stresses in the joint. The basic effects of the material's properties on the stress in the joint are 
summarized in Tables 8 and 9. The braze layer supports a large part of the deformation. The 
yield strength of the braze layer plays a key role in transferring the stresses from the metal 
components to the ceramic. However, doubling the thickness of the braze layer between the 
ceramic and interlayer (from 0.02 cm to 0.04 cm) had a negligible effect on the magnitude of the 
stresses in the ceramic: the compressive stress decreased by 5%, while the tensile stress 
increased by 5%. Doubling the thickness of the braze layer between the interlayer and the metal 
alloy (from 0.0033 cm to 0.0066 cm) had a slightly larger effect on the stresses in the ceramic: 
the tensile stress increased by 5%, while the compressive stress was unchanged. The thickness 
of braze, 0.02 cm and 0.0033 cm, was the calculated sizes of the gaps among the joint 
components at 1180°C for the joint geometry and the dimensions used for Phase I .  The Young's 
modulus of the braze alloy had a small effect on the stresses in the ceramic, similar to that of the 
interlayer Young's modulus. The thermal expansion coefficient of the braze alloy had a moderate 
effect on the stresses in the Si3N4 ceramic. The reason for the stress increase in the ceramic 
with a decrease in CTE is described below in conjunction with the interlayer properties. 

The elastic and thermal properties of the interlayer contribute to the magnitude of the 
stresses in the ceramic. This was shown by the fact that at 20°C the maximum compressive stress 
in the ceramic was 100 MPa for the SigN4/nickel/lncoloy 909 joint and 700 MPa for the 
Si3N~/molybdenum/lncoloy 909 joint. The high compressive stress with the molybdenum 
interlayer was attributed to high yield properties and a low coefficient thermal expansion (CTE). In 
a joint with a high CTE interlayer such as nickel, the interlayer and structural alloy contract during 
cooling from the brazing cycle, and there will be little interference between them. The main 
source of stress in the ceramic will stem from the interlayer, which in the case of nickel can deform 
easily. However, in a joint with a low CTE interlayer, the interlayer does not contract as much as 
the structural alloy on cooling from the brazing cycle. The contraction of the structural alloy is 
opposed by the interlayer, and this interference stress will be transferred to the ceramic. The 
structural alloy is more compliant at the top of the joint than at the bottom; this results in a hinging 
motion of the structural alloy. Therefore, the top of the interlayer is pulled away from the ceramic, 
and the radial stress (shrink-fit stress) at the top of the interlayer becomes tensile in sign. The 
tensile radial force induces a tensile force in the ceramic through the Poisson effect. This 
induced tensile force is added to the tensile force in the ceramic due to the axial shrinkage of the 
interlayer and structural alloy. These 2 tensile forces are additive and result in the large increase 
in tensile force in the ceramic listed in Table 8. It should be noted that this behavior is expected 
to be valid only for taper cylindrical joints. 
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Low Thermal Expansion Coefficient (Ni3AI) 

Table 8. The effects of braze alloy properties on the maximum tensile stress and on the 
maximum compressive stress in the ceramic for PYG/braze/Ni/Braze/lncoloy 909 system. The 
properties of the Au-5Pd-2Ni braze alloy were used as the reference level for comparison with 
the associated properties of a nickel aluminide. Stresses at the centroid of the elements were 
used for comparison. The percentages are the magnitude of the change in the stresses as 
compared to their reference level. 

small increase 
(20%) 

Property 
of Braze Alloy 

ref e re nce I 

Maximum 
Tensile Stress 

in Ceramic 

reference 

Maximum 
Compressive Stress 

in Ceramic 

Low Young's Modulus (Au-Pd-Ni) 

High Young's Modulus (Ni3AI) 

reference 

small increase 
(1 5%) 

reference 

small increase 
(20%) 

moderate increase 
(40%) 

High Thermal Expansion Coefficient (Au-Pd-Ni I reference I reference 

Low Flow Strength (Au-Pd-Ni) 

High Flow Strength (Ni3AI) large increase 
(1 25%) 

very large increase 
(440%) 
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Table 9. The effects of interlayer properties of the maximum tensile stress and on the 
maximum compressive stress in the ceramic for PYWAu-Pd-Ni/interlayer/Au-Pd-Ni/lncoloy 909 
system. The properties of the nickel interlayer were used as the reference level for comparison 
with the associated properties of molybdenum. Stresses at the centroid of the elements were 
used for comparison. The percentages are the magnitude of the change in the stresses as 
compared to their reference level. 

I I 
Property 

of Interlayer 
Maximum 

Tensile Stress 
in Ceramic 

Maximum 
Compressive Stress 

in Ceramic 

Low Young's Modulus (Ni) 

High Young's Modulus (Mo) 

reference 

small increase 
(1 0%) 

reference 

no change 

Low Thermal Expansion Coefficient. (Mo) 

High Thermal Expansion Coefficient (Ni) 

Low Flow Strength (Ni) 

High Flow Strength (Mo) 

moderate increase 
(25%) 

reference 

reference 

large increase 
. (65%) 

very large increase 
(230%) 

reference 

reference 

very large increase 
(285%) 
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FEA predictions for joints with ~ o l ~ ~ e n u ~  interlayers and lncoloy 909 and 
ectively, indicates that a high expansion, high flow stress structural alloy 

(Inconel 718) increased stresses in the ceramic. However, it is interesting to note that the 
compressive stress increased by 25% (from -700 MPa ta -860 MPa), while the tensile stress only 
increased by 5% (from 220 MPa io 230 MPa). The properties of the structural alloy contribute 
mostly to the radial stress (shrink-fit) and only slightly to the axial forces. 

This study showed that interlayers were effective in reducing the residual stresses in the 
ceramic. For joints between Si3N4 and typical metal superalloys, the ideal braze mechanical 
properties are low Young's modulus, high thermal expansion and a low flow stress; the ideal 
interlayer properties are high thermal expansion and low flow stress; and the ideal structural alloy 
has a Bow coefficient of thermal expansion. 

On schedule. 

S. Kang and J. Selverian submitte a paper entitled "Effect of Active Metal Coating on the 
Mechanical Properties of Silicon Nitride-based Ceramics" to J. of Amef. Ceram. Suc., 1211 1/90. 

S. Kang, d. H. Selverian, D. B'Neil, H. J. Kim and K. Kim submitted a paper entitled 
"Analytical and Experimental Evaluation of Joining Silicon Nitride-to-Metal and Silicon Carbide-to- 
Metal for Advanced Heat Engine Applications" to the 28th Automotive Technology 
Development Contractor's Coordination Meeting, 1/11/91. 
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2.8 MATERIALS DESIGN METH 

d as project e le  
ins three subele 

i ng  s f  ceramic micro- 
interfaces between ceramics 

and advanced s t a t i s t i c a l  and design ap- 
a1 ~ ~ ~ a ~ i o r  and for  employing ceramics i n  

earch in Materi ail s Design ~ ~ ~ ~ 0 ~ ~ 1  agy el e -  
a1 techniques for predicting structural 
echanical properties and microstructure, 

peratures, and i proved methods for 
cs o f  structural  ceramics, Suc 

meeting these objec t ives  will  prowide U . S a  companies w i t h  metho 
i zi ng mechanical properties through microstructural cont ro  
c t i  ng and control 1 i ng i nterf a c i  a1 banding and m i  n i  j z i n g  interfacial  
ion, and for  developing a pvoperly descriptive s t a  i s t ica l  d a t a  base 

for  t he i r  s t ruc t  pal ceramics . 
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2.1 MODELlNG 

2.1.1 Modeling 

- J A M .  Boulet (University of Tennessee, Knoxville) 

The goal of the study is to develop mathematical procedures by which existing 
design methodology for brittle fracture could accurately account far the influence of 
protrusion interference on fracture of cracks with realistic geometry under arbitrary 
stress states. To predict likelihood of fracture in the presence of protrusion interfer- 
ence, a simulation will be developed. The simulation will be based on a three-dimen- 
sional model of cracks with realistic geometry under arbitrary stresses. 

The iteration software referred to in the previous report has been developed and 
is being verified by comparison with results from a two-dimensional code developed in 
previous work. The configuration being studied is a rectangular crack with a small jog at 
the center, loaded in shear. An edge view of the crack is shown in Figure 1. The iterator 

Fig.1 Edge View of Jogged Crack. The crack is much wider (perpendicular to 
page) than it is long. In plan view, its boundary is rectangular. The shear stress is ap- 
plied at infinity. 
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detects crack-face interference as predicted by the ~ ~ r e e - ~ ~ ~ e n s ~ o n a ~  (3-0) boundary 
element method (BEM) computer @ode referred to in previous rep 
nodal tractions to bring the interference to 

etry is verified, more Gamplicat 
These wiDl include cracks with jagged cross sections and, eventually, cracks with bumps 
that do not extend over the full width of the rectangle. Whether or not circular or other 
nonrectangular cracks will be studied depends on the geometry of the fracture specimen 
on which we finally focus our ~ ~ e n t ~ o n ~  

rictly for a crack in an ~ f l f i f l ~~e  domain. The 
~ t a t j o n ~ ~  model to acco~moda~e  the finite 

an to do this by using the ex- 
racked, finite do- 
lo a scheme far 

to model a cracked, finite domain. A suitable finite-domain 

in using .the two codes referred to above to analyze the 
domain, is that the governing b ndary integral equation 

(BiE) for each code is different. BINTEQ, the code that ana es an i ~ n ~ r a c ~ ~ d ,  finite 
domain, is based on the "fundamental" BlE l ,  while the 60 e that analyzes a cracked, in- 
finite domain is based on a "traction" B l f  '* 2. Presently, the BlNTEQ is ~ r ~ ~ r a ~ ~ ~ ~  to 

ternal boundary, while the latter c e is ~ ~ o g r a f f l ~ ~ d  to account for 
ary. To analyze a cracked, finite domain, we must add sections to 
, in essence, "inform" each a b u t  the other kind of boundary. When 
terator mentioned a 

mains. The relevant m a t h e ~ ~ t i ~ ~  is under develo~ment a 

uired and is being ~ ~ p l e ~ e n ~ ~ d  on our computers. 

1 . T. A. Cruse, ~~u~~~~ Element A ~ a ~ s j ~  in ~ Q ~ ~ u t ~ t ~ Q ~ ~ a ~  Fracture Mechanics, 
Kluwer Academic Pubiishers, The Netherlands, 1988. 

2. T. A. Cr 
cracks," pp. ed. 
Mechanics, June 26-28, Atlanta, Georgia, 1990. 

Novati, "Traction-B1E Solutions for non-planar and surface 
s of presented at 22nd National Symposium on Fracture 

Work is on schedule. 
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2.2 CONTACT INTERFACES 

2.2.1 Static Interfaces 

The objective of this research is the examination of the effects of ion 
bombardment an the structure of thin ceramic films on ceramic substrates. The 
material combinations will include oxide films that have (a) no solid s 
limited solid solubility, and (c) complete soli solubility with the substrate material 
(also an oxide). Techniques for determinati n of elastic and plastic properties of 
thin films or coatings on ceramic substrates and for the determination of the 
strength of the band between the film and substrate, which are current! 
developed, will be used to determi hardness, elastic modulus, an 
adherence of each material combi I The main testing techniques will be the 
ultra-low load microindentation tester (Nanoindenter), and thermal cycling tests. 

Technical highlights 

Two A1283 single crystals (c-axis oriented, previously anneal 
air) were implanted at room temperature with Cr at an energy of 
fluence of 1 x i  01 7 ions/cm2. ~n order to allow ~ x y ~ ~ ~  in-diffusia 
were then annealed in air at 1500°C for 1.5 hr and 2 hr, respectively. Rutherford 
Backscattering Spectrometry (RBS) was performed on the samples before 
implantation, and before and after annealing to determine the ran 
implanted ions, the damage evolution in the A1203 and the percent of Cr 
substitutional in the AI203 after annealing. According to the RBS results, the 
fraction of Cr in substitutional sites after annealing was about 0.96 for both 
annealing times. Spreading of the implanted iayer by a few nanometers was also 
observed (data not presented here). Similar samples will be examined by 
transmission electron microscopy after annealing to determine the nature of the 
substitutional layer (eg. continuous Cr283 vs. coherent Cr203 precipitates). 

These samples were then implanted with Au (3 MeV, 5 ~ 1 0 ~ 4  ions/cm* on one 
portion of the sample; 5x1915 ions/cm2 on another); one sample was implanted 
at room temperature, the other at 450°C. RBS was performed on these samples 
after implantation to determine the damage evolution in the sample. RBS spectra 
for the sample implanted at 45Q°C are shown in fig. 1. No significant diffusion of 
the Cr resulted from either Au fluence at this temperature. The results for the room 
temperature implantations are similar in this respect. The RBS results shown in 
figs. 2 and 3 were obtained with the samples' c-axes aligned with the beam. The 
spectra show the aluminum peak from the sample after the Cr implantation and 
subsequent anneal, and after the Au implantations to each fluence. The spectra 
for the room temperature implantation are shown in fig. 2, and for the 45 
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implantation in fig.3. From this information, the fraction of disorder (minimum 
yield), Xmin, can be calculated for each set of fiuenc 
Note that Xmin =r 1 implies an 
perfect crystal. These data in 

"C implantation than for the room te 
somewhat unexpected; generally more 
lower temperature. Transmission electron mrc 
determine the nature of the damage. 

Also during this report period, two other c-axis riented A1203 sin 
(same prior anneal) were implanted with Cr at an e ergy of 300 keV t 
of 1 ~ 1 0 1 7  ions/cm2. In a similar manner to the first two samples, these samples 
were then annealed in air at 7300°C f r 1 hour. Rutherford Backscafle 
Spectrometry (RBS) results indicate that 9 e Cr was in substifut 
sublattice following this treatment. The im 
325 nm with a spread of about 120 nm. These re 
the curves are labelled "implanted Cr only.'# 

a depth of about 
wn in figs.4 and 5; 

These samples were then implante with Si at an energy ~f 1.25 MeV to a 
fluence of 3 ~ 1 0 ~ 6  ions/cm? One 
the other at 600°C. RBS measure 
and 6. No significant diffusion of the Cr occurred at either t ~ ~ ~ @ ~ ~ ~ ~ r ~ ~  
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Figure I .  RBS spectra for AU implantation (3 MeV, 5x1 014 ions/cm* or 5x1 015 
OC) into an A1203 specimen previously implanted with Cr (300 KeV, 

1 ~ 1 0 1 7  ionskm2, room temperature) and then annealed for 2 hr in air at 1500°C. 
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2.2.2 Dynamic Interfaces 

Studies o f  Dynamic Contact o f  Ceramics and A ~ ~ Q Y S  for 
A $ ~ ~ ~ c e ~  Heat Engines 

P.A.  Gaydos and K.F. Dufrane (Battelle) 

Ob.jective/Scow 

The objective of the program is to develop an understanding of the 
friction and wear processes of ceramic interfaces based on experimental 
data, The supporting experiments are to be conducted at temperatures 
to 650 C under reciprocating sliding conditions reproducing the loads, 
speeds, and environment of the ringjcylinder interface o f  advanced 
engines. The test specimens are to be carefully characterized before 

The results 
ntended t o  provide the basis for identifying solutions to the 
logy problems limiting the development o f  these engines. 

nd after testing to provide detailed input to the model. 

Technical Hiqhl i q h t s  

Apparatus 

The apparatus developed for this program uses specimens of a flat- 
on-flat geometry, which facilitates specimen procureme t, finishing, 

ditions o f  the  piston/ring interface of advanced engines. The 
testing. The apparatus reproduces the important operating 

en configuration and loading i s  shown in Figure 1. A crown with 
a 32 mm radius i s  ground on the ring specimen to ensure uniform 
contact. 
provide sel f-al ignment. 

The ring speci en holders are pivoted a t  their centers to 
A chamber surrounding the specimens is used to 

trol the atmosphere and cont ins heating elements to control the 
perature. The exhaust from watt diesel engine i s  heated to 

hrough the chamber to provide an 
atmosphere s i  i l a r  t o  that of actual diesel en irae service. A summary 
of the testing conditions is presented in Table 1. 

specimen temperature and pa 

Materi a1 s 

Ring and Cylinder Materials 

The compositions of the various materials used in the study are 
A variety o f  monolithic and coating materials presented in Table 2 .  

were selected to represent various chemical compositions and materials 
ith previously demonstrated successful sliding performance. 



262 

specimens 

Load 

7 \ /  
vFla+ "cylinder" 

specimens 

FIGURE 1. TEST SPECIMEN CONFIGURATION AND LOADING 

TABLE 1. SUMMARY OF TESTING CONDITIONS 

Sliding Contact: 
"Cy1 i nder" Specimens : 
"Ring" Specimens: 

Dual fl at-on-fl at 
12.7 x 32 x 127 mm 
3.2 x 19 x 19 
32 mm "Ri ngll crown radi us : 

Mot i on : Reciprocating, 108 mm stroke 
Reciprocating Speed: 

Average Specimen Speed: 
Load: to 950 N 
Ri ng Loading : 
Atmosphere: Diesel exhaust or other gases 

500 to 1500 rpm 
1.8 x 5.4 m/s 

to 50 N/mm 

- . - .  . .  _ .  . . . .  
Measurements: Dynamic triction (during test) 

Specimen wear (after test) 
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TABLE 2 .  MATERIALS EVALUATED 

M o n o l i t h i c  Ceramics Coat i  nas 

Y PSZ 
MPSZ 
ATTZ 
aSiC 
Si C/A1 203 
S i  a1 on 
K162B ( T i c  
Si 3N4 

' Ni/Mo) 

T r i b a l o y  400 
METCO 130 (13 ?io,, 87 A1,0,) 
METCO 501 (30 Mo, 12 C r ,  ba l  N i )  
P lasmal loy 312M (MoSi,) 
Cr,O, (5  C r ,  b a l  Cr,Q,) 
Jet-Kote WC (12 Co, bal  WC) 
Cr ( E l  e c t r o p l  a ted)  
PS212 (Cr,C, t BaF,/CaF, + Ag) 
VR73 (W@/TaC/TiC/Co) 
VA 20 (WG/TaC/TiC/Ni) 
CA 815 (Cr,C,/Ni) 
Mo 
Duplex (WC and Mo) 
Ion Implanted (N i n  Cr,O,) 
Cr203 t SiO, 
High Carbon Fe + Mo 
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Wear Experiments 

Caterpillar Wear Specimens 

Caterpillar, Inc.  supplied wear specimens prepared under 
Subcontract No. 86X-SA582C to be tested under condi tions simulating the 
ring and cylinder liner interface in advanced engines. 
specimens were sprayed with a chromia-silica coating and the cylinder 
liner specimens were coated with a high car on ion-molybdenu 
tests thus far have produced ring wear rate 
among the lowest of all material combinations run in the previous t 
phases of this research. The average friction coefficients, howeve 
are about twice as high as those of other material pairs run with the 
same lubricants at the same temperature. 

temperature increased from 2 6 0  to 315 C, and it i s  no cornparabl e t o  
the friction o f  other materials run in OS-800 1H Lubricant at the sa 
temperature. While the wear rate o f  the chro ia-silica ring materia 
at higher temperatures increased between 50 and 100 percent over the 
wear rate recorded at 2 6 0  C y  no other material run above 300 C has 
shown lower wear rates. 

Table 3 below shows the results from all of the tests run 
Caterpillar specimens. 

The ring 

The range of friction coefficients decreased slightly as the 

TABLE 3 .  WEAR RATES OF CHROMIA S I L I C A  R I N G  SPECIME 
CARBON I RON-MOLY BDENU CYLINDER SPECIMENS 
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TABLE 4 .  WEAR OF OTHER MATERIAL PAIRS 

Table 4 shows baseline data with conventional materials as well as wear 
rates of some previously evaluated advanced materials. 

M.S.U. Ion Implantation 

Michigpn State University has demonstrated the feasibility o f  
implanting Be and ‘*Na ions in ceramic materials for the purpose o f  
wear studies. 
wear surface o f  the ion-implanted material can be correlated to the 
depth of wear. 
low as 50 nm. 

would influence the wear rate of the material. 
number o f  control Si,N, ring sp,$cimens as well as some that were 
implanted with six doses o f  10 
radioactive ion is similar in size to Na and should produce similar 
radiation damage. 
than required f o r  using ion-implantation as a wear diagnostic tool so 
that any damage would be intensified. Each of the six doses was 
implanted to different depths, which ranged from less than 5 jim to 
about 10 pm. 
would be located in the region between these depths. 

Two tests were run with control specimens and two with implanted 
ones for a total of four tests. Each test, furthermore, consisted of 
three portions, a one-hour break-in followed by two two-hour runs. 
tests were halted after each portion f o r  wear measurements and to 
ensure that the wear was confined to the first 10 pn. 
specimens were run simultaneously during each test in the rig’s 
T-shaped slider arm for a total o f  24 wear measurements. 

All 24 o f  the wear rates 
meaaured are wiihin3an order o f  magnitude o f  each other (between 5 X 
10- and 4 X 10- mm /N-m). T h i s  amount of data scatter is typical in 
wear tests, and the results indicate that there is no significant 

The intensity o f  low-level y radiation emitted from the 

This method is said to be capable of resolving wear as 

Wear tests were conducted to determine if the implantation itself 
M.S.U. supplied a 

partisles of “Ne. This non- 

The dosage was 2 to 3 orders o f  magnitude higher 

Any damage, characterized by an increase in wear rate, 

The 

Finally, two 

The results are presented in Table 5. 
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d i f f e r e n c e  i n  the  wear performance o f  t h e  c o n t r o l  and implanted 
specimens. 
runn ing  simultaneously are averaged, t h e  t e s t  r e s u l t s  f a l l  w i t h i n  a 
h a l f  an order  o f  magnitude. 
each o f  t he  f o u r  t e s t s  shows t h e  d i f f e rences  becoming smal ler .  
F i n a l l y ,  t h e  average o f  a l l  12 o f  t he  c o n t r o l  t e s t s  and a l l  12 o f  t he  
implanted t e s t s  are v i r t u a l l y  the  same. 

As the  t e s t ’ r e s u l t s  f o r  t he  l e f t  and r i g h t  hand specimens 

Cont inuing t o  average a l l  t h e  da ta  from 

TABLE 5. WEAR RATES OF SILICON NITRIDE RING SPEfIMENS AGAINST PLASMA 
SPRAYED CHROMIA CYLINDER SPECIMENS (mm /N-m) 

(SDL-1 l u b r i c a n t ,  room temperature, 
12.3 N/mm r i n g  load, 500 cpm) 

‘*Ne Test Run Wear o f  Wear o f  Average Average 
Ions? Number Durat ion Specimen Specimen Wear o f  Wear o f  

& Min. i n  L e f t  i n  R igh t  Both t e s t  Both 
Por t i on  P o s i t i o n  P o s i t i o n  Specimens Specimens 

and a l l  
Test 

Po r t  i ons 
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The evaluation performed during this reporting perio 
implanting "Ne ions in silicon nitride doer not affect the wear 
erformance o f  the material. Since these ions are similar in s i z e  to 

p2Na ions, it is expected that their effects on silicon nitride would 
be equally benign. 

Status of Milestones 

The study is progressing in accordance with the overall 
schedul e. 

Pub1 ications 

Gaydos, P . A .  , "Sel f-Lubricating Materials for High Temperature 
Ri ng/Cyl i nder Appl i cat i on", SAE Paper 910455, 1991. 
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2.3 NEW CONCEPTS 

Objec tive/Scope 

The design md application of reliable 10ad-bearhg structural components from 
ceramic materials requires a detakd understanding of the statistical nature of frac- 
ture in brittle materials. 'fie overall objective of this program is to advance the 
current mdmstandhg of fracture statistics, especially in the f ~ ~ l ~ ~ ~ ~ ~  four areas: 

Optimum testing plans and data analysis techniques. 

flaw distributions. 

tribution function. 

8 Consequences of the-dependent crack growth on the evolution of initial 

B Confidence and tolerance Igouzids on predictions that use the Weibuls dis- 

o Strength distributions in multiaxial stress fields. 

The studies are being carried out largely by analytical and computer simulation 
techniques. Actual fracture data are then used as appropriate to confirm md demon- 
strate the resulting data analysis techniques. 

Technical Highlights 

Phase I1 of this contract is scheduled to be completed on April 30, 1991. In 
preparation for that date, work during, this reporting period concentrated on docu- 
mentation of many Phase HB results and concIusions, plus completion of various efforts 
described in previous bimonthly and semiannual reports that had "loose ends" still 
needing attention. These wrap-up efforts fall in the followhg areas: confidence and 
tolermce bounds, bias comectioq statistical efficiency of estimators, and multiaxial 
approaches to probabilistic failure prediction. ?"he following ~ W Q  sections describe 
work on ranking methods for linear regression and statistical efficiency. 

I. Comparison of Ranking _.- Methods in Linear _I..-rm Regression 

Comparisons were made of biased and unbiased estimates of Weibull parameters 
from six variations of linear regression es tirnator. These variations included three 
different ranking methods used to assign probabilities of failure and two different 
directions of regression. Suyrisingly, it was found that unbiased estimates of Weibull 
parameters and unbiased codidence bounds on those pararneters were independent 
of the raking method used. 
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Bootstrap analyses of confidence md tolerance bounds for Class IV pr 
(where the fracture data i~nleiude strengths from multiple specimen sizes and loading 
geometries, while the component of interest may be of yet a different size and loading 
configuration) have been described in earlier semi-annual reports. Bootstrap ma- 
lyses utilize estimators such as mmifa~urn likeliho d and hiear regression to digest a 
set of fracture strengths aid estimate quantities such as trhc Weibull pxameters 

or the probability of failkire of a compormt at any quamile ~f interest (at any 
bility of failure of interest). As with most estimators, these Weihll estimators 
he property of yielding offset or "biased"' estimates, Strength estimates are par- 

ticularly prone to large bias errors, especially if the strength is being esthated for a 
specimen or component aviih a amia~lh. larger (or smaller) effective size than the test 
specimens. 'Tiis large bias after size exxtr&olati~n can. generally be traced to bias in 
the estimate of m. Of course, a small error i n  rn will lead to progressively lager 
errors in predicted strength as one extrapolates farther and futlmer from the effective 
size of the test specimen data, 

Athoargh not normally utihed, oststrap simulatiorm; for estimation of confidence 
and tolerance boun s contain idormation about the magnitude o€ b 
the estimator. This idommatstion is now being used within the bootst 
puter program to yield estimates ution parameters, strengt 
and tolerance bounds that have b etcd for bias. 

The fracture data used herein is the same set of 137 bend strengths of sintered 
beta Sic used in prior reports for various pu uses, n e  specimens were fabricated in 
the three Mil Std 1942MW specimen siz : A, $3, md @. Specinnem of each size were 
tested in both 3 - p ~ h t  and 4-pint  be fig, thus resulting in a total of six difiFerexmt 
specimen sizes and geoinmetries. Each of the s r o u p  consisted of approximately 18 
syecirnerx except for the 4-point B group wh onsisted of 48 s imeia. Fractsg- 
raphy indicated that fracture was initiated predominately fr surface-relatted 
defects, therefore all size scaling is carried out using surrrace arease 

ions of linear regression estimator were compared with each other The 
estimators were similar but differed from each other in two respects-- 
e and directiom of regress i~~~.  rl%ree different ranking schemes were 

used. 

P = (i - 0.3)/(N 4- 0.4) 

where I' is the cumulative probability of Tajlure assigned to the i-th specimen of a 
group of N specimem that are ordered in strength from weakest to strongest, All 
thee ranking schemes have been proposed and used it1 the statistical and materids 
literature. The third ranking method is typically used in the linear regression 
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estimators within om contract effort (including the WeibEst program, version 2.0). 

The other variation of regression estimator that was studied was the direction of 
regression. Conventional regression estimators regress the probability on the 
strength. That is, the SUXIP of squared-errors between the "observed" and the 
estimated probabilities of failure is minimized. On conventional Weibull probability 
paper, this corresponds to minimizing the vertical sum of squared-distances between 
the data points and the best-fit straight line. This again is referred to as regression of 
the probability on the strength. The other direction is to regress the strength on the 
probability of failure where the sum of squared-errors between the observed and 
estimated strengths is minimized. (Both directions of regression are available in 
WeibEst). 

Comparisons of these six variations of linear regression were made both for a s h -  
ple Class I problem that involved 48 bend specimens of a single size and loading 
geometry (4-point B configuration) and for a more complex Class IV problem that 
involved 137 specimens of six di€€erent combinations of size and geometry (3-poht 
and 4-point bending of A, B, and C geometries). The results are summarized in Fig- 
ures 1-8. Figures 1-4 describe the dependence of Weibull modulus on the estimator; 
while Figures 5-8 do the same for the second Weibull parameter, sigma zero. Figures 
1,2,5, and 6 are for the Class I problem; while Figures 3,4,7, and 8 are for the Class 
IV problem. Figures 1,3, 5, and '7 regress probability on strength; while Figures 2, 4, 
6, and 8 regress strength on probability. 

All eight figures use a similar format. In each figure, the Weibull moddm and 95 
percent confidence bounds on the modulus are plotted for the three rariking schemes 
being considered. For each ranking scheme, both the biased (uncorrected for bias) 
and unbiased estimates of the Weibull modulus and the bounds are included. 

Comparison of biased estimates in Figure 1 (circles and associated error bars) 
shows that different ranking schemes result in different estimates of m as well as 
different bounds. Even with 48 strengths in the data set, the use of the "wrong" rank- 
ing method incurs a bias error of approximately 1 part in 15. The bias corrected m's 
and associated bounds (squares and associated error bars), however, are virtually 
identical for the three ranking schemes. Therefore, if bias correction is carried out, 
there is no "best" ranking method for this Class I problem. The least bias of 
uncorrected estimates in this Class I problem is incurred when the third ranking 
scheme is used. This observation is consistent with earlier observations on Class I 
estimators. As shown below, however, this raking method does not 
smallest bias. 

Figure 2 still considers the Class I problem but compares the three ranking 
schemes for regression of strength on probability. Conclusions are similar to those 
above. Biased estimates are dependent on ranking scheme. Unbiased estimates of m 
and bounds on m are independent of ranking scheme. The unbiased m and bounds 
are slightly different than those on Figure 1, but regression in the opposite direction 
results in a different estimator with different properties. It should not be surprising 



271 

that two different estimators result in different estimates of parameters when malyz- 
ing the same data set. Finally, the least bias in m was created by the second r 
method in tlis case. 

Figure 3 uses the estimators of Figure 1 but analyzes s IV pr with 
cale as 1 to 

illustrate that the bounds o biased and unbiased estimates of m are smaller for 
this larger data set. This is ted since the larger data set contains more informa- 
tion about the true value of m. Characteristics of the bias are quite different relative 
to Figure 1. The bias is larger, especially when compared in proportion to the size of 
the bounds. The bias in m is as large as 1 part in 10. Bias in confidence bounds 
seems even more severe as illustrated by the extreme asymmetry of the error bars, 
especially for the first ranking method. The bias corrected estimates, however, are in 
very good agreement. Again, this suggests that bias corrected estimates 
associated confidence bounds are independent of ranking scheme. 

Figure 4 uses the same Class IV data but regresses in the other direction. Bias in 
both m and bounds is less than in Figure 3. The second ranking scheme causes the 
least bias. Again, the bias corrected estimates are in good agreement with each 
other. 

Figure 5 is the first of four figures that illustrates the properties of estimates of 
the second Weibull parameter, sigma zero. Figure 5 is for the same data set and 
direction of regression as Figure 1. As in Figure 1, bias is present in all uncorrected 
estimates but is least for the third ranking method, Bias correction again results in 
virtually perfect agreement from the three ranking schemes, Similar statements can 
be made about Figures 6-8. 

237 strength measurements. The results are plotted on th 

Several sumniarizing statements can be made concerning these studies: 

0 After bias correction, there is virtually no difference in estimated parame- 
ters from different ranking schemes. The M values of the different rank- 
ing schemes agreed within 0.3 percent. The sigma zero values agreed 
within 0.1 percent. There is no apparent equivalence of estimates from 
different ranking schemes prior to bias correction. Therefore bias errors 
are the primary source of differences that, in the past, have been attri- 
buted to different ranking schemes. 

e After bias correction, there is very little difference in confidence bounds 
on estimated parameters from different ranking schemes. A corollary of 
this statement is that the different ranking schemes yield equivalent 
efficiencies. (As described in the section to follow, for a given data set, 
the narrower the confidence bounds, the mort: efficient the estimator 
must have been in using the available information.) The small depen- 
dence of the width of the confidence bounds on ranking method slightly 
favors the use of the third ranking method, 
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a The degree of bias present in uncorrected estimates of Weibull parame- 
ters varies with the radcimig method chosen. Unfortunately, no single 
ranking, niethod seems to consistently yield tlne smallest bias for all prob- 
lems of interest. Since the best rankhg method cannot be identified until 
after they are compaed to bias corrected estimates, it is recommended 
that estimates always be corrected for bias. 

11. Statistical 1% icienq of Weihull Estimators 

In the area of statistical effkiency, quantitative coiiiparisons were made of the 
efficiency of m d m  likelihood versus the six variations of h e a r  regression estima- 
tors described in the previous section. It was foound that n~aximum likelihood is sub- 
stantially more efficient than lineat- regression in extracting information from a given 
set of fracture data This is irmnportant from a practical standpoint because an 
inefficient estimator results in larger confidence intervals than a more efficient one. 
Therefore, use of an inefficient estimator is statistically equivalent to ignoring (not 
analyzing) some fraction of the original fracture data. In light of the cost and 
difficulty of measuring fracture strengths, it is undesirable to waste any of the infor- 
mation avahble in the data set, 

Tbe relative efficiency of two estimator’s can be measured by comparing the 
widths ol  confidence intervals on estimates from those estimators. Qualitatively, the 
more efficient an estimator, the smaller the confidence interval when used to analyze 
identical data sets. For instance, if two Weibull estimators are used to estimate the 
Weibull nioduhs, m, then the more efficient of the two will yield the smaller 
confidence interval on m at any level of coilfidence quoted. 

In order to quantitatively describe the relative efficiency of different estimators, 
we take advantage of the relatiomship that the width of a confidence interval is 
approximately proportional to the inverse square root of the number of observations. 
From the invariance property of the distribution of &/m in the WeibuU distribution, 
it can be shown that the interval in m values should be measured on a logarithmic 
scale, not on a linear scale. l’herefore, in the case of the 95% csnfidencc bounds on 
the Weibull modulus: 

where C is a proportionality constant characteristic of the estimator and the quoted 
confidence interval. From 13q. 1, if one quadruples the number of strength measure- 
ments, N, then the width of the resulting confidence interval (plotted on a log scale) i s  
expected to decrease by a factor of approximately two. 
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The efficiency of different estimators could be evaluated by con~parhsg the pro- 
portionality constants. A smaller vd~ ie  of C is associate with a slstldler interval and, 
therefore, a higher efficiency. h e method caf comparing efficiencies involves 
use of Eq. 1 to calculate relative of spechens necessary to result in compar- 
able intervals from different estimators. This latter ap roach has an d v m t  
ease of interpreting the results 

The statistical literature has 
likelihood eSthatOrS are Zit k a t  
have chosen to normalize the 

d is therefore used liere. 

ity that maxnnluaz 
or. Thesefore, we 
m u  likeli11ood. 
t to estimate rn 

was twice that of 
Eq. 1, we can state that max 
b ~ ~ d s  as the alternate estimator by an 
Conversely, the alternate estimator mus 
tion that was ex 
of the alternate estimator in using all available information is defined by: 

The relative efficiency defined above is cdtlleulated LI 
Use of daerent intervals (7 ,90,95,98 and 99%) 
nator was found to make 
be generated for other estimated quantities such as the second Weibull parameter 
and the estimated strength of a component of interest. In the case of strength esti- 
mates and/or the second Weibull parameter, the invariant used to derive the 
equivalent of ~ q .  2 is 

0 directions of 
linear regression, for two di€ferent "Classes" of problem md for both Weibd parame- 
ters. The results for all eight combinations are included in Table 1. As described in 
the previous section, the width of the confidence bounds and therefore the efficiency 
of linear regression estimators has been found to be largely hdependent of the rank- 
ing scheme used, l'herefore the efficiencies quoted in Table 1 are the average of the 
efficiencies from the three ranking relationships described earlier* 

The two directions of regression estimator are those described in the p re~ous  sec- 
tion. Two Classes of problem were analyzed to determine if the relative efficiency 
was a function of the type of problem. Both analyses used data from the study of the 
strength of sintered beta Sic. As an example of a Class I problem, only the 48 4- 
point B specimens were analyzed. As an example of a Class IV problem, the full 137 

the 95% confidence interval. 
h the numerator a 

ignjficant difference. A relationship similar t 

I'he efficiency as measured by Eq. 2 has been determined for 
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specimens from six different combinations of bend specimen sue and geometry were 
analyzed. 

As can be seen in Table 1, the eight measures of efficiency ranged from 0.40 to 
0.63. Therefore, even in the best case, it is concluded that some 40 percent of the 
useful information that is available to maximum likelihood is unrecovered and wasted 
when linear regression is used. Regression of strength on probability (unconventiond 
direction of regression) may be incrementally more eff icient than the opposite direc- 
tion of regression. Also, it appears that linear regression is even less efficient in Class 
IV problems than it is in Class I problems. Caution should be exercised in making 
conclusions from small differences in efficiencies form Table 1" Repetition of the 
bootstrap analysis was carried out for selected cases of Table 1. Due to random sam- 
pling error during the bootstrap simulations, the resulting efficiency varied slightly 
from repetition to repetition with a standard deviation of approximately 0.03. Despite 
this small variability in our knowledge of the efficiencies, the first conclusion of this 
paragraph is still valid and significant. As a result, we strongly recommend that max- 
imum likelihood be used for the find analysis of fracture data. 

TABLE 1 

Efficiency of Weibull Estimators Relative to Maximum Likelihoo 
(Fraction of specimens needed in maximum likelihood for equivalent 95% interval) 

Class I Problem 
(48 4-pt bend) 

Class IV Problem 
(137 3- and 4-pt bend) 

Estimator m 0 0  m 0 0  

Regression 0.59 0.44 0.52 0.40 
of P ono 

Regression 0.63 0.52 0.53 0.44 
o f a o n P  

Status of Milestones 

On schedule. 

Publications 

Article submitted to ASM Engineered Materials Handbook, Volume 4: Ceramics 
and Glasses. Article is entitled "Advanced Statistical Concepts of Fracture in Brittle 
Materials." 
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Regression of Probability on Strength 
48  Bend Specimens, 4-Point €3 

Figure 1 
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10 

Regression of Strength on Probability 
48 Bend Specimens, 4-Point 0 

i/(N+l) (i-.3)/(N+.4) (i-.5)/N 

Figure 2 



277 

-
-

 

. 
I

-
.

 
I
 

7
 

q
 
\
 

n
 

I 
U

 
.- n

 
d
-
 

+ 7 c? 
1
 

\
 

n
 

I 
.- - n

 
v
 

+ Z 1
 

\
 

.- 

t 
m

 
u
 

I- 

t :
s
 

-
i 

C
Q

 
scn 

t
c

:
 

4: 

.....*... ,
.

.
.

.
.

.
.

.
.

.
,

.
,

.
,

,
.

,
~

,
,

,
,

,
.

.
.

.
.

1
.

1
1

.
.

~
1

.
1

 

I 
I 

I 
I 

I
'

 
I 

I
 

I 

0
 

cv 
Lz) 
T
- 

O
 

T- 



278 

0
 

P
 



c 

€ 
E 

- - - 0 Biased Estimate with 95% Bounds - 
- 0 Unbiased Estimate with 95% Bounds - 
- .  I , . , , ,  6 I I I *  I * I * I I * ,  I . .  8 I * I I * ,  I I I * . I .  I ,  I .  I I * a I d 

550 

500 

450 

N 

400 

350 

Re ression of Probability on Strength 
48 % end Specimens, 4-Point B 

i/(N+l) (i-.3)/(N+.4) (i- 5) /N 

Figure 5 



288 



- Biased Estimate with 95% Bounds 0 - 
0 Unbiased Estimate with 95% Bounds - - 

- - 
- . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _ 

Figure 7 

400 cp)  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- I  I I I I I I .  * I I I I . . I .  8 0 0  I I 8  I t I ,  4 a *  I .  I .  I . .  I I I I * * I -  

_ . . I  I * , _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
_ I .  . . , . , I  . . . . . . . .  I , , _  

- 0  I I * I I * 3 I .  I I I I O _ .  I I * 0 , .  a I I I I I I .  I I I I I I I I I I I I I I - . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



282 

c
4
 

-3- 
9' 
U

 

e---% 
'
%

 

cy) 
I 
U

 
.- 



283 

3.0 DATA BASE A L I F E  PREDICTIO 

This portion o f  the prog’ect is identifie as project element 3 within 
k breakdown structure ( W  S ) .  It contains five subelements, in- 

ironmental Effects, ( 4 )  F chanics, and ( 5 )  Nondestructive 
(1) Structural Qual i f i c  Ti me - Dependen t Behav i or, 

Eva1 uat ion (NDE eve1 opment . W 1 Qual i f i cat i on sub- 
el ement i ncl ude 
microstructure, and appl ication to ~omponents. Work in the Time-Dependent 
Behavior subelement includes studies o f  fatigue and creep in structural 
ceramics at high temperatures, Research in the Environmental Effects sub- 
element includes study of the long-term effects of oxidation, corrosion, 
and erosion on the mechanical properties and microstructures of structural 
ceramics. Work in the fracture mechanics subelement includes development 
o f  techniques for measuring the tensile strength and creep resistance of 
ceramic materials at high te~peratures, and testinq ceramic materials at 

roof test i ng E results and 

high temperatures under-uniaxial tensibn. 
subelement is directed at identifying approaches for quantitative 
determination of conditions in ceramics that affect their structural 
performance. 

Major objectives of research in the Data Base and life Prediction 
project element are understanding and application of predictive models 
structural ceramic mechanical re1 iabil ity, measurement techniques for 
term mechanical property behavior in structural ceramics, and physical 
understanding of time-dependent mechanical failure. Success in meetin 
these objectives will provide U.S. companies with the tools needed for 

Work in-the NDE development 

for 
Qng- 

accurately predicting the mechanical re1 iabil ity o f  ceramic heat engine 
components, including the effects of applied stress, time, temperature, and 
atmosphere on the cri t i  cal ceramic properties e 



3 . 2  STRUCTURAL QUALIFICATION 

Hi e ros true t ura 1 Ana 1 ys i s sf 5' t KUC t ura 1 Germ i p? s 

B. J ,  Hockey an3 S ,  H. Wied~rhorn (National Institute 
of Standards and Technology) 

"P"ha objecfLvs of this part af  the program is to identify 
s of failure in structural ceramics subjected tu mechanical 

loads at elevated teaat temperatures, Of particular interest i s  the 
dmmge that: accmulat-ls i n  S ~ ~ U C ~ U K ~ .  eerm-Hcs as a consequence o f  
high temperature ex-pos~ire t o  stresses normally present in heat 
engiwaea. 

Destgn e r i t ~ ~ b  f o r  the use sf ceraxnaies at l o w  temperature differ 
from those at high temperat-urea At low temperature ceramics are 
elastic and bri t t le . ;  failure is csxatnrolled by a distribution oE f l a w s  
a r b s h g  fwon processing or machining operations, and the largest flaw 
detemiines the strength or lifetizw a f  a component, 
high temperature w h e r e  c.ermics are viscoelastic, failure occurs as a 
eonsequence of a ~ c - u a ~ B a t e B ,  OK distributed damage in the farm of small 
cavities OK cracks that are generated by the creep process. This 

age effectively reduces the cross-seetion of the component and 
xeases the stress that muse be supported. Such increases in stress 

By contrast, at: 

are autacatalytie, since chey increase t;he rate oE damage and 
en~anally lead to faflure as a consequence of Boss in cress section. 
en ~ h f s  happens, the indlvEdual flaw loses i t s  importance as a 

determinant a.~:  ccsaponent lifetime" Lifetfme now depends on' the total 
mount of darnage that has occurred as a copsequence of the creep 
p~seess. The total damage is XIOW the important faclt.c)t- controlling 
lifetime. 

Recent studies of high temperature failure of the non-oxide 
ceramics intended for use for heat engines indicates that for long 
t ern  usage,  damage accumulation will be ?lie primary cause of specimen 
failure. Mechanical defects, if present Pm these maCerials, are 
healed or K ~ D I Q V G ~  by high temperature exposure so that they have 
l i t t l e  infPuence on long tern lifetime at elevated temperature, 
this  situation, lifetixluc can be determined by characterizing the 
damage and the rate of damage accumulation in the materlal at elevated 
temperatures. In ceramic ~nstsrials such as silicon nitride and 
SiAlON, such characterizatfon required high resolution analyses 
because of the fine graPn size ~f these materials: 
transmission electron I ~ C K O S C O ~ ~  as an adjunct to the mechanical 
testing of eer-wics POP high temperature applications is apparent, 

In this project, the creep and creep-rupture behavior of several 
ceramic mnaterlals w i l l  be correlated with microstructural damage tha t  
occurs as a functBorn of creep o t r a l n  and rupture t h e .  Haterials to 
be s tud ied  include: S i A l O N ;  kat-pressed silicon nitride; sintered 
silicon carbide. This project will, be coordinated with WBS 3 . 4 . 1 . 3 ,  
Tensile Creep  Testing, with the ultimate goal of developing a test 
methodology for assuring the reliability o f  structural ceramics f o r  
high ~empesature appl ieat lons .  

In 

hence the need f o r  
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Technical Hiphlivhts 

During the past six months, microstructural characterization 
studies were continued on Norton NT-154, Hip'ed silicon nitrgde to 
determine the effect of microstructure on tensile creep behavior, 
this study is nearly completed, an effort was made to correlate the 
results on NT-154 with those from earlier studies on GTE AY6 silicon 
nitride and on a SIC whisker reinforced grade of AY6. 
provides a summary comparison the microstructural analyses of three 
different silicon nitride, whose tensile creep/creep rupture behavior 
were investigated under Task 2. As mentioned, two of these materials 
were from GTE and were similarly hot-pressed with yttria (6 w/o) and 
alumina (1.5 w/o) as sintering aids; one, W/YAS, was reinforced with 
30 v/o SIC whiskers, while the other, YAS, was not. The third 
material was from Norton (NT-l54)-here designated as YS - and w a s  
HIP'ed with yttria ( 4 . 0  w/o) as the sole sintering aid. The aim of 
this review is  to identLfy and compare those microstructural 
characteristics which appear to strongly influence the creep of  these 
materials. 

As 

This report 

FxDerimental Tech niauq 

The bulk of the results ob$ained in this project were obtained by 
analytical transmission electron microscopy. 
on the materials in both the as-received and post-crept conditions. 
Test; samples selected for examination covered the range of creep 
conditions and included samples that failed after times ranging from 4 
to -300 hrs., depending on applied stress and temperature. Specimens 
from interrupted t e s t s  that survived for over 4000 hrs were a l s o  
examined. 
parallel to the stress axis to obtain both the near-surface and mid- 
plane sections. Prior to final TEM specimen preparation, these 
sections were examined optically for evidence of distributed creep 
cavitation or crack damage. 

Observations were made 

In all cases, the gage sections of crept specimens were cut 

Pesults and Discussioq 

Although different in detail, the microstructures of all three 
materials can be described as "composite-like". Each contained 
distributions of equiaxed, submicron Si,N, grains tagether with 
either, Fig. 1, highly acicular Sic whisker (W/YAS) of variable length 
(1-20 pm) or Fig. 2, distributions of both blocky and acicular 
D-Si,N, grains of 1 to  5 pm dimensions (YAS and YS). In the as- 
received state, intergranular glass is present at multi-grain 
junctions (eg. Fig. 1) and along most two-grain interfaces. For both 
YAS and YS, the glass compositions were consistent with reactions 
between silica and the sintering aid oxides; for WySAS, however, the 
glass also contains minor concentrations of calcia, apparently leached 
from the Sic whiskers. 

devitrification of the intergranular glass occurs. 
During creep testing in air at elevated temperatures, 

Crystallization 



wtthi-m the multi-gsapim junctions La parti~ularly r a p l d ,  Fig. 3, and 
results primarily (brat not excluslvely) in the formation of: 
@.tOnoclh.le Y-Y, 511267 it-1 w/YAs ; o%tfsOrho&&8e 6 -Y, Si207 in YAS both at 
1200-1250"C; tricPinic a-P,S%,CS, EOJI.~ hexagonal N-Apatite ( y t t r l ~ t t -  
Sl-IicOa OXynPtride) at 138O-I.4OO"C Within YS. Eve11 after prolonged 

at: these temperacure (a .g .  2568 hrs.), complete 
devitrification does not occur FLnd a-esidu.al. glassy interfaces (1-10 m 
 hick) reanajln between the ~rys tab l lxm secondary phases and the matrix 
g ~ a i ~ ~ ,  ~ i g .  4a. H O K ~  importantly, devitrification is n o t  t o  
oceur wtthin the narraw interfaces separating adjacent Si,& grains, 
Although these 1nt;erfaces vary lin thicknesss;, rawglng from roughly lorn 
Bcpm ts ineerplanwr ddmensionn, (Fig. 4b3, most are in the 1 1:o 5 nm 
range (Fig. 4.c) and contain residua!.. glass, 

assessment of interfacial morphologies can be made, 
interfaces in YS tended to be more lsregealar and interfacial 
separations ranged from unit cell dimensbans (an in Fig. 4b) to 

ated values of 1-2 m, whereas in YAS interfaces tended to he 

%a comparing the differant matea^lalsp only 8 qualitatlve 
In th is  regard, 

more unifom (as in Fig.  4.c) due to an apparent Brrcreased tendency for 
grain facetting, and interfacial separatlans tended to range ~ p w a ~ d s  
to roughly Snm, In W/YAS1 residual glass in primarily concentrated 
along Che S I C  whiskers and resul ted in continenoca glassy interfaces of 
variable widths (-1m to -5a~a) .  

Although devitxificatiow, being primarily K C S ~ X ~ C ~ ~  to multi- 
grain junctions, does not a f f e c t  interfacial separation dist -awes,  it 
does bring about an associated change in residual. glass composition. 
These changes, while not  always directly verZfPahle by EDS, can be 
deduced f r ~ n  the fact each of the s;ecsnaa-nry phases (y,si,c), , Y ~ S T C ) ,  

atite) are essentialby *purew and all. have Y/Si 
ratios larger the that of the original glasses, 
devitriflcatlon then, the residual glasses i n  each material become 
depleted i n  yttria or alternatively s i l i c a  enriched; f o r  YAS, thcre is 
additisnsaly an erariehment of alumina, while f o r  W/YAS there is an 
enrichment in both alumina and ealcia,  

3 % ~  effect of devj. tr if icatfon on creep behavior can be considered 
in relation to tensile creep t e s t  aesuBts, which show varying degrees 
of improved creep resistance (and Pifetiae) upon pse-annealing. In 
additton, these materials exhibic transient creep behavior, indicative 
of gragrassi-ve "work hardening*. Here, considering tha t  creep is 
prima~lly governed by "grain baundary" sliding involving wis@aus flow 
sf residual glass and diffusive processes involving interfacial 
transport, the reduction in the aaaount of residual glass due to 
devitrification should lead to enhanced creep resistance. While the 
specific effect of a volme 9 ~ ~ d t ~ t B o t ~  Sn residual glass can bo deduced 
from current viscous flow or interfacial tra~sport models only by 
artificially introducing .a volume term, the alternative, ie. assuming 
the rate of deformation Ps enhanced by an increase in residual glass 
content, is amtenable. E ~ Z Q P ~ D V ~ P ,  while a11 appl icable  creep models 
predict  a strong relationship between creep behavior and i n t e r f ac i a l  
glass properties, the change in p ~ ~ p e ~ t l e ~  due to the associated 
change in residual glass composition upon devitrification cannot be 

As a consequence of  



defined. At best, it can only be speculated that the relative 
decrease in Y/Si concentration ratio that occurs in YS upon 
devitrification results in a change in glass properties that .Eurther 
enhance creep resistance. For YAS and S, however, the depletlon 
in yttxia is accompanied by an enrichme 
calcia so that the ultimate effect o f  glass composition changes could 
conceivably be contradicts to creep behavior. Finally, comparison 
of the devitrification beh ior of &sse three materials showed that 
residual glass composition affected not only the nature of the 
secondary crystalline phase (generally, in fact, offsetting the 
expected temperature dependence), but the rate of crystallization as 
well. For YS, nearly complete devitrification of multi-grain 
junctions, regardless ~f size, occurred rapidly throughout the test 
samples, in that no significant difference in the extent of apparent 
devitrification was found in samples from tests of 4 to over 4000 
hours duration. In contrast, devitrification in both YAS and, 
particularly, W / Y M  appeared to OCCUK more gradually, in tha t  small 
multi-grain junctions often remained glassy after more than 100 hours 
at temperature. 

was found to have a profound effect on cavitation, which occurs in 
these materials during tensile creep and which 1s ultimately 
responsible for creep rupture. In general, the density and 
distribution of cavitation d age was highly stress dependent, and 
quantitive correlations with strain, strain rate, OK lifetime await 
more systematic study. As such, we consider only the general aspects 
of cavity formation and growth, whhch is found to occur primarily 
within the narrow glassy interfaces separating adjacent matrix grains 
oriented for tensile stress 

In W/YAS, the cavitation process was dominated by the presence of 
the SLC whiskers. In this material, residual glass is primarily 
concentrated along the whisker interfaces. During creep, preferential 
cavity nucleation occurs at tensile oriented whiskers. Rapid growth 
along the whisker interface results in distributed microcracks, F i g .  
5 ,  which link up to cause failure at relatively low stresses. 

ils YAS similarly exhibited preferential cavity nucleation and 
growth along the larger acicular or blacky grains in this material, 
cavity growth along the interfaces tu full facet dimensions and the 
formation of creep crack segments, Fig. 6a, was controlled, and only 
gradually evolved j u s t  prior to failure. From Fig. Sb, the bl-unted 
morphology df cavities with widths exceeding the interfacial 
thicknesses suggest that in YAS cavity growth involves both surface 
diffusion and intergranular transport. "rZle nucleation pro~ess, Fig. 
7a9 however, appears to involve viscous rupture of the interfacial 
glassy layer. 

In YS, cavitation was found to occur in a completely different 
manner. In this material, cavitation is preeeeded by fluctuations in 
the average width of tensile oriented interfaces due to the 
accumulation of glass into discrece "droplets". These droplets, whlch 
invariably exhibit a discernable concentration of chlorine, provLde 
the nucleating sites for interfacial cavities Fig. 7b. Continued 

f alumina or alumina and 

Most significantly, the structure and composition of interfaces 



growth, apparently by bulk diffusion, leads to distributions of non- 
interacting ellipsoidal cavities, whose widths (up to 100 nm) clearly 
exceed the interfacial separation distances between Si,N, grains, 
Fig. 8 .  

WflA and YAS are controlled by cavity growth, whereas in YS they are 
determined by the nucleation of cavities to a critically density. 
observed differences in cavitation behavior clearly relate to the 
inherent differences in the morphologies, thicknesses, and 
compositions of the glass interfaces present within chese materials. 
As opposed to YS, the interfaces in bo YAS and WPAS tend to be 
somewhat wider and more uniform, characteristics that are not only 
less inhibiting to interfacial sliding but which are also more 
favorable to accelerated cavity growth along the interface by both 
viscous flow or interfacial transport processes. By contrast, the 
highly irregular and narrower interfaces found in YS provide a natural 
impediment to interfacial sliding as such rigid body displacements 
will be limited by grain to grain contact (grain interlocking). Thus, 
while interfacial sliding may contribution to the nucleation of 
cavities, both continued deformation and/or cavity growth must proceed 
by localized diffusive transport. In this regard, the nature of  the 
cavities produced in YS further suggests that rapid diffuse transport 
along the interfaces in inhibited, presumably as a consequence of .the 
interfacial glass film thickness and composition. This tentative 
conclusion, however, ignores the possible effect of chlorine on cavity 
growth and therefore, cavity morphology. While detectable 
concentrations were repeatedly found within the glass "droplets" that 
form prior to cavity nucleation, Fig. 7b, the origin of chlorine and 
it's role in cavitation is yet to be determined. 

The results suggest that crack formation and creep rupture in both 

The 

Status of Milestones 

All milestones are on schedule. 

Publications 

D. C. Cranmer, B. J. Hockey, S. M. Wiederhorn, and R. Ycckley, "Creep 
and Creep Rupture of Hip'ed S i 3 N 4 "  Ceram. Eng. Sci. Proc. ~ 1991. 
In Press. 

B. J. Hockey and S. M, Wiederhorn, "Tensile Creep of Y-Si,N,: I. 
Microstructure" and "Tensile Creep of Y-Si,N,: TI. Cavitation" Proc. 
49th Annual Mtg. EMSA, 1991. In Press. 

S. M. Wiederhorn, B .  J. Hockey, D. C. Craruner, and R .  Yeckley, 
"Transient Creep of Hot Isostatically Pressed Silicon Nitride" 
submitted to J. Mater. Sci., 1991. 

To be 
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Figure 1. Representative view of --received W/YAS, showing randomly 
oriented SIC whiskers distributed within matrix of equi- 
axed Si3N4 grains. 
junctions (e.g. G) and along two-grain interfaces. 

Glass is present at multi-grain 

Figure 2. Representative view of YAS, illustrating heterogeneous 
nature of microstructure. 
distribution in B-Si,N4 grain size and morphology. 

YS exhibited a similar 
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Figure 3. Illustrative view of crystalline secondary phase formation 
(SP) at multi-grain junctions in W/YAS after creep testing. 
Similar devitrification of glass at multi-grain junctions 
also occurs in YAS and YS. 
text. 

Primary phases identified in 
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Figure 4. Representative views of narrow interfaces separating 
crystalline phaseg after creep testing. 
interface between Si,N, (top) and 6-Y2Si107 (bottom) in 
YAS. 
b) Interface separating adjacent Si,N, grains in YS. 
Contrast change across interface appears to indicate 
glassy film of interplanar dimensions. Fringe spacing in 
top Si3N4  grain - 0.66 nm. 
triple junction in YAS. 
eventually results in crystallization of triple junctions, 
but not within interfacial glass layers less than lOnm 
thick. 

a) Glass 

Lattice fringe spacing in Si3N4 - 0.66 nm. 
c) Glassy interface and 

Time dependent devitrification 
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Figure 5. Microcracks (C) produced in W/YM by rapid cavity growth 
along tensile oriented SIC whiskers during creep. 

Figure 6. a) Microcrack development in YAS due to cavity growth along 
narrow interfaces separating Si3N, grains. Note, however, 
the blunt morphology at points of arrest. 
crack-like cavity in YAS, again illustrating blunt 
morphology of advancing tips. 
exceeds projected interfacial width (arrowed). 

b) Isolated 

Note, also, cavity width 
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Figure 7. Cavity nucleation in YAS, (a), and YS, (b). a) In YAS, 
ruptures develop within the glassy film in tensile oriented 
interfaces. 
the formation of crack-line cavities, as in Fig. 2b. b) In 
YS, cavity nucleation (N) occurs with discrete "pockets" of 
glass (e), which develop at an earlier stage. Diffusive 
growth into the 'adjacent Si3N4 leads to the formation of 
ellipsoidal cavities (C). 

Diffusive growth along the interface leads to 
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P 

Figure 8. Two views of the same interface in YS illustrating the 
distribution of ellipsoidal cavities produced during 
tensile creep. In a) the interface is viewed nearly 
edge-on, and despite image overlap, cavity widths are seen 
to exceed the projected interfacial widths. In b) the 
interface is seen in projection to reveal the distribution 
of the non-interactive cavities. Presumably, rapid 
interactive growth or rupture eventually occurs once a 
critical density of cavities is produced. 
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. .  al C- 
Karren L. More (Oak Ridge National Laboratory) 

The objective of the research is to use analytical and high-resolution electron 
microscopy (HREM) to characterize the microstructure of a chemically vapor 
deposited (CVD) Si3 N4 material and a Sic whisker-reinforced Si3N4 ceramic 
composite before and after creep deformation. This work represents a collabo- 
ration with North Carolina State University and GTE Laboratories. 

cal Droaress 

Work during this reporting period focussed on the characterization and creep 
behavior of a CVD SigN4 material. The Si3N4 was supplied by Union Carbide. 
Deposition was performed at 1720 K and 1 torr pressure and the reactant gases 
were SiCI4 and NH3. The methods used were similar to those described by Niihara 
and Hirai.1 

The CVD Si3N, was identified as pure a-Si3N4 by both electron diffraction and 
X-ray diffraction. The material was polycrystalline with an extremely large average 
grain size (20 to 100 pm). A transmission electron microscope (TEM) image 
showing the typical microstructural features observed in the as-grown CVD ma- 
terial is shown in Fig. l. The sample was found to have many grown-in dislocation 
loops as well as other planar defects (arrowed) within the grains. Loops have been 
observed in neutron- and electron-irradiated ceramics23 and in deformed 
sapphire.4 They are rarely observed in asgrown CVD materials and have not 
been identified in Si3N4. In order to identify the nature of the loops and the planar 
defects frequently observed, a Kikuchi map was made using a MAC-based 
program called DIFFRACT to assist with tilting experiments. 

The weak beam, dark field image of Fig. 2 shows that there are several 
different loop variants, labelled A, B, C (nearly invisible) and D (D loops are 
edge-on in image), existing in the structure and that the loops are typically faulted. 
The loops were analyzed using standard g b analysis and inside/outside contrast 
techniques. The exact habit planes and corresponding Burgers vectors for the four 
variants observed are as follows: 

(1 121) 

(21 11) 

(21 11) 

(121 1) 

11~ [1123] 

1i3 [1213] 

A 

B 

C 

D 



YP11955 YP11954 

Fig. 1. Low magnification TEM image of CVD 
u-Si3N1 microstructure showing high concentration of 
dislocation loops and planar defects within the grains 
(avowed). 

Fig. 2. We= warn, aak fieid image showing the 
four variants (labelled A, B, C, and D) of faulted dis- 
location loops, which were identified in CVD a-SisN4. 
The D loops are edge-on and the C loops are nearly 
invisible under these conditions. 
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There are two other variants of this type that were not observed, but it is anticipated 
that they also exist in the structure and are: 

(121 1) 113 [1213] 

(1 121) 1i3 [1123] 

The loops were identified as vacancy loops and were pure edge in nature since the 
Burgers vector was normal to the habit plane. 

The planar defects (exhibiting symmetrical fringe contrast) observed "swirling" 
through the grains were difficult to identify. There are three possible types of planar 
defects that exhibit Symmetrical fringe contrast: (1) an enantiomorphic boundary (a 
boundary that separates regions of left- and right-handed symmetry); (2) an 
anti-phase domain boundary (separates regions of a crystal in which atoms occupy 
opposite sites and is usually associated with a displacement across the interface); 
and (3) an inversion domain boundary across which an inversion or 180° rotation 
occurs in a crystal without a center of symmetry (a particular type of antiphase 
domain boundary). Enantiomorphic boundaries are not possible in a-Si,N, since a 
mirror plane exists in the structure (space group P31 c). Antiphase domain 
boundaries have been identified in polar materials such as CVD p-SiC,5 GaAs,6 
and AIN7 using a technique described by Tafto.8 However, a-Si3N4 is not a polar 
material and, thus, this particular technique is not applicable. HREM was 
employed to determine if there was an actual displacement across the interface. 
The displacement vector cannot be determined by this method since a high- 
resolution image reflects a projection in only one direction. However, the actual 
displacement in that projection can be determined. 

A near edge-on boundary existing in an extremely thin region of the a-SisN4 
crystal was necessary for H E M ,  as shown in Fig. 3. A e1 123s HREM image of the 
boundary (each end of the boundary is arrowed) together with a simulated image 
under comparable conditions is shown in Fig. 4. In the atomic representation of the 
<1123> projection [shown inset Fig. 4(b)], the small circles represent nitrogen and 
the large circles represent silicon. The HREM image shows a definite displace- 
ment across the boundary [drawn in black in Fig. 4(a)], the direction of which is 
arrowed in the correspending simulated image. This displacement can be seen 
clearly in the oblique view of the HREM image (Fig. 4) shown in Fig. 5 (the 
boundary is arrowed). The displacement in this particular orientation was deter- 
mined to be 1 /34  1 OO> and corresponds to a "shift" from one row of nitrogen atoms 
to the next across the boundary. The boundary is, thus, a type of antiphase domain 
boundary since the nature of the bonding has changed across the boundary and 
the boundary is associated with an atomic displacement. Work is ongoing to 
completely characterize the boundaries. 

The CVD a-Si3N4 material was subjected to constant compressive stress 
creep in a manner similar to that used for the creep of a Sic whisker-reinforced 
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YP12266 

- - 
Fig. 3. A near edge-on boundary in a very thin region of the 

CVD a-Si3N4 crystal. 

Si3N4 composite. Creep was conducted in nitrogen under temperature and stress 
conditions of 1920 to 2045 K and 50 to 350 MPa, respectively. The CVD material, 
however, did noj creep. Steady-state conditions could not be reached before the 
specimens fractured. The material was examined by TEM following creep and no 
changes in microstructure were observed. 

Work during this reporting period has also focussed on completing the study 
of the creep behavior of a Sic whisker-reinforced Si3N4 composite in air. As 
described in previous reports, the creep behavior of the composite in air was 
similar to that observed in nitrogen in that a bilinear stress dependence was 
observed at temperatures 2 1570 K. In the low stress regime, the stress exponent, 
n, was less than one, whereas in the high stress regime, n was greater than one. 
Creep in air resulted in higher creep rates than were observed for creep in 
nitrogen. 

8 When crept in air, the morphology of the specimen surface was completely 
different than that observed following creep in nitrogen, as shown in Fig. 6. X-ray 
diffraction results showed only P-SiaN4 during a Scan of the specimen surface 
following creep at both 1570 and 1620 K. There was little microscopic evidence for 
the formation of additional crystalline or glassy phases on the surface, except for 
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Fig. 5. Oblique view of same HREM in Fig. 4(a) clearly showing the 
displacement across boundary (arrowed). 

isolated areas containing small amounts of aluminum and yttrium. Since po2 >> 81 
Pa, it is not clear why "passive" oxidation of the Si3N4 surface does not occur under 
these conditions, resulting in the formation of a stable "oxide" scale.9 Thus, a 
considerable amount of glass remained within the bulk specimen since it was not 
transported to the surface (as was the case during creep in nitrogen). 

Following full creep runs at both 1570 and 1620 K, a considerable number of 
"strain whorls"10 were observed at both SiaNJSisN4 and SiG/SisN4 interfaces 
indicating the onset of grain-boundary sliding. Prior to the break in the creep curve, 
a continuous glass film was present at the grain boundaries. At the elevated 
temperatures used for the creep experiments, the lower viscosity of the glass film 
allowed for enhanced grain-boundary sliding. However, as the thickness of the 
glass film continued to decrease with increasing stress, grain-boundary sliding was 
inhibited by the closer proximity of SisN~grains and ledge asperities locking the 
structure, which is evidenced by the presence of the strain centers at grain 
boundaries. The glass retracted from these contact points into relatively large 
glass pockets (not to the specimen surface). The most significant microstructural 
feature observed was cavitation, which occurred predominantly along Sic 
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Fig. 6. Surface of cylinder following creep of Sic whisker- 
reinforced Si3N4 in air at 1570 K showing small, acicular p-Si3N4 grains 
covering surface. 

whiskers, as shown in Fig. 7. The cavities formed within residual glass pockets 
throughout the microstructure. In fact, a glassy layer outlined many of the cavities 
(Fig. 8). Thus, creep in air occurred by a different mechanism than creep in 
nitrogen. Before the break in the creep curve (in the low stress regime), 
"non-steady state" creep was observed as a result of the presence of a significant 
amount of glass throughout the microstructure. During creep in air, much of the 
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Fig. 7. Significant cavitation was observed following 
creep in air at 1570 to 1620 K. 
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ct Data Rase 
B. L. Keyes (Oak Ridge National Laboratory) 

The objective of this task is to develop a comprehensive computer database 
containing the experimental data on properties of ceramic materials generated in 
the total effort. This computer system should provide a convenient and efficient 
mechanism for the compilation and distribution of the large amounts of data 
involved. The database will be available in electronic form to all project 
participants. In addition, periodic hard-copy summaries of the data, including 
graphical representation and tabulation of raw data, will be issued to provide 
convenient information sources for project participants. 

Technical D roaress 

The data base contains 6093 test results on over 360 different batches of 
ceramic materials. Approximately 48% of these are on zirconia-based ceramics, 
7% are on silicon carbides, 22% are on silicon nitrides, 6% are on whisker- 
reinforced silicon nitrides, 15% are on alumina-based ceramics (including whisker- 
reinforced aluminas and mullites), and 2% are on other ceramics. Table 1 gives a 
detailed breakdown, by material class, of the data stored in the system. A list of 
materials within a material class is available on request. 

Work during this semiannual period included sending the data base to several 
requestors, including Phillips Petroleum in Oklahoma, the U.S. Bureau of Mines, 
NIST, and NASA Lewis Research Center. To date, 18 full sets of data base disks 
have been distributed. 

After working with a small user community for several months now, a need has 
arisen to facilitate specific material searches in the data base. One problem with 
ceramics is that a material may go by several different names (a company-assigned 
name and a generic name, for example). No standardization in the industry ap- 
pears to exist. Since information in the data base is stored using the material name 
as a guide, the potential problems are immediately obvious. Another aspect to this 
problem involves accessing a material by creation process or heat treatment. All 
processing history data are stored in a text file (sentence-type structure), and 
accessing such information requires more specialized techniques that are readily 
available in dBASE IV. Possible solutions to these problems will be investigated in 
the next semi-annual period. 

Data base personnel attended the Fall meeting of ASTM E49 - Committee on 
Computerized Materials Properties Data bases held November 9-1 1 , 1990, in 
San Antonio, Texas. One of the objectives of this committee is to develop lists of 
fields, and definitions where necessary, that sufficiently describe the material being 
tested and the results of the tests being performed. Important information may be 



Tabfe 1. Ceramic Technology for Advanced Heat En ines data base summary as ef April 30, 1891 

Elrazed specimens 
Material Cyclic Dynamic 
class MOR 4 Shear str. Toughness Torsion Tor fatigue Creep fatigue Density fatigue Elasticiry 

Alumina 
Alumina t reinforcing fibers 
Alumina + zirconia 
Mullite 
Mullite + reinforcing fibers 
Silicon Carbide 
Silicon Nitride 
Silicon Nitride + 
Zirconia 
Zirconia -t reinforcing 

fibers 
Other 

reinforcing Fibers 

69 

160 

12 
48 

58 

65 7 

2 

15 9 28 
7 

37 19 

2 
11 

10 13 15 
28 16 24 

15 2 
51 158 

16 
119 

Totals 229 118 2 15 7 37 loo 205 38 21 5 

~~ 

Material 
class 

~~ ~ 

Fracture Interrupted MOR MOR Oxidation Poisson's Shear Thermal 
toughness Hardness fatigue 3Rbend 4Ptbend rate ratio modulus Tensile conductivity 

t 
9 

Alumina 39 4 41 1 28 3 
Alumina + reinforcing fibers 39 144 1 1  34 
Alumina + zirconia 7 
Mullite 4 
Mullite + reinforcing fibers 16 22 
Silicon Carbide 24 27 235 
Silicon Nitride 94 112 647 1 73 
Silicon Nitride + 

reinforcing fibers 53 144 3 36 
Zirconia 347 24 239 1554 50 
Zirconia + reinforcing 

fibers 2 36 
Other 3 25 59 

2 

17 

1 

16 

9 

9 

Totals 61 5 192 239 20 3229 4 19 17 284 55 



Table 1. Ceramic Technology for Advanced Heat Engines data base summary as of April 30, 1991 (continued) 

Material Thermal Thermal Thermal Thermal X-ray Wear Material 
class contraction diffusivity expansion shock Torsion diffraction resist char. Chemistry 

-~ 

Alumina 1 2 13 14 
Alumina + reinforcing fibers 18 4 6 94 
Alumina + zirconia 23 21 a 
Mullite 2 
Mullite + reinforcing fibers 24 
Silicon Carbide 23 17 9 57 
Silicon Nitride 10 44 3 49 2 50 6 
Silicon Nitride + 
Zirconia 72 37 44 
Zirconia + reinforcing 

Other 4 18 2 

Totals 23 45 107 a 7 138 2 31 2 1 23 03 

Grand Total (test data only) 

reinforcing fibers 17 14 52 

fibers 5 

0 
0 

5970 
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ily overlooked when creating a data base, since the builder is often not the 
person sunning the tests or analyzing the data. Details, such as type of testin 
facility (testing rig, testing machine); batch number of the material; specimen 
geometry; and post-processing history, are examples of essential information often 
not reported but definitely factors that could influence the test results. Composite 

resent even more problems, since the industry-wide accepted definition 
site is just too vague. Working with this committee has already proved to 

cia1 to the Ceramic Technology for Advanced Heat Engines data base by 
light on some of these potential problems while they still can be averted 

and by making contacts with others interested in ceramidadvanced materials data 
bases. 

Time constraints placed on data base personnel have hampered efforts to 
produce a semiannual data base summary during this reporting period. Data csl- 
lected in preparation for the semiannual data base summary report planned for 
May 1991 (rescheduled from March 1991) will be used in the report due at the en 
of September 1991. 

None during this period. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterization of Toushened Ceramics 
J. J. Swab (U.S. Army Materials Technology Laboratory) 

Obiective/scope 

To evaluate and characterize toughened ceramic matrix 
composite (CMC) materials for potential high temperature 
structural applications. This includes all classes of CMC 
materials. There will be no CMC materials produced as part 
of this project. A t  the present time four-point flexure 
testing is being used to determine the high temperature 
performance of these CMCs. 

Technical progress 

Two CMC materials from Ceramatec, Inc. were evaluated 
during the past six months. 
with and without SrZrO and the other was a Sic-fiber 
reinforced silicon nit$i.de. 

which leads to the in-situ formation of SrO-tjAl 0 
platelets ( w O . 5  pm wide and 5-10 pm long) creatfn4 a 
material with good room temperature properties. 
temperature fast fractuge in four-point flexure was done at 
500, 750, 1000 and 1250 C. The results are summarized in 
Table 1 below. Five bars were used for each temperature. 

One was a Ce-TZP/30 vol% A1203 

1) In the first material S r O  reacts with the A120j 

High 

-----I-----c----------------------------------------------- 

Table 1. 

Material A 8 

T = 500°C 
Mean Strength (MPa) 
Standard Deviation 

T = 750°C 
Mean Strength (MPa) 
Standard Deviation 

. T = l0OO0C . - -. - .- 
Mean Strength (MPa) 
S tandard  Deviation 

T = 1250OC 
Mean Strength (MPa) 
Standard Deviation 

417 
14 

316 
4 5  

231 
39 

256 
56 

459  
41 

332 
28 

3 3 G  
3 6  

285 
27 

A - NO PLATELETS; B - WITH PLATELETS 
-------------_______________I___________------------------- 

The formation of the platelets does not significantly 
improve the high temperature fast fracture of this zirconia 
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material. As a result it was decided that stress rupture 
type testing was not appropriate at this time. 

2) The second CMC has a silicon nitride matrix 
reinforced with ~ 3 0 - 5 0  vol% SCS-6 Sic-fibers (the fibers 
are produced by Textron Specialties Materials, Lowell, 
MA). The matrix cracking stress, as measured in three- 
paint flexure at Ceramatec is ~ 4 6 0  MPa. The 
being developed as part of the DOE Fossil Energy Materials 
Program, Figure 1 is the stepped-temperature stress- 
rupture plot of this material, A comparison of this plot2 
with that generated for a si ilar CMC produced lay Textren 
shows thag the Ceramatec CMC is currently better in the 
1000-1400 C temperature range. The reason for this is the 
addition of 5 vol% mullite to the composite. The 
addition enhances the likely hood of fiber ppI11-out and 
fiber/matrix debonding at elevated temperatures. 

References: 

1. R.A. Cutler, R.J. Mayhew, M.M. Prettyman and A.N. 
Virkar, "High Toughness Ce-TZP/Al 0 Ceramics with Improved 
Hardness and Strength,'@ 
(1991) . J. Am. Cgrdrn, S o c . ,  74 113 179-86 

2. 3.J. Swab, G.D. Quinn and D.J. Snoha, 8g 

Behavior of a SiC-Fiber,/SigN4 
September 1990. 
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Status of Milestones: 

Milestones are difficult to set  and keep on schedule 
when CMC materials are so difficult to obtain, 

Publications: 

1. J.J. Swab, G.D. Quinn and D.S. Snaha, 99Mechanical 
Behavior of a SiC-Fiber/SijN4 Composite," MTL TN 98-2, 
September 1990. 
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H. T. Lin, P. F. Becher, and W .  H.  Warwick (Oak Ridge 
National Laboratory) 

Ohliecti ve/scooe 

Ceramic composites, such as fiber- and whisker-reinforced ceramics, 
particulate phase composites, and ceramics with similar grain structures, 
offer important advantages for heat engine applications. 

proved fracture toughness, which can be achieved by appropriate 
microstructural and material parameters. Previous studies show 

that these materials o ten exhibit substantial improvements in damage, 
thermal shock, and slo crack growth resistances. However9 design o f  such 

ust also cons er those factors influencing their performance at 
elevated temperatures. 

In response t o  these needs, studies are conducted to determine the me- 
chanical properties (e.g. creep, delayed failure, strength, and toughness) 
at elevated temperatures for these toughened ceramics. Particular emphasis 
is placed on understanding how microstructure and composition influence the 
mechanical performance at elevated temperatures and the stability of these 
properties for extended periods at these temperatures. Th 
gained from these studies provides input on how to modify 
timize their mechanical properties for the temperature ranges o f  interest .  

Technical Droqress 

Chief among these 

During the past six nths, flexure studies in air s f  toughened 
Si,N, and Sic ceramics we undertaken at 3200 to 1400"C, 
respectively. 
microstructural dependence o f  high-temperature creep resistance o f  advanced 
ceramic systems. 

The objective of these two studies was to understand the 

Self-reinforced silicon nitride ceramics 

'This part is a continuing study of the creep study o f  Si,N, ceramics 
containing eloygated grains, which have been reported in the previous semi - 
annual report. The experimental sel f-reinforced S i  N5 cera 
nated SN0112 and SN141, respectively) supplied by A h  led-Signal contain 
highly developed acicular (whisker-like) grains and were formulated with 
identical chemical compositions. SN0112 was manufactured by a gas- 
pressure-sintered (GPS) process, while SN141 was processed via a hot- 
isostatically-pressed ( H I P )  process. 
phases at grain boundaries. 

NO112 is approximately 10 times that of SN141. 
y was to investigate the effects of elongated grain structures and 

grain size on the creep resistance o f  self-reinforced Si&+ ceramics. 

loading (19-mm inner span vs 38-mm outer span) at temperatures o f  12350 and 
1400°C at stress levels ranging from 50 to 300 MPa in air. 
Norton NT154 Si,N,, which contains acicular but finer grains, tested under 
flexure stresses from 100 to 300 MPa at 1370°C in air are also included for 
comparison o f  creep properties. The creep data indicate that SN0112 has a 

Both Si3N, ceramics contain amorphous 
Note that the size (both diameter and length) 

The objective o f  this 

Figure 1 shows the creep data o f  SN0112 subject to $-point flexure 

Results o f  
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Fig. 1. Creep rate vs appl ied stress curves of gas- 
pressure-sintered silicon nitride (SN0112) containing higk- 
devel oped aci cul ar grains . 



31% 

creep resistance comparable t o  t h a t  a f  94JBS4 a t  about 1370°C and a t  
stresses ?i 280 m a . .  
o f  SI40112 e x h i b i t  an i n f l e c t i o n  a t  both 1358 and 1 4 Q O " C ,  Both curves have 
s t r e s s  exponent-s o f  a p p r a x i m t e l y  1 and 1.5 a t  stress < 125 HPa andp then, 
transition t o  higher exponent values  o f  3 and 5, respectively, a t  higher 
stress l e v e l s .  AS r-eportei/ previot. is~y, '  t h e  creep s t ress  exponent o f  t h i s  
mater ja l  a t  temperatures o f  9200 and 1300°C was approximately 1. A s t r e s s  
exponent o f  1 f o r  S i  M, c e r a ~ i c s  con ta in ing  i n t e r g r a n u l a r  glassy phases can 
be a t t r i b u t e d  t o  diffusional or viscous  creep meikanisns. 

from extens ive  creep cavitation. A similar  t r a n s i t i o n  i n  stress exponents, 
w j t h  increasing the stresses, YX ybserved i i i  s i l i c o n i z e d  s i l i c o n  carb ide  
under both tension and C Q G ~ W S S ~ C I ~  and wag a l s o  a t t r i b u t e d  ts creep damage 
(cavi ta t ion) .  Note t h a t  N 7 Y M  e x h i b i t s  B s t w s s  exponent o f  approximately 
1 awt "  t h e  s t r e s s  range employed a t  1376"@, I n  addition, the creep data  
i n d i c a t e  that, the  creep rates o f  SN0112 a t  1400°C a r e  s u b s t a n t i a l l y  fas ter ,  

The enhanced creep deformation a t  1400°C was forwsl t o  be assoc ia ted  w i t h  
enhanced spxidatian reartloris and m o w  ex tens ive  creep c a v i t a t i o n .  

The flexure creep data  o f  H I P  f ine -g ra ined  Si$, (SNlQI) i n  a i r  a t  
temperatures from 1200 t o  1350°C under selected stress levels are given i n  
Fig. 2 %  The creep da ta  o f  6PS caarse-grained Si$, (SrSOlI2) a t  1200 and 
13@O"C a w  also included for csqarissmn I n  general9 the f ine-gra ined  
Si3!$ (SM141) e x h i b i t s  creep rates, which are  approximately 4 t o  8 t i m e s  

a b  o f  the  coarse-grained s i  t e s t  c o n d i t i o n s  
played, Th is  Ind?reaBes t h a  a i r  a f  s e l f -  

re-s'nfsvued Si$, ceramics i s  enhanced by the increased grain s i z e .  
A d d i t i a n d i y ,  %%I41 exhib-its a creep stress exponent (n]  o f  1 a t  3200°C 
and, then, transitions i n t o  a higher stress exponent (1.7') a t  both 1306 and 
1356°C.. As stated above, t he  creep mxhrnniisam cawesponding t o  n = 1 i s  
a t t r i b u t e d  t o  d i f f u s i o n a l  or  viscoins creep. The higher stress 
SN941 a t  1300 and 1350°C may be a t t r i b u t e d  to the increased nu 
o f  creep c a v i t a t i o n  and/or tta enhanced oxidatdon as compared t o  t h a t  a t  
12COQC* 

The results show t h a t  the creep r a t e  vs stress carves 

13e higher  
stress Exponents, p l u s  higher creep rates, a! stress > 125 NPa resulted 

by appruximately ant? order o f  mgn-itude,  as compared w i t h  those a t  1350°C. 

Creep tes ts  i n  4 -poin t  l o a d i n g  conf igu ra t ion  (12.7- im inner span t o  
2 5 , 4 - m  outer span) wew conducted on a s in te red  S i c  ceramic (designated 
C L 3 )  i n order t o  characleri ne i t s  creep resi  stance a t  el evated temperatures 
and selected stress levels i n  a i r ,  Cb3 is  a siritere & - S i c  material pro-  
vided by Carbari.awdm~- CQ pany t h a t  has a gra in  s i 2 e  o f  approxiva te ly  3 pvj 

and contains a second p ase a t  grain-boundary, triple-grain jeenctions, A t  
1268"C, a 4 -po i i l t  f lexure strength o f  approximately 6oa !+Pa was obta ined 
far a s t ress ing  rate o f  38 MPa/s and a span rat io  o f  6,35 mm ts  19.05 m~19 
f o r  this m a t e r i a l .  s the creep d a t a  far CL3 subjected t o  
flexlnre stresses o f  188 eo 213 ii a t  teaperatures ranging f r o  
1408°C i n  a i r .  The results indicate  t h a t  Ci.3 e x h i b i t s  very pr 
resis tance under the tes t  condi t ions erxployed i n  t h j s  s t d y ,  
a t  an a p p l i m ~  s t r e s s  af 150 N P ~ ,  the weep  rates are 4.8 x 
3.6 x S- a t  2300 apci \ ~ o o " c ,  respectively,  which are comparab~e t o  a 
creep rate of 2.8 x 10' s- a t  ifn appl ied  stress o f  250 MPa a t  1370°C f o r  

Figure 3 sh 

For ,instance, 
s- and 
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the Norton NT154 Si,N,. In addition, CL3 maintains a creep stress exponent 
(n) of approximately one at ?; 1400°C under the stress levels employed. The 
activation energy (Q) for creep of CL3 is calculated to be 302 kJ/mol for 
an applied stress of 150 MPa. The activation energy (302 kJ/mol) obtained 
for CL3 is intermedi e to the activation energy for lattice diffusion of 
silicon (322 kJ/mol)'> and the6 activation energy for grain-boundary dif- 
fusion of carbon (296 kJ/mol). Additionally, the values o f  Q and n for 
CL3 are similar that noted by Coble et al. for crept, hot-pressed, poly- crystal 1 i ne Si C. & 
Status of milestones 

Milestone 321309: Creep studies of Si N ceramics with elongated 
grains and toughened Sic ceramics were completed. 

A modification of Milestone 321310 was requested in March 1991 with a 
new target date of September 1991 and a new Milestone No. of 321311. 
request was due to the difficulty in obtaining Si N4 materials from 
external sources. A new Milestone 321310 was initiated to investigate the 
compressive creep of Sic whisker-reinforced alumina and alumina in order to 
compare creep behavior under different stress 1 oadi ng conditions. 

The 
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Cvclic fatisrue o f  Toughened Ceramics 
K. C. L iu ,  J. L. Ding, H. Pih, C. 0. Stevens, and C. R. Brinkman 
(Oak Ridge Nat ional  Laboratory) 

Ob.-iect i ve/scoDe 

The o b j e c t i v e  o f  t h i s  task  i s  t o  develop, design, fabr ica te ,  and 
demonstrate the  capabi l  i ty  t o  perform tens ion- tens ion dynamic f a t i g u e  
t e s t i n g  on a u n i a x i a l l y  loaded ceramic specimen a t  elevated temperatures. 
Four areas o f  research have been i d e n t i f i e d  as the  main t h r u s t  o f  t h i s  
task:  (1) design, f a b r i c a t i o n ,  and demonstration o f  a load t r a i n  column 

l y  a l i g n s  w i t h  t h e  l i n e  o f  specimen loading; (2)  development o f  a 
pecimen g r i p  t h a t  can e f f e c t i v e l y  l i n k  the  load t r a i n  and t e s t  

specimen w i thout  camp1 i c a t i n g  the  specimen geometry and, hence, minimize 
the  cos t  o f  t he  t e s t  specimen; (3) design and analys is  o f  a specimen f o r  
t e n s i l e  c y c l i c  f a t i g u e  tes t i ng ;  and (4) conduct c y c l i c  t e s t s  on a number o f  
candidate ceramic ma te r ia l s  i n  order  t o  es tab l i sh  a data base. 

Technical p rowess  

C y c l i c  f a t i g u e  behavior o f  S i c  (Hexoloy-SA) 

A se r ies  o f  t e n s i l e  and c y c l i c  f a t i g u e  t e s t s  was completed on S i @  a t  
1300 and 1400°C. 
21 ~ P a / m i ~  and t h e  fa t i gue  t e s t s  a t  21,000 MPa/min i n  a tens ion- tens ion 
mode. 
f a i l u r e  occurred, a t e s t  mode genera l l y  known as coaxing. Test parameters 
and r e s u l t s  are g iven i n  Table 1 and data are p l o t t e d  i n  F igs.  1 and 2 .  
Because t h i s  ma te r ia l  was extremely s e n s i t i v e  t o  res idua l  surface f l a w s  
caused by machining, p a r t i c u l a r l y  t o  those a t  t he  r o o t  rad ius o f  buttonhead 
(which have caused a number o f  buttonhead fa i l u res ) ,  several specimens were 
annealed a t  1500°C f o r  150 h before  tes t i ng .  
f a i l u r e ,  tapered copper c o l l e t s  were u t i 1  ized. Subsequently, no buttonhead 
f a i  1 ures occurred. The c o l  l e t s  were made of a d i  spersion-strengthened 
copper (GLIDCUP AL-15) f o r  s t reng th  a t  h igh  temperature. Although some 
degree o f  surface ox ida t i on  was observed a f t e r  about 1100 h of f a t i gue  
tes t i ng ,  no v i s i b l e  phys ica l  d e t e r i o r a t i o n  was not iced.  Therefore, the  
f i x t u r e  was re fu rb ished and reused. 
i n d i c a t e  t h e  end o f  t h e  t e s t s  and that f rac tu res  occurred w i t h i n  the gage 
sect ion.  
t h e  i n d i c a t e d ' t e s t  cond i t ion .  They were l i n k e d  together  by a broken l i n e  
t o  i n d i c a t e  the  load ing  h i s t o r y  u n t i l  specimen f a i l u r e  f i n a l l y  occurred a t  
t h e  end, as shown by a c losed symbol 
open symbols imply  t h a t  t he  l i f e t i m e  would have been h igher  i f  the  
specimens had no t  f a i l e d  ou ts ide  the  gage sect ion.  

The t e n s i l e  t e s t s  were run  a t  a s t ress ing  r a t e  of 

Some t e s t s  were cyc led  f r o  low t o  h igh  s t ress  i n  steps u n t i l  

To fu r ther  avoid buttonhead 

I n  Figs. 1 and 2, closed symbols 

Open symbols i n d i c a t e  the  i n t e r m i t t e n t  l i f e  o f  the  specimen a t  

The shor t  arrows attached t o  the 

Cyclic fatigue a t  1300°C 

Oak Ridge Nat ional  Laboratory (ORNL) fa t igue data were compared w i t h  
UDRI fa t igue da ta  i n  F ig .  1. Data were bracketed i n  a band t o  approximate 
t h e  fa t i gue  behavior. H a l f - f i l l e d  symbols i n d i c a t e  res idua l  t e n s i l e  
s t reng th  of UDRI specimens a f t e r  they were precyc led f o r  450,000 cycles. 
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The UDRI lot showed f a t i g u e  resistance s f  the material gene~ally t o  be 
higher than the ORML lot by about 15 t o  354, 
strength determined by both laberatories was about the sane, 

ed t h a t  coaxing increased t h e  f a % i g ~ e  resistance sf the  material, b u t  
resaal tant e f f e  t an fatigue st.rcngth Mas no t  coaparable t o  that. 

exhibited by the u RI mter ia l .  T h i s  e b s e ~ v a t i o n  and t h e  h igh  residual 
tensile strength exh ib i ted  by partially fa t igued UBRH specinens (458,800 

However, the lowest fatigue 
ORNL tests 

1 ~ g g e ~ t e d  that the OWN& lot miyht be soiilenhalt inferior compared t o  

Cyclic fatigue a t  1480°C 

Several at.tfcmpts were made ta determine t h e  low-cycle f a t i g u e  be- 
havior (between 10 t s  l~~ cycles) o f  this aterial a t  1400°C (Fig. 21, In 
most cases, speci ens either failed in the 
monotonic tensile t es t  or showed f a i l  lives in excess o f  10. cycles. 
V ~ Q W  tests t h a t  went beyond 5 x 36 :es or '1lOV-P Were then cycled t o  
higher peak stresses in steps u n t i  1 F a i  I ure Resul t s  showed that caaxi ng 
a t  this temperature was extre ely beneficial t o  t h e  Fat igue  resistance o f  
this materia? a A t o t a l  numbe o f  cycles t o  failure in ~ x c e s s  o f  
4.2  million was achieved in specimen 5-2, which also showed t h a t  t h e  
enhanced fatigue strength exceeded the tensile strength by abou t  20%. 

the first. two loa g segments were abbrevi ated. A I  thoug5 t he  f a t i  gere 
strength o f  speci 
5 - z 9  the benefici e f f e c t  was c l e a ~ l y  discernable in t h i s  case a l so .  

njltial loading legbas ix 

Ta ascer ta in  the beneficial e f f e c t  o f  coaxing exhibited by specimen 
en 5-3 was used t o  duplicate the test esndj t jons,  ~ x e e p t  that 

5-3 fell Just one little step be%ow that o f  specimen 

g usually starts w i t h  initial cycling from a peak stress ampli-  
the  f a t i g u e  endurance limit of: the miter ia l .  Significant i m -  
n fatigue strewg h was demnstrated when specimens 5-2 and 5-3 

were cycled fro@ a stress a plitude below the  banded f a t i g u e  curve in t h e  
high-cycle range.. 
starting peak s t r e s s  amp1 i tude  

To evalu t e  the  effectiveness o f  coaxing r e l a t i v e  t o  the  

stress levels on or above the f a  igue curve, respectively, as shown in 
2 * Mixed reisan1 ts were e b t a i  ned Mowever, general observations ap- 

i c a t e  that coaxing was beneficial at any s t a r t i n g  stress 
re t o  enhance the  fatigue resistance in o t h e r  cases was prsba-  

as further observed t h a t  the fatigue s t r e n g t h  o f  Hexoloy-SA 

speci ens 5-4 and 6-2 were cycled starting 

bly due t o  the competing crack gjro t h  o f  large p r e e x i s t i n g  flaws i n  the 

Si@ a t  1360 and 1400°C was about. t h e  same, except t h a t  coaxing a t  1306°C 
was not as effective as that a t  1400"C, 

Acoustic Emission Studies o f  Ceramic Fat igue 

Mari O t i s  mechan 
Llrces such as cra 
inning g r a i  n-bsu r y  sliding, fracture and decshesion o f  inclusions, 

and phase transformations. However, a unified method t o  identify the type 
f A€ does not e x i s t  an yet ,  Never the less,  significant progress has been 
ad@ i n  AE techni BRS t o  analyze n o t  only the profile o f  AE activities but 
also to determine the location o f  AE sources w i t h  reasonable accuracy, 
mainly due t o  the advance i n  bath hardware and softwire o f  personal compu- 
ters developed i n  recent years, 

s have heen proposed as acous t i c  emission 
nucleation and propagat ion ,  moving d i s l o c a t i o n s ,  

(PIE) 



323 

ter ia ls  are sub3eeted t o  l oa  1 atent defect 
ion, defect enlarge 
neous release! o f  t r  

audible by sensitive instrume 
AE ~~~~~~~~~~ in det .itling flaw 'lo growth i n  ceramic 
materials i n  real ti could enhance ng of  crack nucleation 
and propagation, fat e, and fracture ~ ~ ~ ~ ~ ~ i s ~ s  that are  unique in b r i t -  

ade a preliminary AE study o f  an Al,O, tensile specimen sub- 
ic loading a t  roo Figure 3 shs s a schematic 
ental  setup used. A detailed discussion o f  the equipment and 

peratanre, 

F i  9. 

test arocedure i s  f 

LOAD 

setup. 

sectibn, a t  least t Q sensors are required.. The relative arrival time from 
E event is monitored ah the two transducers and t h e  BZV n t  location i s  
uted by t he  AE analyzer. In this experimental work, t o sensors were 

in place by rubber bands. Artificial AE 
ith a thin knife blade on the specimen 
idpoint between the transducers (2% mrn 
on both sides o f  the midpoint offset by 
a determine the key AE parameters such as 

on the reduced section o f  the tensile spec men with a high- 
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parity of transducer sensitivity, threshold amplitude, velocity of AE 
signal, and signal gain, etc. The specimen was then loaded under a static 
stress of 5 MPa for about 68 h. A total of 50 AE events were recorded as 
shown in Fig. 4, which is a graph of AE events vs distance X measured from 
transducer No. 1. 
with a signal amplitude greater than a preset value, which was set at 45 dB 
in this case. 
33 m. 

An AE event was defined as an AE activity accompanied 

It shows most events occurred at two locations, X = 25 and 
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Fig. 4. A graph showing number and locations o f  AE events 
occurring in an A1,0, tensile specimen subjected to a static 
stress o f  5 MPa. 

The A1,0, tensile specimen was then cycled in tension-tension to a 

Figure 5 showed the frequency of AE 

Most AE events were 

peak stress of 150 MPa, equivalent to 50% of the tensile fracture strength 
o f  the material at a rate of 1 Hz. 
events that have occurred at the position indicated, after about 92 h of 
testing when the test was momentarily interrupted. 
determined to have occurred in two zones, A and B, centered at X = 26 and 
37 mm, respectively. 
span. The scatter was not unexpected since the noises from the hydraulic 
and mechanical systems and the changes in wave mode can be misinterpreted 
by the AE analyzer. 
occurred would be potential sites of fracture failures. Subsequently, the 
test was restarted and run for 51.3 h until failure. Additional AE events 

Several more events were scattered over the gage 

The locations where high incidence of AE activities 
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Fig. 5. locations o f  AE events 
occurring in an 
tension cyclic f 
92 h. 

recorded after the restart tely and results are sum- 
g. 6, which als E events were detected to 

frequency distribution of  

tively flat. Several reasons for the differences can be cited. Firstly, 
an event location is computed based on elative arrival time monitored at 

o sensors, using a linear e aterial inhomogeneity, wave path, 
interferences, sensor mis ffect, wave velocity, and other 
factors can invalidate th 
degrees of error. 
location relative to the sensor position. 
from an AE event occurring at central locations is very short dare to the 
symmetry of the sensor positions, the error is minimal. In contrast, the 
error range is likely to be amplified as the AE event location moves toward 
one of the sensors. 

e technique was used t o  investigate the cyclic fatigue behavior 
of S I C  (whisker)/Al$, matrix composite material subjected to tension- 
tension cyclic loading. 

in either of t 
s that of zone B was wide and rela- 

mple 1 inear relationship, resulting in various 
Secondly, severity o f  the error depends on the event 

Since the relative arrival time 

Actual fatigue failure occurred at X = 37 mm. 

An exploratory specimen was used to establish the 

This explora- 

eters of the composite material, since little was known. Cyclic 
loading was applied to the specimen in increasing steps beginning 

MPa (about 80% of tensile strength) until failure. 
tory test showed that the AE characteristics of the composite material were 
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Fig. 6. A graph showing frequency and locations o f  AE 
events detected in an A1,0, tensile specimen subjected to tension- 
tension cyclic fatigue loading to a peak stress of 150 MPa for 
51.3 h following the initial 92 h testing. Specimen fracture 
occurred at X = 37 m, 2 m o f f  to the right of the second high 
peak. 

different from those of mono1 ithic A1,0, investigated previously, appar- 
ently due to the presence of whiskers in the composite. A high number o f  
AE activities in counts (but lower amplitude in AE signal intensity) was 
detected in the composite compared to those monitored in the monolithic 
specimen. The lower intensity in AE signal signified that crack growth was 
effectively suppressed by the whiskers even though the composite was cycled 
to a peak stress amplitude twice as high as that used in the cyclic testing 
of the monolith. Because of the decrease in signal intensity, it was 
necessary to lower the threshold setting to 42 dB, which allowed most of 
the major events occurring in the composite to be detected. As a result, 
the locations of AE events determined from the detected signals were 
somewhat scattered probably due to the rise in number of detectable AE 
activities. 

To produce a meaningful number of clear AE signals for determining 
locations of AE events, a second composite specimen was cycled initially 
under an applied peak stress of 420 MPa, which was estimated to fall above 
95% of the tensile strength. A distribution o f  456 AE events detected 
after 3000 cycles of testing is shown in F i g .  7. Although it showed five 
or six competing peaks, they were more or less evenly distributed. Since 
the number of AE events detected per block o f  cycles decreased as cycling 
continued, the cyclic stress was increased to 432 MPa after about 35,000 
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1 I 

Fig. 7. A graph showing number and locations of 
events occurring in a S i c  whisker-reinforced A1 0, tensile 
specimen subjected to tension-tension cyclic faZigue loading 
to a peak stress o f  420 MPa after 3000 cycles of testing. 

cycles of testing.. The specimen failed at 48,316 cycles. 
tion of all AE events detected at the end of the test is shown in 
It shows three high peaks at X = 14, 20, and 29 mm measured from the loca- 
tion of sensor # 3 .  Two low peaks are discernable at X = 41 and 46 mm 
locations. Actual fatigue failure occurred at X = 40 mm, This exploratory 
study demonstrated that potential fatigue sites in the composite material 
can be detected using AE techniques. However, a pinpoint prediction o f  the 
final fracture location based on the highest frequency of AE events appar- 
ently would not be reliable. 
experiment i s  being analyzed for understanding o f  the in-situ fatigue be- 
havior and slow crack growth under cyclic loading, 

Creep Testing o f  NT-154 Si,N, 

Experimental efforts were continued on creep testing o WP-154 S13N4. 
Activities that occurred during this reporting period fallo 

Creep behavior a t  1200°C 

A new 

A wealth o f  test data obtained from this 

Since 1200°C is the temperature o f  many practical applications o f  
NT-1§4, six specimens were evaluated under various stresses ranging f 
200 to 356) MPa. Results are summarized in Figs. 9 and 10. Open arro 
indicate that the tests are continuing. 

200 MPa. 
Specimen 20-42 (annealed at 1370°C for 150 h): Test,e$ initially under 

Creep strain rate decreased to about 3.2 x 10- /s after 1000 h 
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Fig. 8. A graph showing frequency and locations o f  
AE events detected in the same ceramic composite specimen 
subjected to tension-tension cyclic fatigue loading to a 
peak stress of 432 MPa, when it ruptured at 48,316 cycles. 
Actual specimen fracture occurred a t  X = 40 

Fig. 9. Creep curves of NT-154 Si,N, tested at 1200°C 
under applied stresses ranging from 200 to 350 MPa. 
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Fig. 10. Comparison o f  creep behavior o f  unannealed (speci- 

men 20-37) and t h a t  o f  annealed (specimen 20-38) IJT-154 Si$, tested 
a t  1200°C under 300 MPa. 

o f  tes t i ng .  
1600 h o f  t es t i ng .  

Specimen 20-48 (annealed): Tested a t  250 MPa for  about 270 h .  
segment o f  the creep curve showed a remarkable s i m i l a r i t y  t o  the second leg 
o f  the creep curve o f  specimen 20-42 tested under the same stress.  

Specimen 20-38 (annealed): Tested a t  300 MPa for near ly  2000 h. 
Transient creep dominated the e n t i r e  t e s t  per iod and the! t e s t  i s  
continuing. 

Specimen 20-49 (annealed): Tested a t  325 MPa for  about 160 h and the 
t e s t  i s  continuing. The creep curve f e l l  s l i g h t l y  above t h a t  o f  specimen 

Specimen 20-41 (annealed): Tested a t  350 MPa f o r  150 h i t h  a t o t a l  of 
about 0.3% creep s t r a i n  accumul ated t o  date. 

Specimen 20-37 (unannealed): Tested at 300 MPa and ruptured a f t e r  
1.4 h o f  test ing.  
30-38, which was an annealed specimen. Figure 10 shows creep curves o f  
both specimens are about the same. The cause of  the premature f a i l u r e  will 
be determined from the r e s u l t s  o f  microst ructura l  analyses. 

The stress was ra ised from 200 t o  250 MPa a f t e r  completing 

This 

20-38. 

The rupture t ime was f a r  shorter than t h a t  of specimen 
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Creep behavior a t  1300°C 

Creep behavior of NT-154 at 1300 "C was investigated and test results 
were reported previously for two specimens 20-86 and 28-13 tested in u n a n -  
nealed and partially fatigued conditions, respectively. 
effects of prethermal aging on creep behavior, an annealed specimen 20-30 
was tested under an ap lied stress o f  120 M B  + To f aci 1 i tate coinpari son, 
all three sets of Cree data are plotted in i g .  11. The solid arrow 
indicates that the specimen ruptured outsi the gage section due t o  the 
contraction of specimen gripping fixtures 
occurred. Therefore, the actual rupture t 
somewhat higher than the total creep test 

creep by a factor o f  about three compared t o  that of the urnannealed 

However, from the viewpoint o f  practical e ~ ~ ~ ~ e ~ ~ ~ n ~  applications it is n o t  
unreasonable t o  assume that the tr nsient creep ended after about 500 t o  
688 h o f  testing as was the case o served in the creep curve of the man- 
nealed specimen. On the basis of this approximation, the creep rate in the 
range following the transient creep was practically the same for all o f  the  
three specimens. This observation indicates that the transient creep be- 
havior was sensitive to the initial microstructural state of the grain- 
boundary phase present. However, as the microstructure of the grain- 
boundary phase underwent changes through ther a1 exposure a t  appropriate 
temperatures (with or without external stimulus such as cyclic loading) f o r  
certain periods of time, the creep behavior became predictable. 

To investigate the  

Annealing was shown to be effective in reducing the initial transient 

en. The transient creep as extensive for the annealed specimen. 

0 91-9362 
10000 3 

8000 

6000 

4000 

2000 

0 

Annealed (20-303, w 

0 500 1000 1500 2000 2500 3000 3500 

parisons o f  three c ~ e e  
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: 

Creep behavior  a t  1370°C 

1370°C, 100 MPa 

Specimen 20-09 (precycled): The test was interrupted again by a labo- 
ratory power outage after about 3200 h of testing. 
heated and reloaded to 100 MPa but fractured in the gage section after 
about 700h of testing since the second reloading. 
nearly 4000 h of testing is shown in Fig. 12. 
discernable immediately following reloading. This observation confirmed 
the previous finding that the behavior was real. 
creep, the last segment o f  the creep curve would have continued as if no 
interruption had occurred. 

The specimen was re- 

The creep curve with 
A brief transient creep was 

Without the transient 

20000 1 -_ 

0 500 1000 1500 2000 2500 3000 3500 4000 

TIME (h) 

Fig, 12, Annealing an precycling of specimens at 1370°C 
can dramatically modify the initial transient creep behavior and 
enhance the creep rupture time o f  NT-154 Si,N,. 

Specimen 20-24 (annealed): The test was completed after 2100 h of 
testing with a total creep strain o f  about 1.5%. Neither steady-state 
creep nor tertiary creep range can be defined unambiguously due to the 
dominance of t h e  extensive transient creep exhibited by the creep curve 
shown in F i g  13.  
the test but the existence o f  the behavior remained dubious. 

A h i n t  o f  tertiary creep was discernable near the end of 
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200 MPa 
250MPa 0 

0.4 

0.3 

0.2 

0.1 

0.0 
0 200 400  600 800 1000 

TIME ( h )  

o f  @a1 cul ated experimental 

ize the problems o f  transducer signal drift due t o  the change 
ture i n  the proximity of the high-temperature 
ade of Invar were used in all o f  the mechanical 
is a low-expansion alloy o f  iron and nickel. 
ted for the extenso after the modification. 
the extensometers ed at the grade level be- 

tween class A s B1 o f  the ASTIIS sta . The drift prablems were 
virtually el i this change and meaningful test results were 
obtained. 

Creep behavior OF 

tests an G N - I O  Si$, is show in Table 2. A f e  creep curves were selected 
atrix ~ ~ ~ ~ ~ ~ r ~ ~ i ~ ~  t h e  status o f  ongoing and completed creep 
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Tab le  2. A matrix summarizing the s t a t u s  of creep tests on GN-10 Si,N, 

1150°C 1 20QD C 1250" c 1 aooe c 

70 MPa Ye: (2oQ1.9 h)C 

125 MPa xc (>1030.9 h p  XP (>2220 h) xc (15.2 h) 

100 MPa XC (1029.5 h)c YC (19.5 h); 
XP (>lo35 h) 

150 MPa YC (12193.6 h) XC (135.9 h); YC (0.2 h) 
YC (58.6 h)d 

175 MPa YP (> 1820 A) XP (25.5 h) 

206 MPa xc (840.9 11) YP (240.3 h); 
xe (62.4 h)b 

225 MPa xe (96.3 h) 
2514 MPa XC (733.8 h) YC (7.5 h) 
275 MPa 
300 MPS 

I_ - XC (62.0 h)c 
I__ 

X indicates tests initiated during this reporting period, Y continued from the last period, 
P ongoing, and c completed. 

astress increased to 2.25 MPa after-1030.9 h of testing. Specimen failed at buttonhead 

'Does not indicate true lifetime due to premature failure caused by surface damage duo to 

"Specimen fracture oi~tside the gage section. 

dTested at 1230°C 

after 5.4 h of testing at 225 

extensometer probe. 

for illustration i n  Figs.  13 through 16 for speci  ens tested at 1150, 1200, 
1250, and 1300"C, respectively. 

tested a t  1200°C under an applied stress o f  22% Pa w i t h  that o f  a precrept 
t o  the application o f  a 

a 225 WPa) tested u n  condi ti on. Both curve 
replotted so t h a t  they star t  e t o  facilitate comparison. The 
enhancement o f  creep resistance exhibited by t e precrept specimen was very 
dramatic. Because t h e  total creep st rain accu eelated during the low stress 
creep was very low less than 0.65%), the stre gthening was most likely 
attributed t o  therm 1 aging instead o f  st rain history. 

Figure 17 compares the transient creep beha ior o f  a virgin specimen 

( a t  125 MPa for 183 

Creep rupture o f  GN-IQ Si,#, 

the l as t  progress r ave been updated w i t h  a ditional rupture d a t a .  
Compar-i sons betwee experimental d a t a  and predict. ians are shown i n  Figs.  18 
and 19. Neither m el showed clear superiority to the other in terms of  
the degree o f  f i t t  g within the data range, h i c h  remained too limited f o r  
d e f i  n i  ti ve model devel oprnent . 

The minimum co t model and the  Larson- iller model discussed in 
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ORNL-DWG 91-9365 
0.6 I 

0.4 

125 LMPa (INCREASED TO 
225 MPa AT 1030.9h) 

0.0 

TIME (h) 

Fi g e 14. Cornpari sons of cal cul ated 
(sol id 1 ines) and experimental creep curves 
of GN-10 Si,N tested at 1200OC. The bottom 
curve shows t\e first leg o f  the creep curve 
before the applied stress was increased from 
125 to 225 MPa at 1030.9 h. The second leg 
is shown in Fig. 17. 

ORNL-DWG 91-9366 
1.5 

GNlO SILICON NITRIDE 
TEMP = 12SO°C 

0 1000 2000 3000 

TIME (h) 

Fi g . 15. Compar i sons o f  cal cul ated 
(solid lines) and experimental creep curves o f  
GN-10 Si,N, tested at 1250'C. 
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GNlO SILICON -E 
TEMP = 1300°C 

0 500 1000 l!  

TIME (h) 

)O  

F i  9. 16 Compari sons o f  cal cul ated 
(solid lines) and experimental creep curves 
of GN-10 Si,N, tested a t  130OOC. 

ORNL-BWG 91-9368 
0.2 

0.1 

0.0 

GN10 SILICON m E  
TEMP = 1200oc 
STRESS = 225 MPa 

VIRGIN 
S P r n i E N  

0 2 4 6 8 1 0  

TIME (h) 

Fig .  17. Comparison of i n i t i a l  tran- 
sient creep behavior o f  a virgin specimen and 
t h a t  of a specimen precrept a t  125 MPa for 
1030.9 h. 
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1 1150°C i 

a RIJWURE DATA (115OC) 
A RUITURF DATA (1200(7) 

A RUPTURE DATA (123oC) 
E RUPTURE DATA (125CC) 

+ RUPTURE DATA (13W) 

10 
7 1 

RUPTURE TIME (h) 

F i g .  189. Cam arison o f  creep rupture 
times and pre ictiorrs based on the minimum- 
commitment mo 

1000 

THE LARSON-MllLER MOOEL 

0 & 

100 
E 

5 

m m 

oc 

RUPTURE DATA (115oc) 

A RUPTUKE VATA (12ooC) 

A RUPTURE DATA (123OC) 

E RUF'TUKE DAYA (12SOC) 

10 
1 7 

RUPTURE TIME (h) 

parison o f  creep rupture 
times and predictions based on the Larson- 
Mi 1 1  er model. 
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n t  o f  a defo 7 ife-prediction made! 

ental d a t a  obtained t a  d a t e ,  a deformation and 
ry form has been developed. 

evolution rules associ del are pastu la ted  as f o l l a  
Three 

an 

QD -- 
fi = a. (Do / U ) " e  RT , 

ere E i s  the creep strain 
ence stress ao; a $  the appli 
sents the level o f  crystallinity with Do and Bo as i t s  initial value and 
initial evolution rate, respectively; u, a damage parameter that, has a 
range between 8 and 1 with 1 representing the ruptured state; 4 t h e  

; T, t he  absolute temperature; R ,  %he gas 

tion rules need further refinement, the pro- 
rm is capable o f  del ineating qual i 
t with t he  observed physical phena 

that creep strain rate increased w i t h  increased stress and temp 
decreased as the level s f  crystallinity increased due to devitrification 
occurring in the grain-boundary phase. 
governed by the grain-bo material, fracture in some cases could be 
controlled by a separate ensn strictly due t a  t he  slo 
initiating from defects p ting in the maher- ia l ,  The e 
easily applied to prob le  l v i  ng general thermomeshani c 

integrated into a numerical code ( e . g . ,  finite element code) 

t h  C, as its initial creep rate a t  a refer- 
stress; D, a material parameter that repre- 

and n are canstants. 

While t h e  creep behavior  was 

integration o Eqs.  (1) and ( 2 )  ~~nder constant 
d t o  t he  fall0 i ng equa t i  on : 

= A [ (1 i B t : ) " - l ]  , (4 )  

where t i s  t h e  creep ti e and A,  B,  and C are constants  that can be 
correlated to those use 1) and ( 2 ) .  Under the constant-stress 
creep conditions, Eq. (3 )  t o  the harssn-Mi 11 er  rupture 
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model. Therefore, the constants in Eq. ( 3 )  are determined from the creep 
rupture data. 

stants A, B, and C used in Eq. ( 4 ) .  Excellent fitting between experi- 
mental data and calculations (solid lines) is demonstrated in Figs. 13 
through 16, using the values tabulated in Table 3 .  

A computer program has been developed to determine the values of con- 

Table 3.  Values o f  constants A, B ,  and C o f  Eq. 4 for calculating the 
creep curves shown in Figures 13 t o  16. 

Temp. ("C) Stress (MPa) A B 
1150 200 8.255 0.01 21 6 

1150 250 0.06558 0.03059 
1150 300 0.0051 14 122.2 
1200 125 3.161 126.9 
1200 150 41.58 0.1 135 
1200 175 19.36 0.07596 
1200 225 0.01 444 15.8 
1200 250 0.0003598 61 940 
1250 100 0.00031 94 91 5.7 
1250 125 62.61 0.1637 
1 250 150 0.1571 0.7278 
1250 175 0.00001 269 7328 
1300 100 0.06431 10.59 
1300 125 35.57 0.1249 

C 
0.01 970 
0.6268 
0.3853 

0.001 096 
0.001 186 
0.00491 8 

0.501 5 
0.4808 
0.51 96 

0.0031 69 
0.4005 
0.8830 
0.3330 

0.02248 

Important findings and observations 

Although test results are very preliminary, the AE techniques may be 
used to detect potential fracture initiation sites in ceramic materials. 

Status o f  milestone 

on an advanced, toughened ceramic materi a1 ) was compl eted. 
Milestone 321411 (complete technical report covering results o f  tests 

Pub1 ications 

1. K .  C. Liu, ti. Pih, C. 0. Stevens, and C. R. Brinkman, "Tensile creep 
behavior and cycl ic fatigue/creep interaction of hot-isostatical ly-pressed 
Si,N,," has been submitted for inclusion in the Proceedings of the Twenty 
e ighth  Automotive Technology Deve?opment Contractors '  Coordinat ion lrleeting 
at Dearborn, Michigan, October 22-25, 1990 (in press). 
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and K. C ,  Liu, "Laser Diffraction ethods for High Temperature 
Strain ~ ~ ~ ~ u r e f f l ~ ~ t ~ , ~ ~  Experimental Mechanics, pp. 60-4, v o l .  31 ,  No. 1, 
March 9991. 
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Rotor Data Base Ge neration 
M. K. Ferber and M.G. Jenkins Oak Ridge National Laboratory (ORNL) 

The goal of the proposed research program is to systematically study the 
tensile strength of a silicon nitride ceramic as a function of temperature and time 
in an air environment. Initial tests will be aimed at measuring the statistical 
parameters characterizing the strength distribution of three sample types (two 
tensile specimens and one flexure specimen). The resulting data will be used to 
examine the applicability of current statistical models as well as sample 
geometries for determining the strength distribution. 

In the second phase of testing, stress-rupture data will be generated by 
measuring fatigue life at a constant stress. The time-dependent deformation will 
also be monitored during testing so that the extent of high-temperature creep 
may be ascertained. Tested samples will be thoroughly characterized using 
established ceramographic, scanning electron microscopy (SEM), and trans- 
mission electron microscopy (TEM) techniques. A major goal of this effort will be 
to better understand the microstructural aspects of high-temperature failure 
including : 

(1) extent of slow crack growth, 
(2) evolution of cavitation-induced damage and fracture, 
(3) transition between brittle crack extension and cavitation-induced growth, and 
(4) crack blunting. 

The resulting stress-rupture data will be used to examine the applicability of 
a generalized fatigue-life (slow crack growth) model. If necessary, model 
refinements will be implemented to account for both crack blunting and creep 
damage effects. Insights obtained from the characterization studies will be 
crucial for this modification process. Once a satisfactory model is developed, 
separate stress-rupture (confirmatory) experiments will be performed to examine 
the model's predictive capability. Consequently, the data generated in this 
program will not only provide a critically needed base for component utilization 
in automotive gas turbines, but also facilitate the development of a design 
methodology for hig h-temperature structural ceramics. 

Technical proaress 

Studies of the high-temperature mechanical properties of a high- 
performance silicon nitride (PY6) were continued this reporting period.' The 
PY6 material is fabricated by hot isostatic pressing (HIP) using 6 wt % yttria as 

*PY6 silicon nitride, GTE Laboratories, Inc., Waltham, Mass. 
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the densification aid. I h  microstructure ~~~~~~~~~ consists of 1 to 6-yrn-lsn 
by equ'aaxed grains 0.1 to 1.0 pm in biarn. This 

y leads to a rdatively dense mi restructure. The silicon nitride 
-Si3N4, are separated by relatively 

s yttrium silicate. The intergranular phase is also 
. The exact phase 
upon the HIP 

conditions. 
Testing sf this aterial iwvalvsd the easurement of (1) the fast-fracture 

s a function of temperature an /fatigue behavior at 
res in the range sf 11 50 to 14 re generated using b 

4-paint flexure (3 PI 4 x 58 mm) and buttan-head tensile specimens (6.35-mrn 
gage diam and 35-mrn g 
were machined from inj 
fired dirnssssions of 4 x 5 x 50 mm. The tensile specimens 
specifications given in Fig. 1 from isspressed and WBP'ed rods 160-mm-long 

e length). The majsrity 0% the flex 
an-molded and WIP'ed bars havi 

ORNL-DWG 91 -961 

DIMENSIONS IN mrn 
XX DEC. 4- 2 5  
SURF. FINISH IN MICROMETERS 

MWT'L. - GTE PY6 SILICON NITRIDE 

Fig. 1. Dimensional Specifications for the button-head tensile specimen. 
Note the gage diameter is 6.35 mrn and the total gage length is 35 mrn. 
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and 22-mm in diam. In order to examine the effect of green state processing 
(i.e., injection molding versus isopressing) upon mechanical behavior, a limited 
number of flexure specimens were also machined from the as-received tensile 
rods. 

The strength and creep/fatigue flexure tests were conducted using the 
Flexure Test facility (FTF) shown in Fig. 2. This equipment consists of a load 
frame capable of testing up to three separate flexure samples concurrently. The 
test fixtures have inner and outer spans of 20 and 40 mm, respectively. The loads 
are generated by pneumatically driven air cylinders located at the top of the 

ORNL-DWG 91 -961 9 
(DOTTED LINES INDICATE 
ELECTRICAL COW WECTIONS ) 

Fig. 2, Schematic illustration of the Flexure Test Facility. 

support frame. In order to minimize impact problems normally encountered 
during fracture, a hydraulic fluid is used as the working medium in the cylinder. 
The mechanical loads are transmitted into the hot zone of the furnace through 
SIC rods. Each of the bottom three Sic rods are also attached to a load cell 
which monitors the applied force as a function of time. During a test, a linear 
variable differential transformer (LVDT) tracks the downward displacement of the 
load ram. The computer monitors this displacement, as well as the load on each 
specimen, and provides necessary adjustments in the air pressure (via the 



343 

electro-pneumatic transducer) such that the desired stress level is maintained. 
The applied load can be specified as a function of time through the computer 
software. The required test temperature is maintained by a resistance-heated box 
furnace. 

using two methods. The first involved the measurement of the load-point 
deformation, y ~ ,  which was based upon the LVDT readings (see Fig. 3 for 
reference). In order to account for the effects of thermal fluctuations upon the 

The time dependence of the flexural creep deformation was determined 

ORNL-DWG 91 -962 

f 
ALUMINA 

PUSH RODS 

Fig. 3. Triple-point deflectorneter used for measurement of creep 
deformation. Inset illustrates definitions of Yr and g. 
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ront load station in each test frame was "deadat loaded 
he resulting displacement-time data, 
thermal fluctuations, were used to 
nt load stations. In the second method, 
e FTF (Fig. 3$, was us@ 
of the specimen relati 

load points (yr). The resolution of these dispiacernent measurements was 
approximately 5 pm. les not failing durin 
examined with an opti rnparafor to obtain 
YI. 

The tensile stren creep tests were 
electromechanical lo chines having both load- and strain-control 
capabilities.' The d d (strain)-time profile was cantrolled by a 
trapezoidal fu nctio w generator. The pecimen grips, which were confi 
button-head specimens, were locate autside the compact, t 
heated furnace capable of generating a maximum temperature of 160OoC. The 

re attached to the loa ugh hydraulic couplers to min 
moments. Specime nt was measured with a direc 

capacitance extensometer (Fig. 4). By carefully controlling the temperatures of 
both the measurement hardware and grip cooling water,l a resolution < 0.5 pm 
could be achieve with this extensometer. A computer was used to monitor an 
store various out 
temperature. All t 

nals including displacenient, laad, Isad error, and testing 
creep/fatigue tests were conducted in ambient air under 

csntrol. ~~~~~~~~~ ere strain gaged and the percent ben 
~ r n  temperature to w~sure that minimum bending was impo 

the lower loads and stresses imposed during the creep 'tests. In all cases 
bending at the anticipated creep stresses was < 3YL 

tensile specimens teste 
corresponding test tern ngth and creeplfatlgue 
measurements. The lo all fast-fracture strength tests was 35 
to 37 MPa/s. In the ca rn pe rat u re ten si I e st re ngt h 
load-displacement curves were recorded at each test condition. Dis 
was measured over a 25-mm gage length at a resolution of -0.5 prn using the 
aforementioned contacting extenssmeter. Least-squares fits of the linear 
portions of the resulting stress-strain curves yielded the average elastic moduli 
at each temperature. 

Tensile and flexure creep/fatigue ere conducted 
in the temperature range of 11 50 to I 
examined, 1 1 5O0C, is believed to be near the critical teniperatwre for softening 

dary intergranular phase. The fatigue behavior 
rninated by slaw crack growth since creep da 

Table 1 gives the number of flex 

are limited by kinetic considerations. The remaining two t 
examined, 1280 and 137O5@, are the component design 
temperatures, res 
creep damage is 

. At temperatures abave 1 26Q°C, the evolution of 
to control the fati 

'Instron Model 13 0 Low Cycle Creep Fati ue Bligachine, lnstron 
Corporation, Canton, Mass. 



345 

b - - -  
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I 

I 
I 
I 

I LO1 

7- -I 

- - - - -  

I - I I -' HIGH-TEMPERATIJRE 
EX'IENSQMETER RODS 

CAT'ACFANCE 
EXTENSOMETER 

Fig. 4. Capacitance extensometer used for measurement of creep strain in 
button- head tensile specirne ns. 

Table 1. Test Matrix for PY6 strength an ue measurements. 
tests viere conducted in ambient air" 

t 

"Testing under way. 
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Several characterization techniques were used to examine both the as- 
received and tested specimens. For example, in order to observe the 
microstructure of the as-received PY6 material, several specimens were 
polished to a 0.25-pm finish and subsequently etched in molten potassium 
hydroxide for 1 to 4 min. The grain size and morphology were then determined 
with §EM. 

The fracture surfaces resulting from the strength and creeplfatigue tests 
were routinely examined with a low-power optical microscope. These 
observations were used to determine the general location of the failure origin 
for the strength specimens and the nature of the fatigue process (slow crack 
growth versus creep damage) for the crept specimens. Unfortunately, in the 
case of the specimens tested at elevated temperatures, observations of the 
fracture surfaces made at higher magnification with §EM were obscured due to 
surface oxidation. However, it was possible to examine the cavitation process 
with SEM by generating secondary fracture surfaces in the gage section at 
room temperature (Fig. 5). 

ORNL-DWG 91 -9622 
OfTICAL 

MICROSCOPY 
(POLISHED AND 

ETU-IED SURFACE) 

SEM OF \ 
FRACTURE SURFACE SEM OF SECONDARY 

FRACTUREGENERATED 
AT ROOM TEMPERATURE 

SAMPLE FRACTURED 
PERPENDICULAR 

TO FRACTURE SURFACE 

SEM OF TENSILE 
FRACTURE SURFACE \ 

SEM 

L----l 
[TENSILE SPECIMEN 1 

Fig. 5. 
men section 

Schematic illustration af speci- 
for SEM and optical microscopy. 



Variations in the phase th the silicon nitride and 

sition resulting from the reep expcasures. In the case of 
creep tests, these chan 

specimen by comparing the 
with that from the button-he 

ively cool during the t 
presentativ~ of the 

uncertainties arisin 
compositions. 

The flexure and ten 
used to estimate the W 

where Pf is the failure probability, csg is the failure 
specimen and the gage-secti fqilure stress in t 
load factor? The value of 5 pends upon the ! 
location. For tensile ~ ~ a ~ i ~ g ,  
gage-section surface area, for v 
case of the flexure specimwi, 

for volume flaws an 

B = A  K, = A K, (w m/(w-t-h) + I )  (2W 

for surface flaws. In Eqs. (2a) an 
surface area, b is the specimen 
the inner and outer span length 

The Weibull parameters we 
(LS) and maximum lik 
the strength values w 

ity Pf was determined 
total number of data points an 
(n .= 1 for the least strength to n 
estimates of m and cs, parame 
logarithmetic form of the Wei 

In In (1 -P$I = m In (ess/oe (34 
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where 

LE ne"il%od, rn and 
discussad in Ref. 3. A maj 

web̂ @ described by the r@spective e 

ere! determine 

is that it does not require $he assignment OB f 
The creep and faf.8lgue data generated fr 

where G and R-I are constants. 
that M = Tr * rn. 

was initially based upon the for of Hollenb~rg~s This formulation 
assumes that the csesg rats is i ent af the sign of the applied creep 
stress- Unfsflundeiy, creep studies of similar silicon nitridesGv7 and silicon 

~~~~~~~~~ have shown that, a given stress, the es io tension are 
much grf3ater than those in compP@ssion* corpse 

rous evaluati$,ians*g*'Q accounting far diff 

(4b), one can show 

The ~~~~~~~~j~~ of t he  tensile creep strain from the yl-t and y r t  flexure data 

n creep rates was also ~ ~ ~ 8 ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

th behavior sf PY8 

re 6 illustrates the temperature dependence of the tensite and flexural 
(designated as% and osf, respectively) measure 

Similar data repofled by University sf Dayton Research I 
inc\t;cded for csmpahsors. In the ~ ~ ~ ~ ~ ~ e ~ ~ ~ r ~ ~ ~ ~ @  tensile tests, all ~ ~ ~ c ~ ~ ~ ~ s  
were tested wl:h four strain s ?scat@d circumfexentia 
gage section to monitor be fOR the entire loa ence to failure. The 
percent bending far all the tests ran ed from 0.4 to 4.3 with a 
standard devi&ion sf 1 .l. A \east- uares fit 04 the stress-st 

at the midpoint of the 

an of 2.4 and a 
cuwes yielded 



349 

1 -1 6- 
c.7 z 
LJJ 468 
E 
CIP 

. -  

200 - -  

3 
Fig, 6" Temperature Depende~eies of the Flexure and Tensile Stirs 

the PY6 SiSicow Nitride. Data geaaerated in the resent study (8 
Om?d by UDRl (Ref .  11). 

the average elastic rnsduks at room tsmpsrature of 385 GPa with a stan 

t he  temperature was increased to 18 
w in Fig. the strength 

bath osp and rrsf dropp 
wever, the QRNL flexkn 

temperature was rai 
may have resulted a4 

n&nf in the starting materia$. The 
0 been ~~~~~~~~~~~ $0 

Q strengths measured at UDW$ and 6 
he tensile %p8kvimens, the ag? 
ce sf the tensile data for fern 

reflects slight differences in the testing can 



values were consistently 

greater than that used for 

QRNL data at elevate 
est samples used in the 

rofilornetry studies are 

possible explanation for 
r quantify the material 

stalline phases in both 
, the major phase in 
ough some secondary 
ow (c 5%). However, 
ant number of second- 
s were identified as 
hermore, the relative 

no clear correlation be- 
ured strength value. 
s suggests that the a- 

* Differences in the UDRl and ORNL tensile strengths arising from variations 
in material consistency we’re not expected since the HlPed tensile rods used in 
each study were manufactured during the same time frame. 
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creepassisted crack blunting at el 
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uch behavisr is reflected by the el 

was the major phase. The 

measured for th 

similar. However, 
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0.00 

A major problem with such comparisons is that the tensile specimens failed 
from both volume and surface defects while the flexure specimens failed primarily 
from surface flaws. Consequently, the Weibull analysis based upon the flexure 
data should be restricted to the pre iction of the tensile strength distribution for 
surface flaws only [est (S)]. The results of such an analysis are illustrated in 

- 

ORNL-DWG 91 -9627 

- e - 

Fig. 10. Comparison of experimental tensile strength distribution for 
flaws (25 * C) and distributions predicte from the ORNL and UDRl flexure 
data. 

Fig. 10. This figure compares the room temperature distribution of ast (S) 
calculated from the censored Weibull analysis discussed previously (Table 2) 
with the tensile strength distributions predicted from the ORNL and UDRl flexure 
data [using values of K, and a. ( S )  in Table 21. In this case, the ORNL flexure 
data provide a very poor description of the tensile strength distribution. However, 
the predicted strength distribution based upon the UDRl data is quite comparable 
with the experimental data. This result is as expected on the basis of similar 
starting phase compositions in the UDRl flexure and ORNL tensile specimens. 
New studies are under way in which flexure bars are being machined from ORNL 
tensile rods to eliminate effects of compositional variations and green state 
processing (injection molding versus isopressing). 
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2. Creep/fatigue behavior of PY6 
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. 11. Stress and time dependencies of creep strain measured 

of increasing creep strain rate with increasing 
stress. This behavi nt in the strain rate versus stress 
curve (Fig. 12), is t ecimen ~ a r i ~ t i ~ ~ s  in 
the crystallinity of the intergranular phase. Far a given stress levell, samples 
containing an amorphous intergranular phase would be expected to creep at 
faster rates than samples containing a highly c stallimed grain boundary phase. 

In order to measure the crystallinity ob the intergranular phase, X-ray 
diffraction studies of the buttton-head and gage regions were conducted on 

t to be a result of sped 
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samples tested at both 125 and 175 MPa (specimen designators P1 3 and P16, 
respectively). Because the tensile button head experienced relatively low 
temperatures (-200%) during creep testing, the resulting X-ray diffraction data 
were expected to be representative of the starting composition. The major 
phase in all analyzed samples was P-Si3N4. However, the intergranular phase 
in sample P13 prior to testing was amorphous in character. X-ray diffraction 
results obtained from the gage section indicated that, during the creep test, this 

arphous phase crystalli into a yttrium silicate (Y2Si2O7). The 
intergranular phase in sa P16 prior to testing was already in the form of a 
crystallized Y2Si207 phase. Exposure to the creep conditions had no 
measurable effect upon the nature of this phase. These results suggest that the 
presence of the amorphous grain-boundary phase in sample P13 was 
responsible for the high creep rate. These specimen-to-specimen variations in 
the grain-boundary phase crystallinity may have resulted from variations in the 
HlPing cycle. 

Figure 12 shows log-log plots of the steady-state (or minimum) creep strain 
rate, dEC/dt, versus applied stress, oa. It is interesting that the stress depend- 
ence of the strain rate associated with the 1150°C tests was even less 

ORNL-DWG 91 -9629 

a 
i a 
.i 

a 

1260°C (de/&) 

0 1370°C (de/&) 

11 50°C (de/dt-predicted) 

10 100 

STRESS (Mlaa) 
1000 

Fig. 12. Stress and temperature dependencies of the secondary 
(minimum) creep strain rate. The solid and dashed lines represent 
the "best fit" of the experimental data (excluding the 1 150°C results) to 
Eq. (4a). 
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~ r ~ ~ ~ ~ t ~ ~ ~ e  than th 
scatter in the 11 56 

measured at 1260°C. As discussed below, the increase 
data was not due to variations in intergranular phase 

stallinity but rather a chang in failure mechanism. 
The 84 values Eq. (4a) cal lated for each curve from separate regression 

analyses were 16.1 OC, and 4.7 at 1370%. The creep 
nents for the 9 

diffusion-assiste cavitation proce~ses.~ The presence of these cavities was 
confir SEM studies. The high value of n measured at 1150" 
a cha ailure ~ e c h ~ n ~ ~ m  with decreasing temperature. Base 
results for other HlPed silicon nitrides,6D" one would expect slow crack growth 

ests are consistent with those e x p ~ ~ t e ~  for 

flaws or defects to control failure in the temperature range of 
6. As shown below, a ditional support for this conclusion was 
e fatigue-life character 

Values of Q and n in Eq. (4a) were estimated from a multiple l i  
sis of the data in Fig. 12. The results obtained at 
is analysis since they were associated with a different failure 

mechanism. The resulting estimates of n and 
respectively. As shown by the solid lines in Fi 

were 5.0 and 11 02 kJ/rnole, 
12, these values provided a 

ription of the 1260°C and 1370" d ta. Activation energies 
for other silicon nitride ceramics F3,'4 are typically in the range of 

550 to 700 kJlmele. The high value obtained in the present study may be a 

during the creep exposure. 

the samples failed. The resulting fatigue curves are shown in Fig. 13. The 

uence of tirne-dependent crystallization of the intergranular phase 

In order to examine the  fatigue behavior, all creep tests were continued until 
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Fig. 13. Fatigue behavior of PY6 silicon nitride tested 
, 1260, afld 1370%. 
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fatigue exponents [N in Eq. (4b)l estimated from linear regression analyses 
were 18.0 at 1 1 5OoC, 6.4 at 1 26OoC, and 6 at 1370°C. The values of N for the 
1260 and 1370°C tests are indicative of failure by a creep damage 
accumulation mechanism. Observations of the fracture surfaces of the 
corresponding test specimens revealed the existence of two distinct fracture 
regimes: a region of high surface roughness, the size of which increased with 
decreasing applied stress, and a relatively smooth area. The formation of the 
rough region was attributed to a damage zone evolution, which involved 
extensive creep cavitation. Once this zone reached a critical size, the sample 
failed catastrophically, thus forming a smooth, fast-fracture surface. The fracture 
surfaces for the 1 150°C samples were more characteristic of catastrophic failure 
involving a slow crack growth process, This result is consistent with the high N 
value obtained for the 11 50°C data. 

The data in Figs. 12 and 13 indicate that, at a given temperature, the creep 
and fatigue exponents (n and N, respectively) were similar. This relationship, 
which suggests that the failure mechanisms were controlled by creep-related 
processes, is conveniently illustrated by expressing tf as a function of de /dt [i.e., 
the modified Monkman-Grant relationship in Eq. (ti)]. An application of &e 
experimental data to this relationship is shown in Fig. 14(a). Note that the data 
for the 1260 and 1370°C tests fall within a narrow band, indicating that the 
fatigue mechanisms were identical. Based upon preliminary SEM observa- 
tions, the failure process probably involved the time-dependent accumulation of 
creep damage (in the form of cavities). Although the slope of the Monkman- 
Grant curve at 11 50°C was similar to that of the higher temperature data, the 
curve was displaced to lower fatigue-life values. This result implies that the 
fatigue mechanism, while still controlled by the creep resistance, was altered as 
the temperature was lowered. The fact that the fracture surfaces at 1150°C 
gave evidence of slow crack growth suggests that a localized creep crack 
extension process was responsible for the fatigue behavior. 

Values of m estimated from the data in Fig. 14(b) were relatively 
independent of temperatures and in the range 0.98 to 1.1 5. Taking m = 1 , 
which is consistent with values for other structural ceramics,6 leads to the 
prediction that N = n m or, in this case, N = n in agreement with experimental 
observations. It is also interesting to note that fatigue-lifektrain rate 
dependence recently measured for a second HlPed silicon nitride (NT 154). 
was quite similar to that for the PY6 [see Fig. 14(b)]. This result implies that the 
failure mechanisms operating at temperatures exceeding 1200°C were similar 
for both materials. 

* NT 154 silicon nitride, Norton Co., Worcester, Massachusetts. 
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Fig. 14. Dependence of fatigue life upon creep strain rate. 
The modified Monkman-Grant relationship provided a goad 
description of the strain rate dependence of the fatigue life for 
the PY6 material tested at 1260 and 1370°C (a). Tre 
fatigue iife/strain rate data for the NT 154 were simila 
Note the NT 154b was crystallized while the NT 154a was 
crystallized and annealed following the machining of the tensile 
samples. 
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s of milestones 

The final version of the report describing the results of the button-head grip 
comparison has been reviewed and has been submitted to the ORNL 
publications office for printing and distribution. All editorial changes have been 
made. 

Publications 

M.G. Jenkins, M.K. Ferber , and J.A. Salem, "Determination of the Stress 
Distributions in a Ceramic, Tensile Specimen Using Numerical Techniques," 
published in the Proceedings of the 1990 ASME International Computers in 
Engineering Conference and Exposithn. 

M. K. Ferber, M. G. Jenkins, T. A. Nolan, and R. Veckley, "Creep-Fatigue of 
Structural Ceramics: I, Comparison of Flexure, Tension, and Co O n  
Testing," to be published in the Proceedings of the Thirly-Seven 
Conference on Structural Ceramics, Plymouth, Mass., Oct. 7 -4, 1990. 

more 

M.K. Ferber, T. N. Tiegs, and M, G. Jenkins, "Effect of Past-Sintering 
Microwave Treatments Upon the .Mechanical Performance of Silic 
be published in Proceedings of the 75th Annual Conference on Composites 
and Advanced Ceramic Materials, American Ceramic Society, Westewille, 
Ohio. 
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TOUGHENED CERAMICS LIFE PREDICTION 
J. A. Salem and S .  R. Choi (NASA Lewis Research Center) 

Obiective/scope 

The purpose of this research is to understand the room 
temperature and high temperature [>1370°C(25000F)] behavior 
of ins i tu  and Sic-whisker toughened Si3N4 ceramics as the 
basis for developing a life prediction methodology. A major 
objective is to understand the relationship between 
microstructure and the mechanical behavior of a limited 
number of materials. Another objective is to determine the 
behavior as a function of time and temperature. 

Specifically, the room temperature and elevated 
temperature strength and reliability, the fracture 
toughness, slow crack growth and the creep behavior will be 
determined for the as-manufactured material. The same 
properties will also be evaluated after long-time exposure 
to various high temperature isothermal and cyclic 
environments. These results will provide input for parallel 
materials development and design methodology development 
programs. Resultant design code will be verified. 

Technical procmess 

The crack growth resistance of two i n s i ~ u  toughened 
silicon nitride materials were experimentally measured and a 
model quantifying the enhancement of Weibull modulus by 
crack growth resistance was derived. 

One of the i n s i t u  toughened materials was commercially 
produced1, whereas the other material was developed at NASA 
Lewis2. Fractography of crack trajectories through the 
toughened materials was performed and compared to that of a 
material without crack growth resistance. Microstructures 
of the materials are shown in Figure 1. 

Test Procedures 

Room temperature R-curve behavior was estimated using 
the indentation strength technique proposed by Krause [l]. 
The test specimens were 3 x 5.6 x 25 mm MOR bars. The 
center of the tensile surface was polished and indented with 
a Vickers microhardness indenter at loads ranging from 4 9  to 
196 N. The subsequent strength tests of the indented 
samples were conducted using a four-point bend fixture with 
9.5  and 20 mm spans and a displacement rate of 0.2 mm/min in 

1 Kyocera SN251. 

2 Designated 8g8SC. 
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room temperature air. Three a ecirnens w e r e  teste 
indentation load. 

Weibull modulus, fracture t gkness, elastic 
and thermal properties af the co aterial were 
previously reported [2,3]. 

Crack Growth Resistance 

Damage or flaw tolerance that results from an 
increasing resistance to stable crack propagation is a 
desirable property for structural ceramics, Krause [I.] has 
shown that R-curve behavior can be evaluated from 
indentation strength data, assuming th t the f racture  
resistance (K,) is related to the crack length (c) by a 
power-law relationship. The fracture resistance and the 
indentation strength (af) relations are expressed by 

where k and r are constants, I' and p are the dimensionless 
quantities associated with the residual contact stress 
intensity and the crack geometry (defined in K1 = pm+//c, 
where KI is the mode 1 stress intensity fac tor  and (r is the 
applied stress) respectively, and P is the indentation load. 
When T = 0, Equation (2) reduces ta .$;he case of na crack 

parameter T was evaluated from K51 t e best-fit slope of the Lag 
resistance toughening. 

of-Log P data shown in Figure 2. The constant, k was 
evaluated from Equation (1) with the estimated T and the 
toughness value obtained with the indentatian strength 
method [ 4 ]  for a crack size of c == 102 pm. 

in Figure 3 ,  where the fracture resistance curves are 
plotted as a function of the crack size based on E q u a t i o n  
(1). For illustrative purposesp the fracture resistance 
curve for a silicon nitride3 w i t h  an e iaxed microstructure 
(see Figure 4 )  is included [ 5 ] .  It can be 
that the in situ toughened materials exhibi t  
with toughening exponents of T = 0.126 and 
commercial and NASA developed aterials, r 
material with an equiaxed microstructure e 

K-j-C for  T 8. The 

The R-curve estimation far the materials i s  presented 

3 Norton 6% yttrium S i 3 N . 4 ,  reference [ 5 ] .  
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curve with a negligibly small exponent of 7 = 0.027, and a 
lower level of K,. 

The elongated grain morphology of the insi tu toughened 
materials not only increased the fracture toughnesses, but 
imparted crack growth resistance. Similar observations of 
rising R-curve behavior ( r  = 0.1 to 0.22) and improved 
fracture toughness were found in other ins i tu  toughened 
silicon nitrides [6, 7 3 .  

Et-Curve Behavior and its Relation To Weibull Modulus 

Ceramics with a rising R-curve have been experimentally 
shown to exhibit a higher Weibull modulus as compared to 
ceramics with a flat R-cuwe. Kendall et a1 [ a ] ,  Cook and 
Clarke [9], and Shetty and Wang [la] made attempts to 
develop closed form solutions for the modified Weibull 
parameters based on fracture mechanics principles and two- 
parameter Weibull statistics. A similar derivation of the 
modified Weibull parameters for the R-curve enhanced 
material, based on the procedure used by Shetty and Wang 
[lo], was made in this study and found to yield 

( 3 )  

and 

( 4 )  

- m 0  
mr - ----- 

1-27 

A. 

o o 2 T - 1  p2r 

where m and ur are the Weibull modulus and characteristic 
strengtg of the material with R-curve behavior, 
respectively, and m, and a. are the Weibull 
characteristic strength for the flat R-curve material with 
the same flaw distribution. The Weibull modulus HI is the 
same as that derived by Kendall et. a1 [8 J or Shetgy and 
Wang [lo]. However, the characteristic strength, ur is 
different fro? the one derived by Shetty and Wang [lo] by a 
factor of (xp /4)-7.  

cr for the flat R-curve material. It also should be noted 
t%at the characteristic strength or in equation ( 4 )  is not 
an explicit function of the  given material, but rather 
depends on the functional form that is chosen to represent 

Equation ( 3 )  shows that the Weibull modulus increases 

Note that when r = 0 the parameters reduce to the m and 

KIC'  

with increasing toughening exponent. For the previously 
evaluated exponent T = 0.126 and surface Weibull modulus of 
m, = 18.36 for the commercial material, the Weibull modulus 
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of a f l a t  R-came material i%h the same surface flaw 
distribution is back-calculated as m = 14, a value typical, 

er range f o r  monolithic siPicsn n i t r i d e s .  This 
that the R-curve behavior increased the Weibull 

modulus by 34  % as compared to a material w i t h  the same flaw 
distribution and a f l a t  R-@ume. The  
surface flaws, m, = 18.36, was used in 
because the value of r was derived from surface indentations 
cracks, and the R-curve is not cons dered unique far crack 
extension from different flaws, 11s ever, if the value sf  T 

associated with stable crack extension from volume flaws is 
known (the same growth pattern), then the analysis should be 
applicable to volume flaws as well as surface flaws, 

the above analysis, this approach g 
insight to the increased Weibull mo 
materials with rising R-curves. 

Although several. simplifying assumptions were made in 

crack Trajectory 

In an attempt to expla$n the greater room temperature 
fracture toughness and crack growth resistance af the ins i tu  
toughened materials relative to the silicon nitride with an 
equiaxed microstructure, indentation cracks (Yickers 
indentation load 2= 98 N) w e r e  placed in polished sections of 
the commercial materials. The crack trajectories, as 

by SEM, are shown in Figure 5. The cracks 
traversed through the equiaxed microstructure with little 
deflection, b u t  occasional br id  apparent. I n  the in 
situ toughened material, however, @kS followed a very 
tortuous path through the micrastructure. 

The crack ive to the gra in  boundaries of the 
commercial in situ material i s  illustrated in Figure 
6 .  The crack passed through the boundarie 
as well as large grains oriented at low an 
crack deflection, interlocking, and briLdgi 
analogous with whisker pullout. 
elangated grain relative to surrounding material (arrow A ) ,  
arnd the resultant, secondary cracking (arrow €3). Long 
grains oriented. at large angles to the crack path were 
cleaved (arrow c).  his crack interaction with the 
elongated grain s t ruc tu re  may account for the i 
fracture toughness and rising crack growth resistance of the 
insitu toughened materials relative to the material  with an 
equiaxed microstructure. 

Note the wedging sf the 
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Conclusions 

Silicon nitrides with an elongated microstructure 
exhibited good crack growth resistance and a high Weibull 
modulus, However, ul,timate strength of the materials was 
limited by excessively large grains and pores. The 
excessively long grains were developed by a nonuniform 
distribution of sintering additives. 

For the commercially developed, in situ toughened 
ateriak, room temperature crack growth resistance ranged 

6 . 5  to 9 PIP within a 300 prn crack extension. This 
lted in a 3 4  estimated enhancement of the 
ulus. The NA eveloped material exhibited a 

crack growth resistance f o m  6.5 to 8 . 7  NPa& within a 300 
pm crack extension. 

The improved fracture toughness, crack growth 
resistance and Weibull modulus were attributed to the 
elongated grain structure, which resulted in significant 
crack deflection amd bridging, as compared to that of a 
material with an equiaxed microstructure, 
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Status of Milestones 

Milestones on time. 
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Figure 1. Etched microstructures of in situ toughened silicon 
nitrides: (A) Kyocera SN251 and (B) 8SC material developed 
at NASA Lewis. 
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Figure 2. Fracture strength as a function of indentation 
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deviation. 
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Figure 4. Plasma etched microstructure of a 6% yttrium 
silicon nitride with an equiaxed grain structure. 
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Figure 5A. Indentation crack trajectory in silicon nitride 
with an equiaxed microstructure (6% yttrium). 
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Figure 5C. Indentation crack trajectory for in situ toughened 
silicon nitride developed at NASA Lewis (8SC) 
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Figure 6. Indentation crack trajectory for etched, insitu 
toughened silicon nitride. 
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I ife pre- 
. .  

D. L. Vaccari and P. K. Khandelwal (Allison Gas Turbine Division of General Motors Corporation) 

The objective of this project is to develop and demonstrate the necessary nondestructive 
examination (NDE) technology, materials data base, and design methodology for predicting useful 
life of structural ceramic components of advanced heat engines. The analytical methodology will be 
demonstrated through confirmatory testing of ceramic components subject to thermal-mechanical 
loading conditions similar to those anticipated to occur in actual vehicular service. The project 
addresses fast fracture, slow crack growth, creep, and oxidation failure modes. 

Tech- 

Themphysical properties 

Samples of PY6 material were subrnitted for themphysical property testing during this report- 
ing period. Specific heat was measured using a differential scanning calorimeter. Results are 
shown in Figure 1. Bulk density values were determined from the samples' geometries and 
masses. The average density was 3.2429 s / d .  Thermal diffusivity was measured using the laser 
flash technique with results shown in Figure 2. Thermal conductivity was calculated from these 
quantities and is shown in Fgure 3. Thermal expansion values were determined using a dual push 
rod dilatometer and are reported in Figure 4. 
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Figure 1. Specific heat measurements for PY6 material. 

Modulus of rupture bars 

The initial modulus of rupture (MOR) results obtained from rOOm temperature testing during the 
last reporting period indicated a higher percentage of chamfer failures than expected. Although the 
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Figure 2. Thermal diffusivity measurements for PY6 material. 
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Fgure 3. Thermal mndYctivity for PY6 material. 

bqrs that failed in the chamfer did not have strengths appreciably different from the other bars, an 
understanding of the failures was desired. Additional untested bars from the same b t  were 
examined for machining irregularities. The bars had been bngitudinally machined using a 400 gtit 
diamond wheel by Bomas Speciality, Waltham, Mass. Surface roughness of 40 MOR bars was 
measured to assess the reproducibility and distribution of the surface finish. A Model PRS-2 preci- 
sion surface measurement system manufactured by Sheffield Measurement Division, Dayton, with a 
10 micron (0.0004 in.) radius stylus was utilized. Figure 5 shows a histogram of the measured 
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Figure 4. Coefficient of thermal expansion for PY6 material. 
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surface roughness with the stylus moving transverse to the machining direction. The average 
surface finish was between 6 to 7 microinches rms. It was concluded that the bar's surface finish was 
acceptable. The test fixture was also checked out to insure no extraneous bending was being 
introduced. 

Additional PY6 MOR bars were tested at both room and elevated temperatures during this 
reporting period. The specimens are nominally 3 X 4 X 50 mm with an inner bad span of 20 mm and 
an outer span of 40 mm. The results are shown in Tables 1 through 3. The testing at room and 

Table 1. Room temperature MOR test results. 

Specimen Test Strength-- Strength-- 
number temp-% MPa ksi 
34.1946 20 1086.9 157.6 
34.1 947 20 1059.1 153.6 
34.1948 20 797.2 115.6 
34.1 949 20 898.9 130.4 
34.1950 20 992.9 144.0 
34.1 951 20 939.4 136.2 
34.1952 20 768.6 111.5 
34.1 953 20 1 1  14.9 161.7 
34.1 954 20 762.8 110.6 
34.1 955 20 849.2 123.2 
34.1956 20 841.4 122.0 
34.1957 20 829.5 120.3 
34.1958 20 989.1 143.4 
34.1 959 20 978.4 141.9 
34.1960 20 1029.7 149.3 
34.1961 20 844.5 122.5 
34.1962 20 1008.3 146.2 
34.1963 20 872.7 126.6 
34.1964 20 91 0.9 132.1 
34.1965 20 575.7 83.5 

Table 2. MOR test results at 1000,1100, and 1200OC. 

I Specimen Test Strength-- Strength- 
tiumber temp-% MPa ks' 
34.1 526 1000 666.9 96.7 
34.1527 
34.1 528 
34.1529 
34.1 530 

34.1531 
34.1532 
34.1 533 
34.1534 
34.1535 

1000 
1000 
1000 
1000 

1100 
1100 
1100 
1100 
1100 

636.2 
610.6 
835.7 
769.4 

536.3 
547.0 
51 6.6 
587.4 
557.6 

92.3 
88.6 
121.2 
111.6 

77.8 
79.3 
74.9 
85.2 
80.9 

34.1426 1200 625.7 90.7 
34.1427 1200 593.0 86.0 

100.8 34.1428 1200 694.8 
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Table 2 (cont) 

Specimen Test Strength-- Strength-- 
number temp-OC MPa w 

34.1 429 1200 71 6.7 103.9 
34.1430 1200 577.4 83.7 
34.1510 1200 705.2 102.3 
34.1511 1200 649.9 94.3 
34.1512 1200 630.9 91.5 
34.1 513 1200 684.2 99.2 
34.151 4 1200 599.2 86.9 
34.1515 1200 549.2 79.7 
34.1 521 1200 659.4 95.6 
34.1522 1200 598.9 86.9 
34.1 523 1200 588.5 85.3 
34.1 524 1200 548.3 79.5 
34.1 536 1200 697.3 101.1 
34.1537 1200 698.6 101.3 
34.1538 1200 608.5 88.3 
34.1 539 1200 604.7 87.7 
34.1540 1200 531.5 77.1 

Table 3. MOR t&t results at 1300 and 14OOOC. 

Specimen Test Strength- Strength-- 
numr temp-% MPa ksi 

34.1421 1300 572.8 83.1 
34.1422 
34.1423 
34.1424 
34.1425 
34.1541 
34.1542 
34.1543 
34.1 544 
34.1545 

1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 

598.3 
583.7 
572.2 
606.4 
623.2 
615.0 
490.3 
561.6 
601.7 

86.8 
84.7 
83.0 
88.0 
90.4 
89.2 
71.1 
81.5 
87.3 

34.1 41 6 1400 484.3 70.2 
34.1417 1400 474.6 68.8 
34.1 41 8 1400 557.2 80.8 
34.141 9 1400 518.6 75.2 
34.1420 1400 536.6 77.8 
34.1500 1400 453.0 65.7 
34.1501 1400 499.3 72.4 
34.1502 1400 471.5 68.4 
34.1 503 1400 437.7 63.5 
34.1504 1400 502.5 72.9 
34.1505 1400 598.8 86.8 
34.1506 1400 508.4 73.7 
34.1507 1400 470.3 68.2 
34.1508 1400 483.7 70.2 
34.1509 1400 490.3 71.1 
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Table 3 (cont) 

Specimen Test Strength-- Strength-- 
number temp-oC MPa ksi 

34.1546 1400 439.2 63.7 
34.1 547 1400 477.6 69.3 
34.1548 1400 447.1 64.9 
34.1 549 1400 541.5 78.5 
34.1 550 1400 491.2 71.2 

1 OOOOC still had some chamfer failures, but this was not a problem at 1 100°C and higher. Although 
the chamfer failures do not seem to be affecb'ng the measured strength values, it is not understood 
why we are having a high frequency of these failures at kw test temperatures. Fractography does 
not indicate appreaable machining damage at the fracture origins, as shown in Figure 6. Testing will 
continue per plan. 

Figure 6. Scanning electron micrograph of MOR bar chamfer failure. 

This period also marked the beginning of assessing the dynamic fatigue behavior of the PY6 
material. MOR bars were tested at a sbwer loading rate. A cross-head speed of 0.0508 mmlmin 
(0.002 inlmin) was used as opposed to the standard rate of 0.508 mmimin (0.020 inJmin). The 
initial results are shown in Table 4. Additional dynamic fatigue testing will be performed at various 
loading rates to explore the material's behavior. 

Testing has commenced for determining the effect of oxidation on the PY6 material. Five MOR 
bars were oxidized in an air furnace at 14OO0C for 50 hr and another five were oxidized for 200 hr. 
The bars were then weighed to determine weight gain and subsequently tested in four-point 
bending. Table 5 shows the strengths that were recorded. Fractography indicated an oxide thick- 
ness of approximately 2.3 microns for the 50-hr exposure bars and 2.8 microns for 200-hr exposure. 
However, the 200-hr exposure bars also indicated a new flaw population of surface pores from 
which the failures originated, as shown in Figure 7. 

Tensile bars 

Elevated temperature tensile testing of the PY6 material was initiated this reporting period. The 
specimen is an injection-molded, cylindrical button-head bar having a 55.9 mm (2.20 in.) bng gage 
section with a 4.762 mm (0.1875 in.) diameter. Testing is being performed by Southern Research 
Institute. Limited testing at several temperatures was performed to check out test apparatus and 
procedures. Table 6 shows these as well as some additional mom temperature test results. Every- 
thing seem to be fine. The thermal gradients in the specimens were acceptable and the 
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Specimen Test Strength-- Strength-- 

34.1440 1000 769.4 111.6 
34.1 441 
34.1 442 
34.1443 
34.1444 

34.1455 
34.1 456 
34.1457 
34.1458 
34.1459 

, number temp-% MPa ksi 

Table 4. MOR test results with dower bading rate. 

1000 
1000 
1000 
1000 

1200 
1200 
1200 
1200 
1200 

754.9 
400.1 
658.6 
659.9 

625.7 
593.0 
694.8 
71 6.7 
577.4 

109.5 
58.0 
99.4 
95.7 

90.7 
86.0 

100.8 
103.9 
83.7 

34.1470 1400 362.0 52.5 
34.1471 1400 394.5 57.2 
34.1472 1400 41 9.1 60.8 
34.1473 1400 349.5 50.7 
34.1474 1400 388.8 56.4 

Table 5. Room temperature MOR oxidation test results. 

Specimen Oxidation Strength- Strength-- 
number condition MPa kri 

34.1 445 1400%/50 hr 509.0 73.8 
34.1446 1400%/50 hr 745.6 108.1 
34.1447 1400%/50 hr 765.8 111.1 
34.1448 1400%/50 hr 750.1 108.8 
'34.1 449 1400%/50 hr 722.8 104.8 
~ 34.1 450 1 40O0C/2O0 hr 600.7 07.1 
134.1 451 1 40O0C/2O0 hr 748.2 108.5 
34.1452 1 40O0C/2O0 hr 679.9 98.6 
34.1453 1 40O0C/2O0 hr 679.9 98.6 
,34.1454 1 400°C/200 hr 671 -4 97.4 

Figure 7. Failure surface of oxidized MOR bar. 
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Table 6. PY6 tensile test results. 

20 
20 
20 

1000 
1000 

1200 

1300 

420.2 
399.8 
479.6 

461.9 
469.8 

377.2 

309.6 

Specimen Test Strength-- Strength-- 
number temp-% MPa ksi 

66B 20 304.8 44.2 
68A 
9OB 
104A 

105A 
95B 

97A 

948 

60.9 
58.0 
69.6 

67.0 
68.1 

54.7 

44.9 

I 676 1400 149.1 21.6 

failures occurred in the gage sedion, resulting in valid data. In addition to more tensile testing, 
future work will consist of setting up creep frames and checking out the creep strain measurements. 

Cimlar disks 

A series of experiments was undertaken to measure the mixed-mode fracture toughness of the 
PY6 material by Battelle Laboratories in Columbus, which was put under contract to do this research. 
The chevron-notched disks were loaded at mom temperature by diametral compression. The 
specimen was placed with the notch at an acute angle to the bad line, with the proportions of tensile 
and shear stress on the crack being controlled by choice of angle. Preliminary results, summarized 
in Figure 8, indicate a fracture toughness value of 6.4 MPadm, which is on the high side of recent lit- 
erature data for silicon nitride. This effort marks the accomplishment of one of the program formal 
milestones. 
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Figure 8. Biaxial fracture toughness test results. 
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NDE laboratory enhancement 

The devebpment of the NDE techniques continued during this reporting period. The real time 
X-ray imaging and processing system was integrated with the Feinfws microfocus system and is 
now operational at Allison. The Image-Pro video pcessing software mamfach~red by Cybernetics 
has been installed and is operating in conjunction with the Data Translation frame grabber and 
processor. 

A parametric study was conducted to optimize the mimfocus X-ray image contrast to detect 
small flaws. Two PY6 silicon nitride bars were taped together in a step manner and radiographed at 
various accelerating voltages (Kv) at lox. The film dew in the region of one bar was kept constant 
to around 2.7 by changing the current and film exposure. The film density of the two bar region was 
measured as a function of Kv. The difference in the film density at two successive Kv's was deter- 
mined. Figure 9 shows that there is an optimum Kv at which there is maximum density difference, 
i.e., maximum contrast, which is required for detecting small fracture cmtroffing fhws in stwctural 
ceramic materials. All future MOR specimens will be characterized using the optimm setup. 
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Fylure 9. Optimization of X-ray image contrast. 

322201 : Computer Implementation of Initial Failure Models-complete. 
322202: Initiation of MOR Testing-complete. 
322203: Initiation of Tensile Testing--complete. 
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322204: Initiation of Biaxial Testing--accomplished this reporting period. 
322205: Initiation of Confirmatory Testing-on schedule. 
322206: Completion of All Specimen Testing-on schedule. 
322207: FinaGzationlVerification of Computer Code-on schedule. 
322208: Draft Final Repott-on schedule. 
322209: Final Report-on schedule. 

None. 
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Life Prediction Methodologp 
J. Cuccio and A. Reese 
(Garrett Auxiliary Power Division, Allied-Signd Aerospace Company) 

Garrett Auxiliary Power Division (GAPD) has defined a program to develop the 
methodology required to adequately predict the useful life of ceramic components 
used in advanced heat engines. GAPD's approach to ceramic life prediction 
consists of comprehensive testing of various specimen geometries under both 
uniaxial and multiaxial loads at different environmental conditions to determine 
the strength-controlling flaw distributions and to identify various failure mechan- 
isms. This information will be used to develop the flaw distribution statistical 
models and material behavior models for fast fracture, slow crack growth, creep 
deformation, and oxidation. As subroutines, these models will be integrated with 
stress and thermal analyses into a failure risk integration analytical tool to predict 
the life of ceramic components. The methodology developed will be verified (for 
completeness and accuracy) by analytically predicting the life of several ceramic 
components and testing these components under stress and temperature conditions 
encountered in ceramic turbine engines. 

Technical HiahUgh ta 

Material Testing and Analysis 
H. Pang 

Material Testing 

Test specimen deliveries from NortodTRW Ceramics (NTC) are on schedule. 
Table 1 summarizes the specimens ordered and their current status. All specimens 
are NT154 silicon nitride, processed under identical conditions and finish machined 
and heat treated by NTC. Selected specimens will be notched and precracked for 
testing. All specimens will be subjected to visual inspection, laser marking, and 
NDE (which may include fluorescent penetrant, radiography, and ultrasonic inspec- 
t ion) before t est ing. 

NTC delivered four prototype or "first articlett specimens, for each of the 
complicated specimen geometries. The purpose was twofold: (1) to allow NTC to 
demonstrate machining capability for these complex shapes, and (2) to allow GAPD 
to identify any potential problems before the entire specimen order was machined. 
The four prototype specimens included two flaw growth specimens and two notch 
sensitivity confirmatory specimens (Figure 1). 

GAPD has initiated an investigation with NTC to determine the cause of these 
flaws and whether they are part of the underlying flaw population inherent to the 
standard fabrication procedure. The criteria used to decide whether to test these 
flawed specimens will be based on the nature and cause(s) of the flaw(& rather 
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Chevron Notch 

TABLE 1. CERAMIC TEsr SPECIMEN SPATUS 

Yes Ready for Testing 

~ 

Type of Test I Specimens Received I Specimen Status I 

Diametral Comoression Yes 

~~ ~~~ 

4-Point Bend ’ 7-T Yes . I Visual Inspection and NDE I 

Ready for Testing 
Plate Bending 
Tensile (Fast Fracture and S/R) 
P re -c racked Ten si on /To rsi o n 
Unnotched Tensionflorsion 
Notched Tensile 

Yes Visual Inspection 
Yes* Visual Inspection and NDE 
Yes NDE 
No On Order 
No On Order 

Rectangular Flaw Growth 
Square Flaw Growth 
Spin Disk 

Figure 1. Prototype Specimens Demonstrate Machining Capabilities and 
Identify Potential Problems. 

No On Order 
No On Order 
No On Order 
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Visual inspection showed that the notch-root surface finish is different for the two 
notch sensitivity specimens (Figure 2). The larger notch-root radius (KT = 2) is 
smoother than the smaller notch (KT = 3). This is unacceptable, as the purpose of 
these specimens is to compare the stress concentration (KT) effect due to the 
notch geometry only, assuming the same surface and volume flaw distributions 
between specimens. Any significant difference in surface finish means a change in 
surface flaw distribution, which cannot be accounted for within the scope of this 
program. Since the difference in surface finish is thought to be due to  use of 
separate diamond notching wheels, the specimens were redesigned. The difference 
in KT between specimens will be achieved by changing the diameter of the 
specimens and the depth of the notches. The notch radius will be the same for both 
redesigned specimens. 

Visual inspection of the buttonhead tensile specimen using a stereo microscope at 
7-40X magnification revealed some flaws that will likely affect the test results. 
Approximately 10 percent of the 100 specimens inspected thus far have surface 
flaws of concern. The largest group (7 total) of flawed specimens have grind marks 
or scratches on the specimen gage section. The flaws are either transverse or 
near-transverse marks in the longitudinal machining direction of the gage section. 
Based on prior GAPD test experience with NT154, these marks or scratches are 
believed to be severe enough to cause failure, which is unacceptable for the 
purpose of these specimens. 

Figure 2. Notched SensitiVitp Tensile m i m e n s  Eave Different 
Surface Finishes in the Notch Radius. 
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than the severity of the flaw(s). For example, if the scratches discussed above are 
a result of the standard machining procedure, the specimens will be tested; 
whereas, if the scratches originated from some aberration not typical of the 
machining process, they will not be tested. 

Data Analysis and Methodology Development 
J. Cuccio, A. Peralta, D. Wu, and N. Menon 

Methodology development includes three main areas: 

Data analysis 
Probabilistic risk integration 
Behavior modeling, includingr 

(a) Fast fracture 
(b) Slow crack growth 
(c) Creep 
(d) Oxidat ion 

Under data analysis, statistical methods are being developed to predict the Weibull 
parameters for a material. The methods will also include confidence limit and bias 
correction calculations. The goal is to predict confidence limits on component 
reliability predictions. Data analysis includes the evaluation of results from 
specimen testing. 

Probabilistic Risk Integration will incorporate recent advancements in multiaxial 
risk integration and link them with statistical methods to provide confidence limits 
on component reliability. These methods will be developed for isotropic and 
anisotropic flaw populations and for multiple failure modes. 

Behavior modeling includes studies of the phenomenology of each failure mode and 
the development of mechanistic models. These models will be combined with the 
probablistic risk integration and statistical methods. 

Current efforts have concentrated on statistical methods development and on 
specimen randomization to establish the planned tensile specimen test matrix. 
Under statistical methods development, the goal is to develop capabilities to 
encompass the complications, outlined in Table 2, of predicting Weibull param- 
eters, confidence limits, and associated bias corrections. Table 2 is split into 
primary and secondary goals according to priority. 

Statistical methods development is based on the assumption that the strength 
distribution of a material is independent of the specimen size, shape, stress 
gradients, or multiaxial state of stress. It Is further assumed that the distribution 
of strength is a two-parameter Weibull distribution and that the Weibull param- 
eters depend on the failure theory used. The Weibull probability density function 
that includes the complications outlined above is given by equation [l]. 
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TABLE 2. LIST OF COMPLICATIONS BEING ADDRESSED IN THIS PROGRAM 

Primary Goal 

Size Effect 

Multiaxial Stress 

Multiple Flaws 

Confidence Interval 

Bias Correction 

8491 (04)-3A 

Secondary Goal 

Flaw Anistropy 

Fast Fracture Versus Temperature 

Time-Dependent Mechanisms 

where the variables are defined as follows: 

Subscript specifying the ith specimen 

First Weibull parameter or Weibull modulus, a material constant 

Second Weibull parameter, a material constant 

Specimen fracture strength 

Specimen size (volume, area, or length) 

Specimen multiaxial stress and stress gradient factor as a function of 
m, as defined by Evans/Lamon (b2)* or Batdorf/Heinisch (3) 

As equation [l] shows, any specimen size, type, and loading condition may be 
combined to predict the Weibull parameters. A benefit of representing the Weibull 
distribution in this form is that the calculated Weibull parameters are material 
constants. A second benefit is the more accurate estimate of the Weibull 
parameters by the combination of data from specimens and components with 
multiple sizes. 

*References in parentheses ( ) are given at the end of this report. 
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The estimate of the Weibull parameters is performed by using maximum likelihood 
estimation techniques; the derived equations have already been incorporated into a 
computer code. The results of the analysis of six different data sets is shown in 
Figures 3 and 4. Figure 3 shows the results that would be obtained if a 
conventional Weibull analysis was used; as can be seen, every data set has its own 
set of Weibull parameters. In contrast, Figure 4 shows the data analyzed by using 
equation [l]; only one set of Weibull parameters are obtained from the analysis. 
The silicon carbide (SIC) material data used in these figures was provided by Drs. 
C. Johnson and W. Tucker of the General Electric Corporate Research Center (GE- 
CRC)(4). These data will be reanalyzed when censoring techniques are completed, 
to account for the surface and volume failures that are both present. 

Confidence limit calculation equations have ben derived for the Weibull param- 
eters, reliability prediction, and component design stress. The maximum likelihood 
ratio and bootstrap methods are being used to predict confidence limits under the 
technical direction of Drs. C. Johnson and W. Tucker. The confidence limits for 
the reliability prediction are shown in Figure 4 and for the design stress level in 
Figure 5. 
The probabilistic risk integration efforts are in progress. An approach has been 
defined to incorporate the previously noted complications. The Evans/Larnon and 
Batdorf/Heinisch methods are under consideration for computational benefits and 
capabilities to handle the complications. 

Behavior modeling is on hold, pending availability of specimen test data. Specimen 
testing is in progress. The specimen test matrix is the result of extensive planning 
to reduce the risk of concentrating processing problems in only one or a few sets of 
data which could then render the test matrix useless. Randomization is particu- 
larly important for the 270 tensile specimens that will be used for the fast 
fracture, slow crack growth, and creep testing. In addition to randomization, the 
tensile specimens will be blocked according to hot isostatic pressing (HIP) batches. 

The HIP batches were identified as the most likely source of processing inconsis- 
tencies, if any occur. The plan to block the HIP batches for the 18 sets of tensile 
specimen tests is shown in Figure 6. Three HIP batches are common to all the test 
sets. Other HIP batches will be blocked according to the test sets that will be 
correlated for model development. Specimens within each block will be random- 
ized. 

NDE Methods Development and Application 
J. Wade 

The NDE activities for Milestone 3 - NDE Calibration are complete. 

Acoustic Microscopy 

Surface wave inspection evaluations were performed on laser-drilled hole targets 
using 25, 50, 75, and 100 MHz unidirectional surface waves, to determine the 
transducer to be used for surface wave inspections. The inspections included 12 to 
125 micron diameter holes ranging from 6.4 to 125 microns in depth. In addition, 
50 MHz converging surface waves were also used, to quantify the loss in sensitivity 
caused by noise from typical component surface finishes. Based on these inspec- 
tions, the 50 and 75 MHz unidirectional surface wave inspections have been 
selected for component inspection. The results from these two frequencies will be 
compared during the early component inspections before selecting a single fre- 
quency. 
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Figure 3. Data From Specimen Sets of Various m i m e n  Sizes Produces 
Multiple Estimates of Weibull Parameters. 
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I 

Figure 6. Specimens Will Be Blocked According to HIP Batches, 
Then Randomized Within  Eacb Block to Minimize the 
Influence of Potential Processing Inconsistencies 
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Resolution standards have been fabricated successfully by the University of 
California at Berkeley (UC Berkeley). The NDE standards will facilitate the 
determination of surface and bulk resolution capabilities for ultrasonic inspection. 
The standards were fabricated using a photolithographic etching process and 
bonding technique developed by UC Berkeley. The resolution standards were 
fabricated from zero-degree sapphire because it is transparent and because 
sapphire supports longitudinal, shear, and surface wave velocities that are very 
similar to  silicon nitride. The acoustic similarity between silicon nitride and 
sapphire produces acoustic beam geometries which are almost identical. Using the 
sapphire resolution standards permits optical examinat ion without destructive 
analysis and avoids the development time required to fabricate a silicon nitride 
resolution standard. 

The resolution standards (Figure 7) were fabricated using the MIL-STD-150 line 
pair pattern, which permits determination of resolution as a function of transducer 
frequency and depth. The largest element in the target used is Group 0, starting 
with a 1 mm line-space pair (each 0.5 mm wide); the line pairs decrease in size in 
six equal steps until the spacing of Group 1 is reached. The largest Group 1 
element contains two line-space pairs per mm. 

Plgure 7. Acoustic Scan of Sapphire Resolution Target. 
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Frequency, 
MHz 

100 

75 

50 

50 

50 

50 

25 
8491 (04)-2 

The -3dB diameter, 
of wavelength X at a distance F has been shown to be: 

produced by a circular lens of diameter d focusing a pulse 

-3 dB Beam Void 

Fld mm mm 

f/4 0.060 0.01 5 

114 0.080 0.020 

f/3 0.100 0.025 

fl4 0.1 25 0.030 

f/6 0.175 0.045 

f/8 0.200 0.060 

fi8 0.400 0.125 

Diameter, Diameter, 

cX1 = 1.03 X F/d 

Provided that the refracted angle is less than 30 degrees of arc, the corresponding 
-3dB depth of focus, ex2, is: 

tzx2 = 4 X (P/d)2 

Using these equations, the beam diameters for several transducers were calculated 
and are given in Table 3. 

The ability of an acoustic beam to detect a void and to resolve and/or image the 
void are different. For low-noise materials in the vicinity of the near-field limit of 
an unfocused transducer, or when focused in the focal zone, voids can be detected 
that have a diameter equal to 25 percent of the wavelength or the. beam diameter, 
whichever is smaller. The longitudinal velocity in both sapphire and silicon nitride 
is 11.2 mm/microsecond and therefore the wavelength at 50 MHz is 0.224 mm. A 
1/4-wavelength void is therefore 56 microns in size. Table 3 shows that the 
detection capability can be improved significantly below 1/4-wave by focusing the 
beam. 

TABLE 3. TRANSDUCER BBAM DIAMETERS AND VOID 
DETECTION CAPABILITY 



395 

The resolution inherent in a raster-scanned image is controlled by: 

0 

0 
0 

The diameter of the scanned beam 
The spacing of the scan lines 
The acoustic pulse spacing along the scan line. 

The line-pulse spacing determines the pixel size making up the image. Nyquist's 
theorem states that the minimum spatial resolution of a 2-D array of points Is 
twice that point spacing. Therefore, the spatial resolution of the beam is twice its 
-3dB diameter. In order to support the -3dB diameters listed in Table 2, these 
beams must be scanned at less than half of their diameter. The beam, however, 
cannot resolve objects closer than twice the beam diameter from the resolution 
target at a depth of 2 mm, as shown in Figure 7. 

The first laser-drilled, blind (as  opposed to through-drilled) hole standards were 
received during this reporting period from Resonetics, Inc., and evaluation of the 
standards was initiated. The standards were inspected with a range of transducers 
to determine the detection sensitivity of each transducer at various material 
depths. A t  this time, the goal of 50 micron detection has not been achieved for all 
depths required for component inspect ion. 

The water path has a much greater effect on the inspection sensitivity than 
originally anticipated, so the maximum water path has been reduced from 25 m m  
to 12 mm. In addition, the inspection sensitivity seems to be degraded in the 0.2 to 
2.5 m m  range. This condition is being studied further and two alternate inspection 
approaches have been identified: 

0 

0 

Inspect the 0.2 to 2.5 m m  range using more tightly focused transducers 
Inspect from both sides to achieve uniform sensitivity 

Computer Tomography (CT) 

CT parameter selection was completed, using the CT resolution and detection 
gages which were delivered in early January 1991. These standards allowed the 
evaluation of system performance by varying key system parameters, measuring 
system response, and selecting the combination of parameters that provides the 
best results. The following variables were .evaluated: 

o 
o Views-per-image (1500, 3000) 
o Integrations (4, 8) 
o 
o 

Tube voltage (420, 320, 220 kV) 

Detector Pressure (1000, 900, 800, 600 psi) 
Detector collimator size (0.25 mm, 0.13 mm) 

The parameters which provided the best imaging results were: 

Tube voltage = 320 or 220 kV 
Views-per-image = 3000 
Integrations = 4 
Detector pressure = 900 psi 
Detector collimator size = 0.25 m m  
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Digital filtering (high-pass and low-pass) was also performed on those images which 
displayed good detectability (see Figure 8). In some cases, the filtering helped to 
smooth out the image and decrease the system noise. Although image viewing was 
easier, system detectability was not increased. Inspections will use both filtered 
and non-filtered images. 

Figures 8(a) and 8(c) show how ring artifacts contribute significantly to the image 
noise. Although 
these artifacts may be reduced by eliminating uncharacterized variations between 
detector elements, it is unlikely that they will be eliminated entirely. Since most 
of the samples to be inspected are small in cross-sectional area, they will be placed 
In the fixture away from the center of rotation of the system. This will avoid most 
if not all of the ring artifacts. For the larger samples the parts can be imaged 
twice, moving the part between scans in order to adequately inspect the entire 
cross-section. Additionally, i t  appears that digital filtering reduces the effect of 
the rings. 

These artifacts make it difficult to identify smaller defects. 

Based on the results of the NDE development effort, an inspection matrix for all 
test specimens has been developed. The test matrix concentrates inspection 
coverage where the specimens are expected to fail and will help minimize the 
inspection time required for each specimen. For example, on the A- and B-sized 
MOR bars, failures are expected to occur primarily from the  surfaces, so internal 
inspections on these components will be minimized and high-resolution surface 
inspections will be concentrated on the tensile surfaces of the bars. Inspection of 
tensile rods and B-size MOR bars has begun. 

Status of Milestones 

Milestone No. 3, NDE Calibration Complete, was successfully completed. 
stone No. 4, All Specimens Delivered, has been delayed two months. 

Mile- 

Publicat ions 

A paper entitled "Progress in Life Prediction Methodology for Ceramic Compo- 
nents of Advanced Heat Engines" was submitted for publication by the Society of 
Automotive Engineers (SAE). 
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(a). Raw Data-CT Resolution Gage! (b). Filtered Data-CT Resolution Gage! 

-- 
(e). Raw Data-CT Detection Gage (a). Filtered Data- Detection Gage 

Figure 80 Computed Tomography Images Show Ring Artifacts and 
Improvements Achieved by Digital Image Filtering. 
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3.3 ENVIRONMENTAL EFFECTS 

EnvSrQnmental Effects i n  Toucrhened Ceramics 
Norman L. Hecht (University of Dayton) 

Since December 1984, the University of Dayton has been involved 
in a four-phase project to investigate the effects of environment on the 
mechanical behavior of commercially available ceramics being considered 
for heat engine applications. 
effects of environment on the mechanical behavior of transformation- 
toughened ZrO2 ceramics were investigated. In the second phase, two 
Si3Ns ceramics (GTE PY6 and Norton/TRW XL144) and one SIC ceramic 
(Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, 
and fatigue strength of nine SIC and Si3Ns ceramics were evaluated at 
temperatures ranging from 20 to 1400'C. Microstructure, chemistry, and 
physical properties were also investigated. In the fourth phase, the 
flexural strength and fatigue behavior o f  two additional Si3N4 ceramics 
(Kyocera SN-260 and Garrett 'GN-10) are being investigated. 
the tension/compression cyclic fatigue behavior of one Si3Ns ceramic 
(NT-154) is being investigated. 

In the first phase of this project, the 

In addition, 

During the past six months (October 1990 through March 1991), 
evaluations of one Sic and three Si3Ns ceramics were conducted. The 
flexural strength and dynamic fatigue were evaluated at 20 and 1300'C 
for SN-260 and GN-10 Si3N4 ceramics. 
of the Hexoloy SA Sic and NT-154 Si3Ns specimens subject to tensile 
cyclic fatigue at 1300'C was further investigated. 

In addition, the failure behavior 

rocedure S 

The flexural strength measurements for GN-10 and SN-260 were made 
using an Instron Universal Testing Machine (Model 1123) following MIL- 
STD-l942(A). Test specimens were 3 x 4 x 50 mm with the tensile surface 
ground and polished to a 16-microinch finish. The test specimens 

*Research sponsored by the U.S. Department o f  Energy, Assistant Secretary f o r  Conservation and 
Renewable Energy, Office o f  Transportation Systems, as part o f  the Ceramic Technology f o r  
Advanced Heat Engines Project of  the Advanced Materials Development Program under Contract 
OE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.,  Work Breakdown Structure 
Subelement 3.3.1.4. 
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were stressed at both fast and slow loading rates (machine crosshead 
speeds of 0.004 and 0.00004 cm/s). 
elevated temperatures an ATS W3320 high-temperature furnace and 
four-point bend fixture of Sic was used. 

For the measurements made at 

In addition to flexural strength, density, elastic modulus, 
and fracture toughness were measured for both Si3N4 ceramics. The 
density of five specimens was determined by the immersion method. 
Elastic modulus of five specimens was measured using a Grindo- 
Sonic (Model MR35T) transient impulse/elastic modulus apparatus. 
Fracture toughness was measured by the controlled flaw and micro- 
indent methods. 
were evaluated with a Zwick 3213 hardness testing machine at an 
indent load of 10 Kg and 20 SN-260 specimens were evaluated at 
indent loads of 5, 10, 30, and 50 Kg. Five specimens of each Si3Ns 
were used to determine fracture toughness by the controlled flaw 
method using 10 kg load indents to create the flaw. The specimens 
were evaluated at 20'C using a three-point load fixture at a cross- 
head speed o f  0.02 in/min. 

Using the microindent method five GN-10 specimens 

The flexural strength data for the GN-10 and SN-260 was 
statistically evaluated, and the fracture surfaces examined 
microscopically. The microstructure and chemistry of these two 
Si3N4 ceramics were investigated. The chemical composition was 
determined by low magnification compositional backscatter SEM 
imaging. 
polished and etched sections using the SEM. SN-260 specimens 
were both acid (HF for 20 min at 100°C) and plasma etched for 
these examinations. 

Microstructure was determined from observations of 

The flexural strength data obtained for SN-260 and GN-10 were 
evaluated to determine the Weibull parameters. Maximum likelihood 
estimates of the shape parameter m (modulus) and the scale parameters 
Bo (the 63rd percentile for the distribution of breaking strength) 
and So (the surface area adjusted parameter) were determined. The 
goodness of fit of the Weibull distributions for GN-10 and SN-260 
were tested by using S test. 

During this reporting period the NT-154 and Hexoloy SA 
specimens tested in tension/tension cyclic fatigue (see UDR-TR- 
90-113, October 1990 Semiannual Progress Report) were examined 
microscopically to determine fracture origin and the cause of 
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Property 
1. Flexural Strength (MPa) 

a) 20'C (loading rate 0.004 cm/s) 
b) 1300'C (loading rate 0.004 cm/s) 
c) 1300'C (loading rate 0.00004 cm/s) 

a) Controlled flaw (10 Kg load) 
b) Micro Indent 

2. Fracture Toughness (MPm/iii) 

1 OKg 

30Kg 

3. Density (g/ cc) 

5Kg 

50Kg 

4. Elastic Modulus (GPa) 
5. Vickers Hardness (Kg/mm2) 

failure. In addition, the cyclic fatigue failure data obtained 
was further analyzed. 

GN- 10 SN-260 

779283* ( 1 ~ 4 2 )  619254 ( m 4 7 )  
563240 (m=23) 607241 (m=20) 
444i63 (m=ll) 589260 (m-12) 

3.620. 2 3.120.3 

5.5 5.7 
6.2 
5.3 
5.6 

3.33 3.37 
283 315 
1431 1604 

- 
- 
- 

Technical Droaress 

Results for t h e  Evaluat ion o f  GN-10 and SN-260 

During this reporting period GN-10 and SN-260 were evaluated. GN-10 
is a sintered and HIP Si3N4. SN-260 i s  a B-Si3N4 fabricated by pressure gel 
casting and positive pressure sintering. SN-260 contains additions of Y203 
and Yb203 and the sintering process is controlled to promote in-situ 
"whisker" reinforcement by growth o f  the B-Si3N4 phase. The strength, 
toughness, and physical properties measured for GN-10 and SN-260 are 
compiled in Table 1. 

Table 1. Summary of Property Values Measured for GN-10 and SN-260 
Si3Ns Ceramics 

I 

The results o f  the Weibull analysis o f  the flexural strength 
data for GN-10 and SN-260 are summarized in Table 2 and displayed 
graphically in Figures 1 and 2. 
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Figure 1 .  Garrett GN-10 Weibull f i t  t o  flexural strength data.  
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403 

Summary of the Weibull Analysis Results Based on the 
Flexural Strength Data for GN-10 and SN-260 

Table 2. 

Loading Wei bull Wei bull Wei bull 
Materi a1 Temp. Rate Modul us Scal e-data Scal e-area Sample 

Designation ('C) MPa/S m B0-MPa So-MPa Size 

Garrett 20 143 12.11 814 387 20 
GN-10 1300 1.17+ 10.57 468 200 10 

1300 117 23.27 578 393 10 
Kyocera 20 143 16.55 64 1 372 10 
SN-260 1300 1.17+ 11.52 615 282 10 

1300 117 19.78 624 396 10 
+The slow loading rate (i) at 1300'C is determined from the relationship 

0 = ? ( $ I  

where S = flexural strength 
E = Youngs modulus 
L = lower knife edge span 
d = bar thickness, and 

(8) = crosshead speed (0.00004 cm/s) 

This calculation does not include an adjustment for the effects of plastic deformation 
rate (creep) which could result in lower loading rates at elevated temperatures. 

Dynamic fatigue analysis was conducted by using the strength 
values measured at fast and slow loading conditions for both Si3N4 
ceramics at 13OO0C. This comparison is shown graphically in Figure 3. 
As shown in Figure 3 the GN-10 has an n (corrosion coefficient) of 
18, and SN-260 has an n approaching 00. The GN-10 behaved similarly 
to the other Si3N4 evaluated displaying slow crack growth due to creep 
phenomena at 1300'C. GN-10 also displayed a loss of flexural strength 
(-30%) from 20-1300°C. The SN-260, unlike the other Si3N4 ceramics 
examined, did not display any significant change in strength with 
either temperature or loading rate. 
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Figure 3. Dynamic fatigue behavior of SN-260 and GN-10 at 1300°C. 
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Temp. 
Materi a1 ("C) 
GN-10 20 

1300 
1300 

SN - 260 20 
1300 
1300 

The appl icabi 1 i ty of the two parameter Wei bull distribution 
to the GN-10 and SN-260 flexural strength was evaluated by the S 
Test.' The S Test is based on differences in the observed order 
statistics as compared to the expected differences under the Weibull 
hypothesis. The S Test for the two parameter Weibull has been shown 
to be more powerful than the Kolmogorov-Smirnov, and other common 
goodness o f  fit test against the normal, lognormal, and three 
parameter Weibull alternatives. More powerful means that there 
is a larger probability of rejecting the Weibull distribution 
when one of the above alternatives is true. The test statistics 
and their percentiles for the six data sets are shown in Table,3. 

Load Rate S S Sample 
(MPa/s) Static Percenti 1 e Size 
143 0.432 (0.75 20 
1.17 0.220 (0.75 10 
117 0.325 (0.75 10 
143 0.345 (0.75 10 
1.17 0.535 (0.75 10 
117 0.263 (0.75 10 

Table 3. Summary of the S Test on the Weibull Distribution for 
GN-10 and SN-260 

The S test statistics are entirely consistent with the assumption 
of a Weibull distribution for the observed flexural strengths of 
each data set. Goodness of fit tests failed to reject the Weibull 
distribution in all o f  the above test sets. 

The fracture surfaces of all the flexural specimens tested were 

Thirty-five 
The fracture 

examined to determine fracture origin. 
tested at the fast loading rate failed at surface flaws. 
percent o f  these surface flaws were metallic inclusions. 
origin of the GN-10 specimens tested at 1300'C at the slow loading rate 
were difficult to determine due to the large degree of slow crack growth 
from surface flaws. 
Figure 4(a-c). Almost all the SN-260 flexural specimens tested failed 
at surface flaws. 

For GN-10 most of the specimens 

A typical fracture surface for GN-10 is shown in 

Two specimens failed at subsurface pores (Figure 5). 

*Mann, N. R . ,  Scheuer, E. M., and Fertig, K. W . .  "A New Goodness-of Fit Test for the Two-Parameter 
Weibull or Extreme-Value Distribution with Unknown Parameters," Comnunications in Statistics, 1973, 
Vol. 2, pp. 383-400 or Mann. N. R . ,  Schafer, R .  E . ,  and Singpurwalla, N. D., Methods for Statistical 
Analysis o f  Reliability and Life Data, John Wiley & Sons, New York, 1974, pp. 339-349. 
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The compositional backscatter SEM o f  a pol ished cross-section o f  GN- 
10 i s  presented i n  Figure 6. The gray phase i s  Si3N4 and the white phase i s  
Y203 and SrO. The black phase i s  pores i n  the as-received microstructure. 

m 

Figure 6. Compositional backscatter SEM o f  GN-10. 

The compositional backscatter SEM photo-micrograph o f  a pol ished cross- 
sect ion o f  SN-260 i s  presented i n  Figure 7. The gray phase i s  Si3Ns and the 
white phase i s  a mixture o f  Y203 and Yb203. 

Figure 7. Compositional backscatter SEM o f  a pol ished cross-section SN-260. 
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A polished and HF etched SN-260 Si3Ns specimen is shown in 
Figure 8. This photomicrograph shows a network of elongated B-SisNs 
grains in the microstructure of SN-260. A polished and plasma etched 
specimen o f  SN-260 is shown in Figure 9. The photomicrographs provides 
a much more effective picture o f  the elongated grain structure and the 
nature of the intergranular phase in the microstructure of SN-260. 

Figure 8. Polished and etched photomicrograph o f  SN-260. 

Results for the Continued Eva7uation o f  the Cyclic Tensile Testing 

As reported in the last semiannual report cyclic tensile testing 
was conducted on 10 Hexoloy SA and 16 NT-154 tensile specimens. 
During this reporting period the fractured surfaces of the tested 
specimens were examined microscopically and the strength data 
collected for NT-154 was re-examined. 
initiated at both surface and volume sites for both NT-154 and Hexoloy 
SA specimens. 
agglomeration of pores. For Hexoloy SA fracture appeared to be due to 
the growth of surface flaws (pores). 
tensile testing appears to be by a void nucleation and coalescence 

It was observed that fracture 

For NT-154, fracture initiated at a pore or an 

Failure of NT-154 due to cyclic 



410 

Figure 9. Polished and plasma etched SN-260 Si3N4. 
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mechanism similar to  that  observed i n  tensile stress rupture. Typical 
failure surfaces obtained from cyclic tension testing of NT-154 and 
Hexoloy SA are presented i n  Figures 10 and 11. remectively. 

d 

I 

- 
" - 1 

I .  

Figure 10. Fracture surface of NT-154 after cyclic fatigue tension testing. 
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Figure 11. Fracture surface of Hexoloy-SA after cyclic fatigue tension 
testing . 
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The results of the tension-tension cyclic fatigue tests for 
NT-154 are compiled in Table 4. Three specimens failed within 200 
cycles at an applied stress of 400 MPa. At 350 MPa applied stress, 
the range of cycles to failure was from 5 to 246,381. At 300 MPa 
applied stress, only one of the five specimens survived the 450,000 
mechanical cycles and had a residual strength of 456 MPa. The 
remaining four specimens tested at 300 MPa failed in the range 
from 767 to 103,432 cycles. 

Table 4. Tension-Tension Cyclic Fatigue Results 
~~ ~~ ~ 

Appl i ed Stress, 
MPa 

400 
400 
400 

350 
350 
350 
3 50 
350 

300 
300 
300 
300 
300 

200 
200 
200 

~ ~~ 

Cycles to 
Fai 1 ure 

190 
2 
2 

'124 
4617 

5 
8370 

246381 

450000 
7253 

30239 
103432 

767 

450000 
450000 
450000 

~~ 

Fai 1 ure or Residual 
Strenath. MPa 

400 
400 
400 

350 
3 50 
3 50 
350 
3 50 

456 
300 
300 
300 
300 

364 
341 
417 

At an applied stress of 200 MPa, all three specimens survived 
the 450,000 cycles (equivalent t o  100 hours). The residual strengths 
measured for the surviving specimens ranged from 341-417 MPa. The 
results o f  the tensile stress rupture studies conducted earlier in 
this project showed that the measured residual strength after 100 
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hours at an equivalent maximum applied stress of 200 MPa were 450, 
469, 470, and 506 MPa. Although the number of tested specimens was 
too small for statistical comparison, the lower residual strengths 
measured after cyclic fatigue testing were significant, implying 
that low-frequency mechanical cyclic fatigue can cause long-term 
strength degradation. 

All three specimens tested at 400 MPa applied stress failed 
from volume defects. One of the three defects was identified as a 
foreign inclusion. At 350 MPa applied stress, two specimens failed 
from surface defects and the other three failed from volume defects. 
The eight specimens tested at 300 and 200 MPa applied stresses failed 
from volume defects. The fatigue failure data for NT-154 is plotted 
in Figure 12, and the distributions are presented on a linear number 
of cycles to failure. 

The tension-tension cyclic fatigue specimens show bimodal 
failure similar to that reported for the tensile rupture specimens. . 
From Figure 12 the bimodal distribution can be more easily seen 
since the data are separated and the individual distributions are 
compressed. Threshold failure separation occurred at approximately 
10, 10,000, and 100,000 cycles for 400, 350, and 300 MPa applied 
stress, respectively. The specimens surviving these preliminary 
threshold number of cycles probably fail from a different mechanism or 
combination of failure mechanisms. The tension-tension cyclic test, 
results reported by Liu and Brinkman' for NT-154 also showed similar 
bimodal failure behavior. 

Fracture analysis of the specimens tested in cyclic fatigue 
resulted in some interesting observations. In the SEM micrograph a 
specimen tested at 300 MPa, an impression of a possible whisker was 
observed (Figure 13) at the fracture origin. There were no foreign 
remnants on the fracture surface for chemical examination. In the 
SEM micrograph (Figure 14) of a specimen tested at 300 MPa a similar 
"whisker" void impression was observed; however, as shown in low and 
high magnification, this void was not the origin of fracture. The 
fracture plane happened to be on the same plane as the "whisker" void 
impression. The origin of these "whisker" impressions is not known. 

Liu, K. C. a d  Briakmaa, C. R., "High Temperature Tensile and F a t i p  Strengths of Silicon 
Nitride," prooeedm gs of the Twenty-Seventh Automotive T ~ h o l o g y  Developmeat Cantnrctor's 
coordiaation Meeting, Deerborn, MI, October 1989; S A E  Publication, pp. 230,1990. 
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Figure 13. Low (a) and high (b) magnif icat ion SEM fractographs o f  a 
specimen a f t e r  surviving 450,000 cycles a t  a peak stress o f  
300 MPa a t  1300'C i n  a i r .  The measured residual  strength i s  
456 MPa. The f r a c t u r e  o r i g i n  i s  the  "whisker" void impression. 

I 
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Figure 14. Low (a) and high (b) magnification SEM fractographs o f  
a specimen tha t  f a i l e d  a f t e r  246,381 cycles a t  an applied 
cyc l ic  stress o f  350 MPa a t  1300'C i n  a i r .  The "whisker" 
void impression i s  not the f racture  or ig in .  
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The ma jo r i t y  o f  f ractured specimens f a i l e d  from mechanical 
c y c l i c  fa t igue crack growth as t y p i f i e d  by the specimen shown i n  
Figure 15. Two regions on the f rac tu re  surface are i d e n t i f i e d  f o r  
f u r the r  study. Regions 1 and 2 are shown i n  Figure 16 a t  h igh 
magnification. The diameter o f  the c y c l i c  f a t i gue  crack growth i n  
region 2 i s  approximately 450 t o  500 p m  i n  size. As shown i n  
Figure 16, region 2 has a s l i g h t l y  rougher surface tex tu re  than 
region 1. Fatigue debr is  are apparent i n  both regions. However, 
only g ra in  cleavages were observed i n  region 1 from r a p i d  crack 
propagation. The f rac tu re  surface o f  t h i s  c y c l i c  f a t i gue  specimen 
was compared t o  a stress rupture ( s t a t i c  fa t igue)  t e s t  specimen. 
Cavi t ies are evident on both f rac tu re  surfaces; however, the c y c l i c  
fa t igue surface has a considerable amount o f  debris. This debr is 
i s  from dislodged grains generated by the mechanical opening and 
c los ing o f  the crack during c y c l i c  fat igue. 

It i s  hypothesized t h a t  c a v i t y  nucleat ion and coalescence 
would have t o  occur f o r  mechanical c y c l i c  f a t i gue  act ion t o  cause 
gra in  pul lout ,  ro tat ion,  and g ra in  gr ind ing t o  f o r m  debr is as the 
crack surfaces opened and closed. The threshold t ime under t e n s i l e  
c y c l i c  fa t igue loading i s  considered minimal t o  cause c y c l i c  f a t i gue  
crack growth. More systema’ i c  t e s t i n g  and de ta i l ed  analysis are 
required t o  confirm t h i s  h i  lothesis. 

Polished cross sections o f  the gage section, perpendicular 
t o  the f racture surface o f  two specimens subject t o  t e n s i l e  c y c l i c  
fatigue, were examined (Figures 17 and 18). The specimen examined 
i n  Figure 17 was f a s t  f ractured a t  341 MPa a f t e r  being exposed t o  
450,000 cycles a t  200 MPa maximum applied t e n s i l e  c y c l i c  stress. 
The specimen shown i n  Figure 18 f a i l e d  a f t e r  246,381 cycles a t  
350 MPa maximum applied t e n s i l e  c y c l i c  stress. The top edges o f  
the f racture surface f o r  these two specimens are shown i n  p ro f i l e ,  
and the applied t e n s i l e  stress was normal t o  the f rac tu re  surface. 

I n  Figure 17 a montage o f  op t i ca l  photographs was used t o  show 
the subsurface damage and crack propagation patterns below the main 
fracture surface. The f ine crack path patterns were not always 
normal t o  the applied stress f i e l d .  
lengths examined were nominally 10 t o  11 nun. It i s  not known why 
these crack propagation patterns were only seen immediately below 

The pol ished gage sect ion 
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(a) 

( b )  
Figure 15. Low (a) and high (b) magnification SEM fractographs of a 

specimen that failed after 103,432 cycles at an applied 
cyclic stress o f  300 MPa (typical fracture surface for 
specimens subject to cyclic fatigue). 
tion occurred in region 1. Region 2 is identified as 
mechanical cyclic fatigue crack growth fracture surface. 

Rapid crack propaga- 
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Figure 16. Increased magnification o f  region 1 (a) denoted by 
cleaved s i l i con  n i t r i d e  grains and fat igue debris,  and 
region 2 (b) denoted by cav i t ies  and fat igue debris 
(no cleaved grains are observed). 
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Figure 17. A mont 
propagation patterns below the main fracture surface. 
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Figure 18. A montage of optical photographs of a cross section normal to  the fracture surface. 
A large cyclic fatigue crack developed below the main fracture  surface. 
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the main fracture surface. However, this may be due t o  secondary 
cracking of the weakened and cavitated microstructure or t o  inter- 
actions w i t h  the high-energy stress wave generated a t  fracture. 
Interactions w i t h  the stress wave are not as likely since the crack 
opening of the subsurface cracks are large for this event time. 

Below the main fracture surface, shown i n  Figure 18, a large 
cyclic fatigue crack developed from the surface. Crack patterns 
were only seen imnediately below the fracture surface. The number 
of cavities developed could not be accurately determined because of 
grain pu l lou t  during polishing. 

Status  o f  milestones 

M i  1 estones 331410, 33141 1 , and 331412 have been completed, and 
milestones 331413 and 331414 are i n  progress. 
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3.4 FRAcruRE MECHANICS 

Testing and Evaluation of Advanced Ceramics at High 
Temverature in UniaXial Tension 
J. Sankar, A. D. Kelkar, and S. Krishnaraj (Department of Mechanical Engineering, North 
Carolina A&T State University, Greensboro, NC 2741 1) 

The purpose of this effort will be to test and evaluate advanced ceramic materials at 
temperatures upto 12000 C in uniaxial tension. Testing may include fast fracture strengths, 
stepped static fatigue strength, and creep strength along with the analysis of fracture 
surfaces by scanning electron microscope. This effort will comprise of the following tasks: 

Task 1. Specifications for testing machine and controls + (procurement) for creep 

Task 2. Identification of test materia@) for the present year + (procurement of 

Task 3. Identification of test specimen configuration. 
Task 4. Identification and procurement of test grips, high temperature extensometer, 

Task 5. High temperature fatigue-creep interaction study and tensile testing. 
Task 6. Reporting(peri0dic). 
Task 7. Final report. 

testing. 

specimens). 

and furnace for the creep machine. 

It is anticipated that this program will help in understanding the behavior of ceramic 
materials at very high temperatures in uniaxial tension. 

For the present year’s work, October 1990 to October 1991, two(2) materials have 
been identified namely SNWlOOO and PY6 Si3N4, both from GTE. During the last year, 
uniaxial creep testing were conducted on the SNWlOOO and this year we are planning to 
conduct fatigue-creep interaction studies on the same material. 

During the reporting period two(2) creep machines were transferred from ORNL to 
A&T, and they are being installed now. The machine will have a suitable furnace and a laser 
extensometer set up. Presently we are working on these subtasks and are also in contact 
with the GTE personnel regarding the fifty(50) PY6 Si3N4 samples. The sample 
configuration is slightly modified from our normal SNWl0oO test specimen to accomodate 
the GTE’s manufacturing routines. The new configuration used will be similar to that of the 
Advanced Processing Program. Anticipated due date for the samples is mid May 1991. 

During the semi-annual period, some of the creep tested samples (SNWlOOO 
Si3N4) of the last year’s effort were characterized for their internal porosity distribution. 
Figure 1A shows pores in an untested specimen, while Figure 1B shows pores in a creep 
tested specimen. The sample for the creep tested specimen was taken 2mm away from the 
fractured surface of the creep tested sample. It can be clearly seen that the pores in the creep 



Figure 1. GTE SNW-1000 untested (A) and creep tested (B) specimen 

-II 

(A) Polished microstructure surface of untested specimen, showing pores. 
(B) Polished microstructure surface of one of the specimen, 12OO0C, 138 
MPa. Observe the distribution of the pores. 
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tested specimen is larger and also their distribution density is much higher compared to the 
untested sample. This type of evidence is present throughout the observed area and we feel 
that the pre-existing pores from processing starts to grow and start to appear distinctly in 
the tested samples. Further, there are evidence for the creep induced cavities and their 
linking up process during creep testing resulting in long fissure (Figure 2). Note that the 
cavities do not show any p-Si3N4 whiskers inside. 

As far as the fatigue-creep interaction study of SNWlOOO Si3N4 is concerned, we 
have ten( 10) samples of this material and presently a computer program is being developed 
for testing the samples in fatigue. 

Cyclic fatigue tests will be performed for a specified number of cycles in constant 
amplitude tension-tension loading using a triangular waveform at 0.5 Hz. All tests will be 
carried out at 12000 C, with a maximum stress of 75% or less of the fatigue strength of the 
material at 12OOO C. Number of cycles will be varied in such a way that the specimen will 
not fail during fatigue testing. 

Tensile creep tests will be performed on fatigued specimens at 1200° C. Different 
percentage of the Tensile Strength load of the material at 12000 C will be used. During the 
test, strain will be calculated with respect to time based on the extension monitored by the 
laser extensometer. 

of 
On schedule 

None 

Research sponsored by the U. S. Department of Energy under prime contract DE-ACOS- 
84OR21400 with the Martin Marietta Energy Systems, Inc., subcontract 19X-89867C 

. L.. 

. .  . 



427 

I 

Figure 2. GTE SNW-1000 creep tested specimen, 
1200° C, 138 MPa. Magnified images showing 
part of the cavities. 
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Standard Tensile Test DeveloDment 

S. M. Wiederhorn, D. C. Cranmer, D. A. Kauffman, R. F. 
Krause, Jr., and D. E. Roberts 
(National Institute of Standards and Technology) 

Obiective/ScoDe: 

This project is concerned with the development of test 
equipment and test procedures for measuring the tensile 
strength and creep resistance of ceramic materials at 
elevated temperatures. Inexpensive techniques for measuring 
the creep behavior and strength of structural ceramics are 
being developed and will be used to characterize the 
mechanical behavior of these materials. The test methods 
will use self-aligning fixtures, and simple grinding 
techniques for specimen preparation. Creep data obtained 
with tensile test techniques will be compared with data 
obtained using flexure and compressive creep techniques. 
The ultimate goal of the project is to assist in the 
development of a data base and a test methodology for the 
structural design of heat engines for vehicular 
applications. 

Technical Hiahliahts - During the past six months, we have 
continued to study the creep and creep rupture behavior of 
silicon nitride as a function of applied tensile stress and 
temperature. Two commercial grades of material are being 
investigated: Norton/TRW NT-154, and Allied-Signal GN-10. 
The creep and creep rupture behavior of these materials are 
being characterized in tension and compression and a data 
base is being obtained to compare materials manufactured by 
different companies. This report presents data collected on 
both materials, and compares their behavior based on a 
Monkman-Grant description. 

ExDerimental Techniaue - Dog-bone specimens, figure 1, 
developed as part of our tensile creep program were used in 
this study. To assure that failure of the test specimens 
occurred within the gauge section, the central section of 
each specimen was reduced by surface grinding with a 38 mm 
diameter grinding wheel. After grinding, the total 
thickness of the gauge section was =2 mm. The width and 
length of the gauge sections were approximately 2.5 mm and 
14 mm respectively. 

Creep tests were conducted using the tensile equipment 
developed in an earlier phase of the project. The gauge 
length of each test specimen was monitored by placing small 
a-Sic flags on the central portion of the test specimen. 
The position of the flags were monitored as a function of 
time with a laser extensometer, which was capable of an 
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4.7 Dta. 

Figure 1. Specimen configuration. All dimensions are in 
mm. Note the double reduction in specimen gauge section. 
Also, the holes are tapered at an angle of ~ 1 5 ~ .  

accuracy of better than ~1 pm in the measurement of distance 
between the two flags. This level of accuracy resulted in a 
precision of +2 pm in the displacement measurements during 
the evaluation of creep curves for each specimen. Details 
of the experimental apparatus were published previously [l]. 

In studies on NT-154, the test temperature ranged from 
133OOC to 143OOC. Tests were conducted in air, with a short 
~ 2 4  hour anneal to assure thermal equilibrium within the 
test furnace prior to application of the stress. Applied 
stresses ranged from 75 to 175 MPa. NT-154 is a HIP-ed 
grade of Si,N, using 4 weight percent Y,O, as a sintering 
aid. The billets used were made specifically for this 
study, and do not relate to billets used on other parts of 
the DOE heat engine program. As transient effects were 
observed in the creep of the NT-154 during a previous six- 
month period, long-term creep measurements were carried out 
on two specimens to clarify the effect of time at 
temperature on the creep rate. Data were then expressed in 
terms of a Monkman-Grant curve in which the creep rate was 
plotted as a function of the time to failure. 

Similar experiments and analyses have been conducted on 
the GN-10. For this material, temperatures ranged from 1200 
to 135OoC and applied stresses ranged from 75 to 150 MPa. 
GN-10 is also a HIP-ed Si3N4, but contains a total of about 
8 weight percent sintering aids (Y?O, plus other). 
Transient effects like those seen in NT-154 were not 
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observed in GN-10, although steady-state creep was not 
generally achieved in this material either. 

0.010 1 1  
0.008 

0.006 

0.004 

0.002 

0.000 
2000 4000 

Time, hr 

Figure 2. Extended creep curve for NT-154. Note that 
transient creep occurs over the entire creep period. The 
minimum creep rate was determined by a least squares fit 
over the last 200 hr of the creep curve. 

Results and Discussion 

NT-154: Initial tests on the NT-154, as reported in the 
previous mid-year report indicated the presence of long term 
transient creep behavior for this material. This has now 
been confirmed on long term creep specimens. As illustrated 
in Figure 2, transient creep is observed for the full test 
period (>4500 hr)9. Both specimens exhibit creep rates of 
less than 2 x 10- s . In all, 14 creep and creep rupture 
tests were conducted. For all conditions studied, transient 
creep dominated the deformation behavior. Transient creep 
occurred as a consequence of devitrification of the 
intergranular bonding phase in this material. 

-1 

The long transient behavior suggests that the 
microstructure of the material is slowly modified by 
exposure to elevated temperatures. Similar observations 
were made earlier on AY6 (made by GTE), in which case the 
increase in creep resistance of the material was attributed 
to devitrification of the glass phase at Si3N, grain 
interfaces. The devitrification process was slow, and only 
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Figure 3 .  Activation energy for creep of NT-154 silicon 
nitride. 

affected the creep rate when the narrowest boundaries 
between the grains became devitrified. 

Using the data at one applied stress over a range of 
temperatures, we determined the activation energy for creep 
as 1 , 2 5 0  kJ/mol, as shown in Figure 3 .  Because the apparent 
activation energy for creep, ~ 1 , 2 5 0  kJ/mol, is greater than 
the heat of formation of Si,N,, 7 4 4 . 8  kJ/mol [ 2 ] ,  creep in 
this material is probably not controlled by any of the 
normal creep mechanisms (diffusion, climb of dislocations, 
etc.) used to explain the creep of ceramic materials. This 
high apparent activation energy may be a consequence of 
cavity formation in the silicon nitride, which has been 
reported by a number of investigators for NT-154 [ 3 , 4 1 .  TEM 
studies at PJIST and elsewhere have confirmed the formation 
of cavities in NT-154. Cavities in Si$, usually f o r m  in 
the glass that surrounds the Si,!, grains, so the estimation 
of the activation energy for  cavitation given here is 
specific for cavity formation in glass. F r o m  the work of 
Raj an9 As$by, the activation energy for cavity formation is 
1 6 . r r - r / 3 . a  , where r is the surface tension of the cavity, 
and a is the local stress. By assuming P 0 . 3  J / m 2  (a normal 
value fo r  glass at high temperature) and a= 1 to 2 GPa (i.e. 
the cohesive stress of glass) an activation energy ranging 
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from 600 to 2 4 0 0  J / m o I .  c an  be calculated. This range of 
activation energies is consistent with those measured in the 
present experiment, tending to support our assumption that 
creep is a cavitation controlled process. 

Fron a practical point of view, the high apparent 
activation energy for creep indicates a sharp transition in 
t h e  performance of this material at elevated temperatures. 
Based on other creep studies conducted at NIST on structural 
ceramics, the only material that has better creep behavior 
is a-Sic. However, this material has a lower fracture 
toughness ( ~ 2  MPa-m' for  the Sic compared to =6 MPa-m 
the Si,N,), which increases its susceptibility to thermal 
shock and to foreign particle damage. 

f for 

1 10 100 1000 10000 

Time to Failure, hr. 

Figure 4 .  Creep rupture data: minimum creep rate as a 
function of the time to failure for NT--154.  Time-to- 
failure seems to be determined uniquely by the rate of 
creep. 

To determine the susceptibility of the NT-154 to stress 
rupture, nine specimens were crept to failure. Both the 
time to failure and the creep rate were measured during 
these experiments. A tensile creep stress exponent (n) of 
6.9 has been determined from the data over the range of 
applied stresses from 75 to 1 5 0  MPa. A s  can be seen in 
Figure 4 ,  all of the creep rupture data fall on a single 
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Kossowsky et a!. 

. . . . . . . . 

L . . . . . ...I . . . . ....I . . . . . ..., . . . . . .L 
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Time to Failure, hr. 

Figure 5, A comparison of Monkman-Grant curves for NT- 
1 5 4  and NC-130 (Kossowsky et al.). 

curve when the creep rate is plotted as a function of the 
time to failure, a so-called Monkman-Grant curve. 
Regardless of test temperature or level of applied load, the 
time to rupture can be represented as a power function of 
the creep rate, t f = B . ? “ ,  figure 4 .  The power law exponent 
of this material, 1.12,  was slightly greater than 1, in 
contrast to metallic alloys which are equal to or slightly 
less than 1 .  Most other ceramic materials studied by the 
group also have a stress exponent, m, slightly greater than 
1 .  

The possibility of a creep rupture threshold at creep 
rates less than 2xlO-’ s-’ is suggested by the fact that no 
failures were observed for exposure times exceeding ~ 2 5 0  hr. 
Two specimens exhibiting minimum strain rates slightly 
greater than 2x10-’ s - l  failed at 2250  hr, while a third 
specimen with a minimum creep rate of slightly less than 
~ x I O - ’  s-’ survived for over 1 0 0 0  hr. Furthermore, the 
strain at failure for the two specimens, 0 . 4 1 %  and 0.58%, 
was considerably less than the strain, 11.3% of the surviving 
specimen. Although we suspect a change in the fracture 
mechanism at the threshold, no significant differences in 
microstructure were observed in the course of the study. 
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The Monkman-Grant representation of creep rupture 
behavior was first applied to silicon nitride (HS-130, a 
magnesia doped material) by Kossowsky et al., who showed 
that the strain exponent of the Monkman-Grant curve had a 
value of -1, compared to -1.12 in the present study, Figure 
5. The two sets of data are displaced from one another, 
indicating a factor of = l o  increase in time-to-failure at 
the same strain rate for the HS-130. Therefore, the strain- 
to-failure is greater for the HS 130, i.e. it is more 
ductile than NT-154. The creep rate for the NT-154 is, 
however, so much better than that of the HS-130, that at a 
given stress the failure time of the NT-154 is several 
orders of magnitude better than that of the HS-130. For 
example, at 1385OC and 70.5 MPa the HS-130 creeps at a rate 
of ~ 4 . 7 ~ 1 0  s , while at the same temperature and stress, 
the NT-154 creeps at a rate of ~ 3 . 5 ~ 1 0  s . Referring to 
the Monkman-Grant curves for these materials, the expected 
lifetime of the NT-154 is 22500 hr, while that for the HS- 
130  is 212 hr. Thus, even though the NT-154 is less ductile 
than the HS-130, its greater resistance to creep makes it 
the superior material with regard to failure by creep 
rupture. This curve, in combination with creep curves, can 
be used to establish stress allowables for high temperature 
applications. This is shown in Figure 6, where lifetime 
predictions for NT-154 are shown. The predictions indicate 
that the material can withstand a combined stress and 
temperature of about 75 MPa and 1370OC for a period of about 
1 year. 

-7 -1 
-10 -1 

GN-10: Tensile creep tests on Garrett's GN-10 have a1s.o 
been conducted at temperatures from 1200  to 135OoC, and 
applied stresses from 75 $0 150 MPa. 
from approximately 5 x 10- to 1 O W 7 s - l  over these conditions. 
The activation energy for creep of this material is 21230 
kJ/mol, as determined from the plot shown in Figure 7, and 
is virtually identical to that obtained for the NT-154. 
Times to failure taken from eight of these specimens range 
from 3 to 850 hrs, and, when plotted in a Monkrnan-Grant 
fashion, exhibit a slope of 0 . 9 6 ,  as shown in Figure 8 .  
This value is very close to that obtained previously on the 
NT-154 material, although the amount of data is limited. A s  
with the NT-154, the GN-10 satisfies a Monkman-Grant curve 
when the strain rate is plotted as a function of the failure 
time. A comparison of Monkman-Grant curves for the NT-154, 
GN-10, and HS-130 (Figure 8 )  indicates that, although the 
three curves are not identical, they are similar enough that 
all three materials can be represented by the same Monkman- 
Grant curve. When this happens, the material exhibiting the 
greatest resistance to creep a lso  exhibits the greatest 
resistance to creep rupture, in this case the NT-154. 
Again, referring to the Monkman-Grant curves for these 

The creep rates range 
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Figure 6 .  Lifetime predictions for NT-154 silicon 
nitride. This material is expected to survive combined 
stress and temperature of 75 MPa and 137OOC for  1 year. 
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Figure 7. Activation energy for creep for  GN-10 silicon 
nitride. 
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materials, the expected lifetime of the NT-154 is -2500 hr, 
for GN-10 is ~ 1 5  hr, while that for the HS-130 is ~ 1 2  hr. 

As above for the NT-154, the Monkman-Grant curve for 
GN-10, in combination with creep curves, can be used to 
establish stress allowables for high temperature 
applications. This is shown in Figure 9, where lifetime 
predictions for  this material are shown. A comparison of 
lifetimes for NT-154 and GN-10 are shown in figure 10. The 
superior high temperature behavior of the Nt-154 is evident 

10’ 1 2 5 0  C 

1 Q 6  

1 Q 6  

I O 3  
l o 2  
10’ 
1 o o  

1 0 4  

4 0  100 

1 2 5 0  C 

4 0  100 

Applied Stress (MPa) 

Figure 8 .  Lifetime predictions for GN-10 silicon nitride, 
based on Monkman-Grant curve and creep curves. 

Both NT-154 and GN-10 exhibit similar activation 
energies for creep. NT-154 is the more creep-resistant 
material but GN-10 has a higher strain-to-failure for a 
given temperature. The data collected on the GN-10 and a 
comparison with the NT-154 has been presented at the Annual 
Meeting of the American Ceramic Society, April 27 to May 2, 
1991, Cincinnati, OH. 
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Figure 9. Comparison of Monkman-Grant behavior 
1 5 4 ,  G N - 1 0 ,  and H S - 1 3 0 .  
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Figure 1 0 -  Cornparison of lifetime predictions fo r  N T - 1 5 4  
and G N - 1 0  silicon nitrides. 
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In the coming months, additional studies will be 
conducted on NT-154 in order to determine the effect of 
annealing on the creep behavior. This work is being 
conducted in collaboration with Annette Reese (Comfort) at 
Allied-Signal. The objective of the work will be to 
determine if annealing is a viable procedure for improving 
creep resistance in silicon nitride. A similar program will 
be started later in the year with Bernie Busavne of the 
Garrett Processing Division. In this research, we will be 
investigating GN-10 instead of NT-154. A second program 
will be started to characterize the creep and creep rupture 
behavior of PY6, a grade of silicon nitride made by GTE. 
This work is being done in collaboration with Pramod 
Khandelwal of Allison Gas Turbine. In this program we hope 
to obtain a complete evaluation of the creep and creep 
rupture behavior of PY6. Studies on the NT-154 and PY6 are 
being conducted as part of the DOE Reliability program. 

Status of Milestones 

All milestones are on schedule. 

Publications 

B. J. Hockey, S. M. Wiederhorn, W. Liu, J. G. Baldoni and 
S.-T. Baljan, "Tensile Creep of Whisker Reinforced Silicon 
Nitride", J. Mat. Sci. 

S. M. Wiederhorn and B. J. Hockey, "High Temperature 
Degradation of Structural Composites", to be published in 
Proceedings of the Seventh Cimtec World Ceramics Congress, 
1990. 

S. M. Wiederhorn, B. J. Hockey and T.-J. Chuang, "Crack 
Growth, Creep, and Creep Rupture at High Temperatures", to 
be published in Toughening Mechanisms in Quasi-Brittle 
Materials, 1990. 

S .  M. Wiederhorn, "Creep and Creep Rupture of Ceramic 
Matrix," to be published in FLIGHT-VEHICLE MATERIALS, 

DIRECTIONS, Edited by Ahmed K. Noor and Samuel L. Venneri 
STRUCTURES AND DYNAMICS TECHNOLOGIES-ASSESSMENT AND FUTURE 

D. C. Cranmer, B. J. Hockey, S. M. Wiederhorn and R. 
Yeckley , "Creep and Creep-Rupture of HIP-ed Si3N4, Ceram 
and Eng. Sci. Proc. (1991) in press. 
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Talks 

D.C. Cranmer, S.M. Wiederhorn and B.J. Hockey, "Tensile 
Creep and Creep Rupture of Silicon Nitride," 93rd Annual 
Meeting of the American Ceramic Society, Cincinnati, OH, 
April 27 to May 2, 1991 

S.M. Wiederhorn and B.J'. Hockey, "Creep of Granular Ceramics 
at High Temperatures," 93rd Annual Meeting of the American 
Ceramic Society, Cincinnati, OH, April 27 to May 2, 1991 
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Development of a Fracture Touahness Microprobe 
G. M. Pharr and D.S. Harding (Rice University) 

Objective/scope 

The objective of this study is to develop a technique for measuring 
fracture toughness in thin films and small volumes on a spatially resolved basis 
using the Mechanical Properties Microprobe at ORNL (MPM or Nanoindenter). 
The MPM is currently used to measure both hardness and elastic modulus with 
a spatial resolution of better than 1 pm. Once developed, the technique will be 
useful in probing toughness at the scale of the microstructure and thus in 
establishing important relations between microstructure and fracture behavior. 

Technical oroaress 

The method we are pursuing is based on the cracking which occurs 
when brittle materials are indented by a sharp indenter, such as a Vickers 
diamond. The indentation cracking method has been developed by several 
investigators over the last 15 years’-12. A critical review of its predictive 
capabilities has been presented by Anstis et aL7, who have applied the method 
to a wide variety of ceramics and glasses and found its accuracy to be better 
than 40%. 

The basis of the method is to compute the fracture toughness, Kc, from 
the length of the cracks, c, through the semi-theoretical relation7 

Here, a is an empirically determined geometric constant (for a Vickers indenter, 
its value is about 0.016 ’), P is the indentation load, and E and H are the elastic 
modulus and hardness of the material, respectively. One attractive feature of 
applying this method with the MPM is that, in addition to being able to produce 
very small indents with very precise positioning, the load-displacement data 
provided by the instrument can be used to establish the local modulus and 
hardness. Since a knowledge of both these quantities is needed for the 
computation of toughness, the MPM provides a simple and convenient means 
for obtaining all the data needed to measure toughness on a spatially resolved 
basis. 

To date, the indentation cracking method has been applied to indents 
which, by MPM standards, are fairly large. The indents typically used in the 
indentation cracking method are produced at loads of 1000 grams or greater, 
and the cracks are of the order of 100 pm or SO in length. Since the size of the 
cracks sets a limit on the spatial resolution of the technique, much of the work in 
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the program is concerned with how indent size can be reduced without having 
the method break down or become impractical. 

The main issue addressed during the last semi-annual reporting period 
dealt with the fact there are often well defined loads below which indentation 
cracking does not occur. For example, for a Vickers indenter, cracking 
thresholds in most ceramics are about 25 gms or 
associated with these loads are relatively large (several microns wide), cracking 
thresholds place severe restrictions on the spatial resolution which can 
potentially be achieved. 

We have now established that cracking thresholds can be substantially 
reduced by using indenters with non-standard geometries. The indenter we 
have chosen for further studies has the geometry of the corner of a cube. With 
this indenter, cracking thresholds can be reduced to loads of 0.5 grams or less 
in most brittle materials (corresponding to sub-micron sized indents). The 
objective of our current work is to establish if Eqn. (1) works as well for the cube 
corner indenter as it does for the Vickers indenter, and if so, to establish a value 
for the geometric constant, a. 

A great deal of work during this period dealt with setting up the 
equipment needed to assess the usefulness of the cube corner diamond in the 
measurement of fracture toughness. A number of model brittle materials were 
obtained and testing machines were set up to measure their toughness using 
the indentation method and, for independent verification, the chevron notch 
method. Local experts at the University of Houston were consulted on how to 
obtain meaningful results from the chevron notch test. The testing will be carried 
out in our instron machine using a three-point bend bend fixture which was 
designed during this period and is now in the final stages of construction. Three 
model brittle materials - fused quartz, soda-lime glass, and pyrex glass - were 
obtained in polished sheet form to be used in our ini t ial  studies, and 
arrangements have been made to machine chevron notch specimens from 
these materials using special grinding equipment at the University of Houston. 
The equipment is capable of mass producing specimens in lots of 
approximately 12. To perform the hardness testing, our Buehler microhardness 
tester was modified to accommodate a cube corner diamond. 

In the next few months, the toughness of the model materials will be 
measured, first with the chevron notch method, and then using the indentation 
method and the cube corner diamond. The results will be used to deter 
how well the method works and what the value of a in Eqn. (1) is for the cube 
corner di . Once the assessment of these materials is complete, other 
materials tested to expand the assessment of the method. 

Another effort undertaken durin this period involved the construction of 
a simple acoustic emission sensor which was incorporated into the 
Nanoindenter to explore whether acoustic emission can be used in the 
identification of indentation cracking thresholds. An exploratory study was 
undertaken in which acoustic emissions were monitored from fused silica, soda 
lime glass, sapphire, silicon, and tungsten. A minor problem was encountered 
in that noise levels were relatively high, making identification of thresholds 
difficult. The noise appears to originate in the Nanoindenter head, which is 

Since the in 
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driven by an analog signal having a characteristic frequency related to the clock 
rate in the D-A converter. After consulting the with the manufacturer, it a 
that this problem can be resolved in future work by changing the capacitor 
which damps the signal. 

Our study of the 5 materials listed above indicated that are 
acoustically active when indented with the cube corner indenter. While this was 
expected for fused silica, soda lime glass, sapphire, and silicon, it was 
somewhat of a surprise for tungsten, since tungsten does not crack. Our 
suspicion is that the tungsten emissions, whose magnitude is small in 
comparison to those from the brittle materials, are caused by stick-slip of the 
diamond. This will be examined in the future work by using blunter indenters to 
minimize frictional effects. Despite this, the preliminary work suggests that the 
sensor has the ability to detect cracking at very small indentation loads, and the 
sensor will be used in future work to explore the utility of acoustic emission in 
identifying cracking thresholds. This could lead to an alternative means for 
measuring toughness. 

Work was also undertaken during this period to establish the morphology 
of cracks which form underneath very small indents produced by the 
Nanoindenter. While the morphology of the surface traces of cracks in a variety 
of materials was established in earlier work, of particular interest here was to 
study the sub-surface crack structure of at least one brittle material. A meth 
which this could be accomplished was developed and applied to silicon. 
was built on which a thin silicon wafer was mounted with bonding resin and 
then cracked by applying 4-point bending to the plate on which the wafer was 
mounted. This produced a very straight cleavage crack through the thickness of 
the specimen. The crack was subsequently closed by removing the bending 
forces, and numerous indentations were made on and around the crack with the 
Nanoindenter. The two halves of the wafer were then separated along the 
cleavage crack to be viewed edge-on in the SEM, thus revealing a cross- 
section of the structure underneath the indent. 

complete picture of the surface and subsurface cracking which occurs in silicon. 
One of the most interesting features of it is how the surface and subsurface 
cracks are linked - the radial, median, and lateral cracks are all interconnected 
in a way which suggests that they do not develop independently. We also found 
that for the Berkovich indenter, there is a load below which no cracking - either 
surface or subsurface - occurs. This cracking threshold load is around I gm. 

The technique worked extremely well, and we have now develope 

Status of milestones 

All milestones are proceeding on schedule. 

Publications 

A short paper entitled "New Evidence for a Pressure-Induced Phase 
Transformation During the Indentation of Silicon" was accepted for publication 
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in the Journal of Materials Research. This paper results from 
of cracked indents in silicon, It is now in press. 

silicon is in preparation. 

observations 

A second paper dealing with the sub-surface cracking observations in 
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondestructive Character izat ion 
D. J. McGuire (Oak Ridge Nat ional  Laboratory) 

Object  i ve/scope 

The purpose o f  t h i s  program i s  t o  conduct nondest ruc t ive  eva lua t ion  
(NDE) development d i r e c t e d  a t  i d e n t i f y i n g  approaches f o r  q u a n t i t a t i v e  
de terminat ion  o f  cond i t i ons  ( i n c l u d i n g  both p r o p e r t i e s  and f laws)  i n  
ceramics t h a t  a f f e c t  t he  s t r u c t u r a l  performance. Those m a t e r i a l s  t h a t  have 
been s e r i o u s l y  considered fo r  a p p l i c a t i o n  i n  advanced heat engines are a l l  
b r i t t l e  ma te r ia l s  whose f r a c t u r e  i s  a f f e c t e d  by s t r u c t u r a l  fea tures  whose 
dimensions are on t h e  order  o f  t h e  dimensions o f  t h e i r  m ic ros t ruc tu re .  
This  work seeks t o  cha rac te r i ze  those fea tures  us ing  high-frequency u l t r a -  
sonics and radiography t o  de tec t ,  s ize,  and l o c a t e  c r i t i c a l  f laws and t o  
measure nondest ruc t ive ly  the  e l a s t i c  p r o p e r t i e s  o f  t he  host ma te r ia l .  

Technical woqress  

U l t rason ics  - W .  A. Simpson, Jr., and K. V .  Cook 

We have received th ree  l a r g e  ceramic t i l e s  f o r  nondest ruc t ive  determi-  
n a t i o n  o f  t he  e l a s t i c  modul i .  Two o f  these t i l e s  are made o f  fused s i l i c a  
and t h e  t h i r d  i s  alumina. The t i l e s  are approximately 0.42 m square and 
76 mm t h i c k  and weigh about 27 kg ( s i l i c a )  and 46 kg (alumina).  I n i t i a l  
u l t r a s o n i c  examination revealed t h a t  the  s i l i c a  was f a r  t o o  a t tenua t i ve  t o  
perform convent ional  pu l  se-echo v e l o c i t y  measurements us ing  e i t h e r  pu lse-  
over lap  o r  p u l s e - d i g i t a l  techniques. Through-transmission measurements 
i nd i ca ted  t h a t  reasonable s igna l  l e v e l s  cou ld  be achieved a t  f requencies up 
t o  2 . 5  MHz f o r  compressional waves and 1 MHz f o r  shear waves. 
two o r  more echoes w i t h  t h i s  approach, however, would necess i ta te  some form 
o f  nonconventional processing i n  order  t o  p rov ide  accurate r e s u l t s .  

se lected.  I n  both methods, a s igna l  propagated through the  sample i s  ac- 
q u i r e d  and d i g i t i z e d .  
s igna l  o f  i n t e r e s t  i s  the  sum o f  t he  propagat ion t i m e  through the  sample 
and an (unknown) o f f s e t  t i m e  from t h e  beginning o f  the  record  t o  the i s -  
suance o f  t he  e l a s t i c  wave f r o m  the  t r a n s m i t t i n g  t ransducer.  
n a l  i s  then acquired on a sample o f  known th ickness and f o r  which the  ve- 
l o c i t y  i s  known from independent measurements. This record  a l s o  conta ins 
t h e  same unknown o f f s e t  t i m e .  The d i f f e r e n c e  i n  these records i s  thus 
independent o f  the  o f f s e t  t ime and dependent on l y  on the  propagat ion t i m e  
o f  t he  wave through the  d i f f e r e n t i a l  th ickness o f  t he  sample o f  i n t e r e s t .  

e n t i a l  propagat ion t i m e  i s  determined. I n  the  f i r s t  technique, the  records 
are  Four ie r  transformed and the  cross c o r r e l a t i o n  computed. 
peaks a t  t h e  s h i f t  corresponding t o  the  t i m e  d i f f e r e n c e  between the  t w o  
s igna ls .  I n  the  second technique, the  d i f f e r e n t i a l  propagat ion t ime i s  
measured d i r e c t l y  us ing pulse d i g i t a l  methods. 

The l a c k  o f  

A f t e r  considerable exper imentat ion,  two poss ib le  approaches were 

The t ime from t h e  beginning o f  t h e  record  t o  the  

A second s i g -  

The d i f f e rences  i n  the  two techniques are centered on how the  d i f f e r -  

Th is  record 

The former technique, which 



445 

i s equivalent to digital pul se-over1 ap, gave better results when quasi - 
monochromatic radiation was used. 
broadband radiation. 

For both techniques, the velocity in the unknown sample i s  easily 
determined fro 
known standard 
conventional means were used as the "unknown't sample. Bath techniques 
yielded virtually identical results, which agreed well with the conven- 
tional measurements. Because the cross-correlation 
additional processing time, all subsequent measure 
pul se-digi tal technique. 

Measurements were made at four locations on each of the t w o  silica 
blocks, 
computed error for a single measurement (several measurements were a1 so 

This suggests a con- 
siderable variation in the point-to-point density o f  the samples. 
easy to show that the fractional variation in the density is twice that o f  
the observed compressional or transverse wave velocities. The latter were 
consistent and averaged about 4% (the single- easurement error was about 
1%). 

Althaugh four measurements are not sufficient to provide a highly 
accurate estimate o f  the mean ve"locities, our results suggest a point-to- 
point density variation o f  about 8%. 
the method of fabrication of these blocks. 

The latter approach requires relatively 

the differential propagation time and the velocity in the 
Several materials for which the velocity was measured by 

The variation observed was more than four times larger than the 

It is 
ade at each location t o  confirm these computations). 

This is not surprising in light o f  

ean values for the elastic properties of the two silica blocks 
r modulus - 7.5 GPa, Young's modulus - 16.1 GPa, and Pois~0t-1'~ 

ratio - 0,07. 
These measurements represent the first ti e that we have had t o  deal 

with ceramic materials that were either too at enuative or too thick for 
application of standard velocity measuring techniques. 
tained are believed to be accurate to about 1% and extend Our capabilities 
to materials that are too difficult for conventional analysis. 

density of about 85% o f  the theoretical value. Surprisingly, tho tile i s  
sufficiently transmissive to permit conventional pulse-echo determination 
of the elastic wave velocities. 

The results ob- 

The third tile was made o f  alumina. The weight a f  46 kg gives it a 

This is in contrast t.o the previous tiles, 
special through-transmission measurement technique had to be de- 
in order t o  determine the wave velocities. As before, measurenients 

The mean values for the elastic were made at four points on the tile. 
properties were: shear modulus - 90 GPa, Young's modulus - 223 GPa, and 
Poisson's ratio - 0.24. 

We are engaged in construction o f  a syste 
synthetic aperture ultrasonic inspection o f  st uctural ceramics. Our pre- 
vious work has shown that this approach has considerable potential far i n -  
spection of "thick" ceramics (i.e., th se having a thickness greater than 
the 3-mm penetration depth obtainable ith conventional focused trans- 
ducers). Good results were obtained when using ultrasonic energy focused 
on the surface of the sample with subsequent processing o f  the data to 
improve the signal -to-noise ratio and t o  ''focus" the desired internal plane 
of the ceramic. These results were obtained using manual positioning o f  
the ultrasonic transducer, which is clearly untenable for rapid inspection. 

t o  implement high-frequency 
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In order to automate this process, however, it is necessary to build or 
purchase hardware capable o f  integrating the functions of generating the 
requisite transducer motion and acquiring the resulting data. We have 
already written the software necessary to perform the data processing. 

Two approaches are possible for solving the hardware problems. The 
first involves design and construction of the circuitry necessary to PO- 
sition the ultrasonic transducer using one of our existing scanners without 
modification. The second approach is to purchase suitable modifications to 
our scanner from an outside vendor. 

A commercial, general purpose I/O board has been obtained for our 386- 
based computer. T h i s  board has 48 1/0 lines, which are software selectable 
as input or output in groups of 8 bits, more than sufficient for the prob- 
lem at hand. 
strated, which will permit the board to respond to signals generated by the 
ultrasonic hardware. A minicomputer software package for controlling the 
high-speed digitizer, effecting temporal averaging, and transferring the 
acquired data to magnetic tape was available from our previous ceramics 
work. 
drive replaced by a high-speed ram disk. 
must be acquired and processed for a viable synthetic aperture technique, 
all programming has been done in assembly language for maximum speed. 

tizing the full analytic signal from the ceramic, and transferring the data 
to high-speed ram disk has now been written for a PC. 
trolling the commercial 1/0 board have also been developed and tested. 
preliminary test of the system indicated that some modifications to the 
scan tank controller will have to be made because of the characteristics o f  
the PC interrupt system. (Unlike our minicomputer interrupt hardware, the 
PC requires that the interrupt signal be asserted until the CPU acknowl- 
edges the interrupt.) 

To our surprise, relatively long data cables could be driven directly 
by the controller and PC hardware without the need for line drivers at 
either end of the cable. In a preliminary test o f  the system, however, the 
PC was able to read correctly the transducer position counters in the con- 
troller, but the system was not responding reliably to the interrupt sig- 
nals generated by the ultrasonic hardware. 
problem of pulse distortion in the connecting cable, which can be corrected 
by installing line drivers at both ends of the interrupt cable. 
yet sure of this, however, as the response of the PC to an interrupt re- 
quest is fundamentally different from that o f  our minicomputer, for which 
the scan controller was originally built. 

Using a separate pulse generator to simulate an interrupt request on 
the PC, we have been able to read data asynchronously from the scan tank 
controller at a rate commensurate with that generated by the ultrasonic 
hardware and to store the acquired data on a high-speed ram disk. 
sult suggests that the system should work well for the acquisition o f  syn- 
thetic aperture data when we can reliably interrupt the PC with the ultra- 
sonic signals. 

We have also located two commercial vendors capable o f  upgrading our 
4-bit, high-speed digitizer to a full 8-bit unit. 
level flash digitizer, which may be mounted in and controlled by a PC. 

30th avenues are being investigated. 

A primitive interrupt handler has been written and demon- 

This package i s  being rewritten for a PC with the magnetic tape 
Because of the rate at which data 

Most of the software for controlling the ultrasonic scanner, digi- 

Programs for con- 
A 

This appears to be a simple 

This re- 

One provides a board- 
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The second i s  a variable range option for our existing hard 
permits the voltage range over which the ultrasonic signal is digitized to 
be compressed, thus yielding effective 8-bit (or greater) discretization. 
The latter system i s  much less expensive but may have some drawbacks for 
our current work. 
implement synthetic aperture techniques, but both are willing to make 
available the source code for their controller software for modification by 
us. It i s  not clear that the direct cost and modification time involved 
would achieve the desired goal more efficiently than our present ab i n i t i o  
approach. 

Neither vendor can supply the software necessary to 

Computerized Tomography - B. E. Foster 

A triangle of silicon nitride has been used to produce beam-hardening 

The Exebyte (8-mm) 
correction tables. Most of the beam-hardening artifacts previously observed 
in the larger ceramic samples have now been corrected. 
tape drive developed an internal short circuit and has been repaired by the 
vendor, reinstalled, and i s  operating properly. The auxiliary TK-50 tape 
drive is being used for backing up data. 
ceramic (one S i c  and two Si N4) rotors with the CT System, a circular 
artifact was noted within the area of interest with a decrease i n  signal- 
to-noise ratio and failure to reconstruct a large data file o f  approxi- 
mately 40 MB. 
reconstruction and display software, which corrected everything except the 
circular artifact within the area of interest. 
will use a slightly larger ray spacing ( a  little loss in resolution) until 
we determine the cause. 

(380 MB) o f  our user disk was found to be defective during installation in 
December 1990. The installation of the replacement drive included format- 
ting, transfer of necessary data and system files from tapes, and evalua- 
tion of the success o f  the installation. 
us to do the requested detailed scanning o f  several ceramic rotors. 

Three ceramic rotors (t o Si$,, and one Sic) were scanned with the CT 
System. Several different s anning parameters were varied in attempts tu 
optimize detection o f  any voids larger than about 0.2- to 0.3-mm diam. 
After final selection o f  the appropriate parameters (e.g., aperture, ray- 
spacing, scanning speed, and filter), approximately 20 CT slices at 1-mm 
increments were made of each rotor. 

The images were reconstructed using the recently completed beam- 
hardening correction tables obtained with the Si,N, wedge. 
the two Si,N rotors wer uniform in density (good correction for beam 
hardening) ; however, as ight be expected, the S i c  rotor showed evidence o f  
inadequate correction f beam hardening. An Sic wedge i l l  be obt.ained t o  
prepare a separate beam-hardening correction table. A few voids with 
diameters on the order of 0.2 mm were confirmed with repeat scans. 

During the evaluation of three 

The manufacturer recently installed an updated version of 

As a temporary solution, we 

A 760 MB-hard disk drive that was procured to double the disk space 

This larger disk capacity enables 

The scans from 

Mi 1 estones 

All milestones are on schedule. 
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S i l i c o n  Carbide Whisker-Reinforced Ceramic Composites,'' t o  be publ ished i n  
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NDE Standards for  Advanced Ceramics 
8. W .  McClung (Oak Ridge Nat ional  Laboratory) 

The development o f  standards i s  impor tant  f o r  t he  establ ishment o f  
r e l i a b i l i t y  and acceptance o f  advanced s t r u c t u r a l  ma te r ia l s .  Committee 
C-28 on Advanced Ceramics has been organized i n  the  American Soc ie ty  f o r  
Tes t ing  and Ma te r ia l s  (ASTM) t o  address t h i s  issue.  One o f  t he  a c t i v i t i e s  
o f  t he  C-28 committee i s  nondest ruc t ive  examinat ion (NDE). The Task Group 
on NDE i s  rev iewing e x i s t i n g  standards ( p r i m a r i l y  developed f o r  meta ls)  t o  
determine p o t e n t i a l  a p p l i c a b i l i t y  f o r  ceramics. Use o f  e x i s t i n g  o r  
mod i f ied  standards i s  more e f f i c i e n t  than genera t ion  o f  new documents and 
w i l l  assure t h e  i n p u t  o f  a l a r g e  body o f  NDE exper t i se .  Close l i a i s o n  has 
been es tab l i shed w i t h  ASTM Committee E-7 on Nondestruct ive Test ing,  and 
documents are i n  var ious  stages o f  review, recommendations f o r  change, 
mod i f i ca t i on ,  and b a l l o t i n g .  R. W .  McClung i s  a member o f  both committees 
and t h e  o f f i c i a l  l i a i s o n .  

Committees C-28 and E-7 .  To date, 26 E - 7  NDE standards have been reviewed 
i n  d e t a i l  w i t h  recommendations made t o  E - 7  f o r  mod i f i ca t i ons .  Successful 
a c t i o n  i s  complete on 13 documents and E-7 b a l l o t i n g  a c t i o n  i s  i n  progress 
on 8 i tems; the  o thers  r e q u i r e  a c t i o n  by C-28. 
v e l o c i t i e s  i n  t y p i c a l  ceramic ma te r ia l s  was prepared and sub-mi t ted t o  E - 7  
f o r  i nco rpo ra t i on  i n t o  an e x i s t i n g  NDE standard. A t  a meeting i n  January 
1991, approval was obta ined f o r  an E - 7  subcommittee b a l l o t  on t h i s  item. A 
document on f a b r i c a t i o n  o f  seeded vo ids i n  pressure less s i n t e r e d  ceramics 
was b a l l o t e d  i n  C-28 a t  t he  subcommittee l e v e l  i n  December 1990. Comments 
rece ived du r ing  the  b a l l o t  w i l l  be processed f o r  approval a t  t he  May 1991 
meeting o f  C-28 p r i o r  t o  f u r t h e r  b a l l o t  ac t i on .  A g u i d e l i n e  document t h a t  
descr ibes a v a i l a b l e  approved standards and t h e i r  a p p l i c a b i l i t y  f o r  exami- 
n a t i o n  o f  ceramics was success fu l l y  b a l l o t e d  a t  bo th  subcommittee and 
committee l e v e l s  o f  C-28; i t  subsequently was approved i n  the  January 1991 
Society  b a l l o t .  
new E-7 standards cover ing s p e c i f i c  techniques o f  1 i q u i d  penetrant  
examination. 
o f  re fe rence standards and procedures f o r  u l t r a s o n i c  exa 
ceramics, R. W .  McClung was appointed chairman o f  Subcommittee C28.02, 
Design and Evaluat ion,  which now inc ludes  both NDE and P r o b a b i l i s t i c  
Design. 

L i a i s o n  and techn ica l  support  have been cont inued between ASTM 

A t a b l e  o f  u l t r a s o n i c  

A Task Group adv isory b a l l o t  i s  be ing conducted on f i v e  

Future ac t i ons  i n  the  Task Group on NDE i nc lude  prepara t ion  
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X-ray Computed Tomoqraphic lmaainq 
W. A. Ellingson, N. Gopalsami (Argonne National 
Laboratory), and T. Luethi (visiting Scientist, EMPA 
Laboratory, Zurich, Switzerland) 

The objective of this program is to develop X-ray computed tomographic (CT) 
imaging technology for application to structural ceramic materials. This technique has the 
potential for mapping short-range (4 mm) and long-range (>5 mm) density variations (to 
perhaps 0.5-1 Yo), detecting and sizing high- and low-density inclusions, and detecting 
and sizing (within limits) cracks in green-state and densified ceramics. Use of 3-D CT 
imaging allows the capability of interrogating the full volume of a com 
noncontacting. It is also relatively insensitive to part shape and thus can be used to 
inspect components with complex shapes, such as turbocharger rotors, rotor shrouds, and 
large individual turbine blades. 

Technical 

The work this reporting period covers two applications of X-ray computed tomography 
using Argonne National Laboratories 3-0 microfocus system: (1) Phase I I  application to 
monolithic injection molded Si3N4 (Garrett’s GN-10) with an emphasis on detection of 
density variations perhaps induced by nonuniformity of binder distribution and (2) initial 
work on phase Ill of this research program relative to detection of whisker distributions 
(likely to be manifested and detected as density variations) in as-cast pressure siip-cast 
Si3N4(w)Si3N4 (also Garrett’s GN-10 material). This a continuing joint project between 
Argonne National Laboratory and Garrett Ceramic Components of Allied-Signal 
Aerospace Corporation of Torrance, California. 

The potential of modifying real-time microfocus X-ray imaging systems, now presently 
available in almost all ceramic component processing facilities, into computed 
tomography systems is beginning to show significant promise and benefit. There are 
several reasons for this: (1) the availability of faster, higher storage-capacity micro 
computers, (2) the availability of very high resolution video cameras-especially 
CCD-array cameras (Le., 1024 by 1024 and even 2048 by 2048), (3) the availability of 
higher speed Analog to Digital ( N D )  converters and necessary software for higher 
dynamic range conversions which allow more density discrimination sensitivity and (4) the 
availability of very user friendly image display software which runs very well on currently 
available microcomputers and which contains a surprising amount of image processing 
capability. With the advent of so-called region of interest reconstruction software codes, 
there also is getting to be less part-shape limitations caused by complex shapes. In 
addition, cooled X-ray heads (microfocus systems) are becoming available and thus the 
problem of low-flux at small focal spot sizes (causing extremely long data acquisition 
times) are also slowly being eliminated. 
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For ceramic process development activities, which is the focus of this applied 
research on use of computed tomography, there is no real problem with component size 
limitation as most test components tend to be in the 25-50 mrn size. In addition, the work 
in this project has exclusively to date, been concerned with characterizing green-state 
ceramics and thus the problem of high density and large size (implying the need for 
higher X-ray energies) has not required attention. 

II. Injection molding: Monolit 
part: Detect ion of binder-concentrat ion induced dens itv variations 

1) Injection Molding 

We reported earlier1 that we had obtained X-ray CT data on inserts in the Garrett T-25 
turborotor fabricated by injection molding of Garrett’s GN-10 Si3N4 material. We did not 
have complete data at that time on the density, porosity and relative volume fractions of 
components used in processing. These data have now been obtained and are presented 
below in Table 1. 

Table 1 

Molded Insert Specimen and Turbo-Rotor Data 

Fabrication Insert Measured Weight % Volume Yo Volume % Volume % 
Method Identification Density, glcm3 Binder Binder Powder Porosity 

-- 
Cold pressed 
Cold pressed 
Cold pressed 
Cold pressed 
Cold pressed 
Cold pressed 
Injection molded 
Injection molded 

A 2.552 
€3 2.51 9 
C 2.492 
D 2.422 
E 2.41 5 
F 2.383 

Rotor 6 2.380 
Rotor 9 2.384 

9 
10 

11.5 
13.5 
14.5 
15.5 
12.5 
12.5 

24.64 69.53 
27.02 67.87 
30.75 66.02 
35.08 62.73 
37.57 61.81 
39.63 60.28 
31.925 62.36 
31.973 62.45 

5.83 
5.1 1 
3.23 
2.19 
0.62 
0.09 
5.72 
5.88 

When the organic binder content is plotted in Wt.% as a function of X-ray CT image gray 
scale, one obtains the relationship shown in Fig. 1. 
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Fig. 1. Plot of X-ray computed tomography gray scale as a function of Wt.% organic in cold 
pressed Si3N4 inserts inside as-molded (injection molded) T-25 turborotors 

The relationship between gray scale value and organic content is excellent for the 
cold-pressed samples. However, if these calibration data are then used to predict the 
organic content of injection molded turborotors, the correlation does not hold. The known 
injection molding mix organic concentration is 12.5 Wt.%. However, the corresponding gray 
scale value does not correlate. Clearly the ratio of volume fraction of powder to binder 
changes dramatically between injection molding and cold pressing and further, there is a 
sensitivity of X-ray CT data to these changes of about 5%. 

When the volume o/o organic binder content is plotted as a function of X-ray CT image 
gray scale, one obtains the relationship shown in Fig. 2. What is important to note is that the 
X-ray computed-tomographic image gray scale value, is directly proportional to the volume 
fraction of polymeric binder and is not dependent upon the process methods; Le., 
cold-pressed or injection molded. On the other hand, when one plots volume fraction of 
powder as a function of X-ray CT image gray scale value, one sees a definite change in 
sensitivity to process method, i.e., cold-pressing or injection-molding. This is shown in Fig. 3. 
Reasons for this will be further pursued and will be reported on in future reports. 
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Fig. 2. Correlation between 3-cd X-ray computed tomographic image gray-scale 
value and volume fraction of polymeric binder in Garrett's GN-10 Si3N4 
material. Note that for volume % binder, the X-ray CT image is 
independent of process method and depends only on binder content. 

Phase 111. Pressure Slipcast: Si3N4(w)Si3N4 
Part 1 : 

In this part of the program, Garrett Ceramic Components of Allied--Signal. 
Aerospace will provide for X-ray C T  analysis the specimens shown in Table 2. 

Table 2. 

Green-state Pressure-slip-cas1 Cylindrical Specimens 

UD ratio W.% Si@ whiskers 
~ ~~ 

1.5 m, 23,23,30 
3.0 20, 23, 27, 30 

We completed 3-D X-ray microtomography data acquisition an the first LID ratio set 
(UD = 1.5) using 256 X 256 reconstructions with 2 rnm thick sections over the entire length 
of the 20 and 23 wt.% SiC(w)/Si3Nq (American Matrix Sic whiskers and Garrett's GN-10 
Si3N4 material). As we noted in our last report, we had trouble maintaining the shape of 
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Fig. 3. Correlation between 3-D X-ray microfocus computed tomographic image gray 
scale value and Garrett’s GN-10 S3N4 powder loadings for two processes: 
cold-pressing and injection-molding. Note that the X-ray CT data appears to be 
process method dependent. 

the specimens for the 27 and 30 wt.% whisker loadings and they will need to be remade. 
We are working now with Garrett Ceramics to establish how best to handle these samples. 

The slip casting parameters are given below for each of the 20, 23, 27 and 30 wt.% 
Sic whisker specimens. 

Table 3 

Slip Casting Parameters 

Casting Density 
Solids Slip at time of 

Specimen Whiskers Content Pressure, Viscosity, demolding. 
Identification Ma/, Wt.% psi cps 4/cc 

91 A-013 20 69.9 40 135 2.07 
s910002 23 68 40 93 2.47 
S910006 27 65 40 65  2.18 
91 A-031 30  63 40 107 2.36 
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For initial diagnostic purposes, we have chosen to analyze transaxial cross-sections at 
14 mm below the top surface, 21 mm below the top surface and 40 mm below the top surface. 

We have selected 3 parameters for initial comparison of the various whisker loadings. 
These are: (a) the diameter of the low density inner core (see Fig. 4); (b) the relative gray 
scale values of the outer rim versus the inner core region (we see three distinct regions 
typically as shown in Fig. 4.) and (c) the relative S/N ratio of a diametral densitometer trace 
across the plane of section. This may begin to give information on uniformity of whisker 
distribution. 

Table 4 shows the diameters of the 'inner", lowest density 'core" as measured for the 
3 sections and for each of the 2 whisker loadings studied to date. Because the center core 
was not axisymmetric, we measured the diameter of the core at two diametral positions. 
The data in the Table thus shows the average of the two values. 

Table 4 

Diameter of apparent lowest density inner core of pressure slipcast SiC(w)/SiaNq as 
measured using 3-D microfocus X-ray computed tomography 

Plane of 
Section 

Diameter 

20 Wt.% whisker 23 Wt.% whiskers 
(mm) (mm) 

7 
11 
22 

~ 

7.1 1 
10.19 
10.42 

5.94 
4.1 4 
7.21 

In order to establish differences in dwaly we measured the relative gray scale of the 
image at three azimuthal positions in the outer region on each planes of section as well as 
in the middle of the central 'core". These relative gray scale values, are shown in Table 5. 

Table 5 

Relative gray scale (density) values between the outer rim region and central core of the 
pressure slip-cast SiC(w)/SigNq 

Gray -Scale Ratio (inner/outer) 

Section Inner Outer Inner Outer Inner Outer 

Plane 
of 20 wt.% 23 wt.% 20wt.% 23wt.% 

7 90.1 102.3 139.2 167.f .833 .881 

22 89.2 100.5 139.3 1 72.4 .808 -887 
11 88.8 101.2 140.6 167.6 .839 .a77 
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Fig. 4. 3-D X-ray computed tomographic sectioned images showing axial and 
radial density variations in pressure slip cast SiC(w)/SigNq. test samples, 
(a) 20 wt.% whiskers, (b) 23 wt.% whiskers 
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To be noted here is that in all planes of section, the inner core has a gray scale value 
of about 0.88 of the outer shell for the 20 wt.% whisker but for 23 wt.% whiskers the inner 
core has a gray scale value of about .81 - .83 of the outer shell. If the gray scale can be 
related to density, then there is a 1 ZV0 difference in the 20 wt.% core and 17-19 difference 
in the 23 wt.% core. 

We are working now on developing better diagnostic methods for better defining the 
measurable differences between the whisker loading. 

We are now making individual planes of section diagnostics on noise measurement and 
will report on these shortly. 

References 

1 . Ceramic Technology for Advanced Heat Engines Project: Semi-Annual Progress 
Report for April 1990 through September 1990, Oak Ridge National Laboratory 
Report ORNVTM-11719, dated December 1990, pp. 421 -426. 
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Nuclear Maunetic Resonance Imaging 
A. C. Raptis, W. A. Ellingson, R. E. Botto (Argonne 
National Laboratory), H. Yeh, and J. P. Pollinger 
(Garrett Ceramic Components Division of AlliedSignal 
Aerospace Corporation) 

0 biect ive/scope 

The objectives of this program are to: utilize NMR imaging techniques developed at ANL to 
study the distribution of whiskers and other possible variations in composite green-state (as 
cast) billets; perform 3-D X-ray (in a related activity (3.5.1 -5)) and optical microscopic 
analysis (to be performed by Garrett Ceramic Components a Division of Allied Signal 
Corp.) of the composite billets; correlate the results obtained from the NMR imaging 
techniques with those obtained from both the 3-D X-ray and the optical microscopy. 

Technical prowess: Part A-NMR studies 

The previous work has establishing the utility of two-dimensional (2-D) back-projection 
NMR imaging techniques for nondestructive evaluation of semi-solid organic distributions 
in injection-molded green-state ceramics. In this work, three-dimensional (3-D) back- 
projection NMR imaging techniques were developed for imaging green-state slip-cast 
composites. The 3-D NMR imaging technique employed here offers several advantages 
over conventional slice-selection imaging techniques. The 3-D back-projection technique 
provides (1) contiguous data sampled in three dimensions over the volume of interest, (2) 
higher resolution in the third dimension, (3) higher signal-to-noise ratio in the reconstructed 
image, and (4) equal applicability to fluid systems (such as water in slip-cast materials), 
semi-rigid materials (such as the semi-solid organic binders), and solids. 

In a conventional 2-D NMR back-projection tomographic experiment, one applies a linear 
magnetic field gradient in a plane at numerous projection angles. For each angle, the 
Fourier transform of the data represents a planar integral of the proton density normal to the 
gradient vector. Similarly, in the 3-D back-projection experiment, by varying the gradient 
vector in order to sample the entire 3-D space, one obtains a 3-0 Radon transform of the 
proton density. The inversion of this transform can be obtained by double differentiation 
and back projection. 

The 3-D back-projection technique was demonstrated by imaging the distribution of organic 
additive (2.5 Wt.% polyethylene glycol) in a cold-pressed green-state Si3Nq-whisker- 
re,inforced Si3N4 matrix composite specimen. This specimen, which measured 7 x 7 x 3 
mm, was chosen because it was both extremely stable and experimentally challenging. 
Conventional ceramic processing techniques were employed in sample preparation. 

Three-dimensional NMR imaging data were acquired by using 128 complex data points, 
and a total of 1024 projections about a spherical volume surrounding the sample. A 
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gradient strength of 35 G/cm and a sweep width of 100 kHz were used. A total of 128 
averages were acquired by using an approximate 900 pulse and a recycle delay time of 
0.25 S. A resolution, of 1 7 5 ~  x 1 7 5 ~  x 1752 pm3 was achieved as calculated from the 
spectroscopic full-width-at-half-maximum peak width. 

Three-dimensional NMR and X-ray images displayed via surface rendering techniques are 
presented in Fig. 1. Surface rendering is performed by applying a user-adjusted threshold 
intensity to define a minimum intensity that is used to calculate the contiguous surface. The 
particular threshold chosen for the X-ray image resulted in an accurate representation of 
the sample's topology. The NMR surface, however, was reconstructed with a minimal 
threshold intensity that was chosen to suppress structures having low proton density near 
the sample surface. This threshold level essentially eliminated two corners of the sample 
from the rendered object (as indicated in Fig. 1A). The remainder of the NMR image, 
however, is similar to the one acquired by X-ray, Fig. 1 B. 

Thin 2-D sections (or "slices") of the 3-D NMR and X-ray CT reconstructed images taken 
from identical spatial locations within the specimen is shown in Fig. 4. Three types of 
localized intensity indications can be observed in Fig. 2: (a) areas of low NMR and low X- 
ray intensity stemming from voids, cracks, or low-density inclusions having little or no 
discernible protons; (b) areas of high ceramic density; and (c) areas of high organic 
concentrations. Use of these techniques for the measurement of whisker or fiber 
distributions in as-cast composites should provide superior results than those achieved on 
the low concentration of polymeric material in this specimen. NMR probe modifications are 
currently underway, and application of this technique to as-cast specimens will commence 
shortly. 

Developments in this reporting period include design and implementation of a new RF 
resonator specifically designed to provide high B1 homogeneity, cylindrical sample access, 
and low signal sensitivity. The resonator was designed to provide a cylindrical "working" 
volume of 28mm in diameter by 30mm in height. The composite specimens which are to be 
used in this study are approximately 25mm in diameter and 41 mm in length. 

The sensitivity of the coil was tested by imaging a button head of a green-state tensile 
specimen (provided by Norton Advanced Ceramics) using the 3-D imaging method 
reported in the previous reporting period. A 3-D surface reconstruction and 2-D slice is 
presented in Fig. 3A and 38, respectively. Initial indications suggest that the coil provides 
sufficient sensitivity and homogeniety for the experiments on the composite specimens. 

The development of the coil and the 3-D method imaging reported in this reporting period 
provides the key co.mponents necessary to successfully image the distribution of whiskers 
and other possible variations in composite greenstate (as cast) billets. These imaging 
experiments should be completed in the upcoming reporting period. 
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Fig. 1. Surface reconstructed (A) 3-D NMR image and (B) 3-D X-ray CT image of a 
green-state SigNq-whisker reinforced Si3N4 composite specimen. 
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Fig. 2. Internal thin 2-D sections of 3-D (A) NMR image and (B) X-ray CT image of the 
composite specimen shown in Fig. 3. 
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Fig. 3. (A) Three-dimensional NMR surface reconstruction and (B) a 2-D slice through 
the button end of a green-state Si3N4 tensile specimen obtained from Norton 
Advanced Ceramics. 
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Physicochemical Characterization and Surface Modification 
of Silicon Nitride Ceramic Powders 
Prof. Marc A. Anderson (University of Wisconsin - Madison) 

Obiective/scoDe 

This project is designed to fulfill two primary objectives: 
1. characterization of the aqueous surface chemistry of silicon 

nitride, which also requires the development of a standard for 
mobility measurements and participation in a round-robin 
characterization of this standard; and 

silicon nitride. 
2 .  spectroscopic characterization of aqueous suspensions of 

Technical projzress 

Our work in the past six months has focused on two areas: 
1. perform a third round robin with the "benchmark" material, 

2. continue investigating the kinetics of hydrolysis for silicon 
phosphated goethite, and analyze the results; and 

nitride powder (Ube E-10) as a function of pH. 

Round Robin Analvsis of Mobility Measurements: 

A. SAMPLE PREPARATION AND MEASUREMENT PROTOCOL: Fifteen different 
suspensions (with each participant receiving five subsamples of each 
suspension) were prepared and distributed for the GEMS 3 (for Goethite 
Electrophoretic Mobility Study) round robin mobility measurements. 
All samples were aqueous suspensions of phosphated goethite at a phos- 
phate concentration of 100 pmol/g goethite and a goethite concentra- 
tion of 100 mg/L (.0023% by volume). 
goethite from the stock suspension, the actual goethite concentration 
was somewhat less than given above, thus the phosphate loading was 
somewhat higher than calculated. However, the actual values should be 
within 10% of  the desired values. 

Each suspension was prepared in bulk (either 3 . 6  or 4 L, depending 
on the container size) at one of five nominal pH values (3.5, 4 . 4 ,  
5.2, 6 . 1  or 7 . 0 )  and one of three ionic strengths (0.001, 0.01 or 0.05 
M KNO,). To prepare the 0.001 M KNO, suspension at pH 3.5, the final 
pH was assumed to be exactly 3.50 due solely to HNO,, then the 
additional amount of solid KNO, needed to give a total ionic strength 
of M was added to the system. For all other suspensions, the 
final ionic strength was assumed to be due solely to the added KNO,. 
In practice, the conductivity of the M suspension at pH 3.5 was 
nearly double the conductivities of the lo-, M suspensions at the other 
pH values due to the high mobility of the proton. 

Due to problems in dispensing 
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The pH values of the bulk suspensions were adjusted by adding 
either HNO, or KOH to the suspension, allowing the suspension to 
equilibrate at room temperature for at least 3 h (usually overnight), 
pouring a subsample of the suspension into a 30 mL container, and 
measuring the pH. All pH 3 . 5  and 4.4 samples readily equilibrated 
near the desired pH values, as did the two higher ionic strength 
samples at pH 5 . 2 .  However, pH adjustment of the remaining samples 
proved very difficult, probably due to a combination of solid aging 
and CO, absorption effects at the higher pH values. During the round 
robin, measured values of pH for the nominal pH 7 . 0  samples were 
consistently between pH 6 . 5  and 6 . 7 .  
observed during the previous round robin measurements, GEMS 2. 

was divided among 2 0  separate pre-cleaned clear HDPE Nalgene contai- 
ners (I-Chem Research), then capped. A stream of dry nitrogen was 
blown over the surface of the pH 7 samples for 30 sec before capping 
in order to remove most of the CO, present in the container. 

Two days were allotted for performing each of four sets of 
measurements for GEMS 3 :  Nov. 29 & 30 ,  Dec. 3 & 4 ,  Dec. 10 & 11 and 
Dec. 17 & 18. All measurements were conducted according to the 
following protocol: 

Similar behavior had also been 

Once a reasonable pH value had been attained, the bulk suspension 

SAMPLE PREPARATION 

on for 15 min in bath sonicator. Sonicate each sample 
individually rather than doing 2 or 3 samples together. 

before making pH measurements. (Ignore this step if pH 
measurements are made using automatic temperature compensation.) 

1. Sonicate each sample in its sample bottle with the cap 

2 .  Let samples stand at least 10 min at room temperature 

pH METER STANDARDIZATION 

Change the pH 7 buffer at least weekly. 

( 0 . 6  mV) for at least 1 minute. 

1. Standardize using pH 4 and 7 (or near 7) buffers. 

2. The pH value should be stable to within 0.01 pH unit 

3.  Restandardize the electrode every 4 h. 
4 .  Condition the electrode to the samples by placing the 

electrode in a sample for 10 min, then discarding the sample. Do 
not record the pH value. (Ignore this step if your first sample 
is at pH 3 . 5  or 4 . 4 ) .  

pH MEASUREMENTS 

contact between the sample and the surrounding air. 
1. Transfer some sample to a container which minimizes 

2 .  Set stirring speed roughly between 100 and 150 rpm. 
3 .  Record pH value only after it is stable to within 0.01 

pH unit ( 0 . 6  mV) for 30 sec. It will probably take several 
minutes for the higher pH samples to stabilize. 



MOBILITY MEASUREMENTS 

flushi-ng it with a f resh  loading of  t h a t  sample before making a 
measurement. 

2 .  For a given sample, record mobility values f o r  5 f r e s h  
loadings O E  t h a t  sample, More measurements may he taken i f  
desired but  must be reported separately.  [ I n  p r a c t i c e ,  wkien one 
mobili ty value appeared s i g n i f i c a n t l y  d i f f e r e n t  froin the other  
f o u r ,  ex t ra  measurements were taken.]  

I.. Condition chamber by exposing it  t o  some sample and 

B .  RESULTS: The conclusi.oris given below must be considered prel imi-  
nasy. 
ionic  s t rength which a r e  obtained by averaging f i v e  separate mobilitsy 
nieasurements f o r  t h a t  system. S t a t i s t i - c a l  ana lys i s  o f  the da ta  based 
on the individual mobili ty values i s  planned but  has not ye t  been 
performed. Because mobi l i t i es  f o r  t h i s  mater ia l  are pH dependent, 
t h i s  study required concurrent measurements of p H  and mobili ty.  Thus, 
the conclusions a r e  l i s t e d  f o r  three separate  a reas :  pH measurements; 
mobili ty measurements ; and i s o e l e c t r i c  point  ( I E P )  f o r  the phosphated 
goe th i te .  The XEP determination incorporates both of' the other  
measurements. Note that aging o f  the samples was no t  observed. 

They a r e  based on mean values of  mobili ty f o r  a given pH and 

pH MEASUREMENTS 
1. The v a r i a t i o n  i.n measured pN values f o r  a gi.ven sample depends 

on the p H  and ionic  s t rength  of  t h a t  sample. I n  poorly buffered 
systems (pH near neut ra l  and low ionic  s t rength  - 0.001- M KNO,) , the 
difference between the highest  and lowest reported pM values w a s  as 
much as 0 . 7 0  pH u n i t s .  In  more high1.y buffered systems (pH below 5 
and high ionic  s t rength - 0.05  M KNO,),  t h i s  difference dropped t o  0.10 
pH u n i t s .  

2 .  P a r t  of this v a r i a t i o n  may be a t t r i b u t a b l e  t o  differences i n  
the behavior of the pH electrodes used by the various groups f o r  this 
study. All pM measurements i n  a l l  0.001 and 0 . 0 1  M KNO3 systems by 
one group were noticeably 1.ower than the pH values measured f o r  the 
same systems by the other  groups, T h i s  diEference does not appear t o  
be caused by e r r o r s  i n  measuring the pH because a l l  groups reported 
s imi la r  pM values i n  a l l  0 .05 M KNO, systems. However, it i s  s t i l l  not 
known i f  these differences a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  

3 .  b i i l e  we s t i l l  recommend the use of R o s s  Sure-Flow electrodes 
(Orion #8172KN) f o r  pH measurements i n  aqueous suspensions, problems 
e x i s t  i n  operating these electrodes.  If the  ground g lass  j o i n t  a t  the 
base of the electrode is  no t  seated t i g h t l y ,  the reference electrode 
f i l l i n g  soluti.on can leak f a s t  enough t o  se r ious ly  compromise p11-1 
measurements. A l s o ,  the electrode i s  ra ther  f r a g i l e ,  as the 
e l e c t r i c a l  connections within the electrode break frequent ly .  

MOB 11,T.T Y MEASUREMENTS 
1. The v a r i a t i o n  i n  average mobility values measured f o r  a given 

sample appears  1x1 he independent of pH and ion ic  strength. 
Differences between the highest  and lowest average moliility values 
were 0 .30  t o  0 .r+O x m'V-lsec-' for almost all samples. 
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2 .  
Possible o u t l i e r  values were observed i n  a l l  of  these systems. The 
s t a t i s t i c a l  s ignif icance of  these possible o u t l i e r s  must s t i l l  be 
determined. 

These var ia t ions  may be worse i n  the 0.001 M KNO, systems. 

I E P  DETERMINATIONS 
1. IEP values (pH a t  which the p a r t i c l e s  a re  uncharged) have been 

estimated fo r  these phosphated goethi te  systems from graphs of average 
mobili ty v s .  pH and are reported i n  Table I t o  the nearest  0 .05  pH 
u n i t  . 

2 .  W e  consider t h i s  agreement t o  be qui te  good, as a l l  XEY values 
f a l l  within 0 .25  pH u n i t s  of pW 4 .75  and a l l  but two o f  the values 
f a l l  i n  the range pH 4 . 7 5  I 0 . 2 .  

3 .  In  GENS 2 ,  it was suggested t h a t  there might be a small 
dependence of  the I E P  on the type of instrument used f o r  the mobility 
measurements. This dependence is l e s s  c l e a r  i n  GEMS 3 and may be due 
t o  the  v a r i a t i o n s  i n  pH measurements noted above. 

4 .  A separate experiment w a s  performed t o  determine i f  shipping 
the samples had any e f f e c t  on t h e i r  propert ies .  Extra samples a t  
nominal pH 7 . 0 ,  which should be m o s t  ser iously affected by CO, leakage 
i n t o  the b o t t l e s ,  were shipped from Wisconsin t o  Oak Ridge and then 
shipped back t o  Wisconsin. Measurements on these samples did not 
d i f f e r  noticeably from measurements performed on samples of the same 
systems which had not been shipped. Note t h a t  covers of a l l  sample 
b o t t l e s  were hand tightened as t i g h t l y  as possi-ble before shipping. 

TABLE I .  Measured IEP Values f o r  Phosphated Goethite 

I = 0.001 I = 0.01 I = 0 .05  

Rutgers 

Wisconsin 

Oak Ridge 

4.60 
4 . 6 5  
4 .50  
4 . 5 5  

4 .80  
4 .75  
4 .80  
4.80 

5.00 
4 .85  
4 .85  
4 .80  

4 .70  
4 .70  
4 .70  
4 . 6 5  

4 . 7 5  
4 . 8 0  
4 .80  
4.80 

4 . 9 0  
4.80 
4 .80  
4 .80  

4 . 7 5 
4 . 7 5  
4 . 7 s  
4 .70  

4 . 6 0  
4 .70  
4 .60  
4 . 5 5  

4 . 7 5  
4 . 7 0  
4 . 7 0  
4 .70  



These r e s u l t s  demonstrate t h a t  pH and mobi l i ty  measiire!iiients can be 
performed reproducibly by workers a t  d i f f e r e n t  s i tes  i f  the  measure- 
ment condi t ions  are c a r e f u l l y  c o n t r o l l e d .  Phosphated g o e t h i t e  might 
even as a u s e f u l  mobi l i ty  s tandard  f o r  both the  ceramics and 
col l .oid chemistry coiiiiiiunities . However ~ t h e  next  round rob in  w i l l  
determine i f  s i m i l a r  reproducibi.1ity can be obtained f o r  measurements 
i n  aqueous s i l i c o n  n i t r i d e  suspensions I Such aieasurements have begun, 
with samples prepared a t  each s i t e  froin bu lk  suspensions suppl ied  by 
Rutgers Univ. Af te r  samples are prepared,  measurements a r e  obtained 
us ing  the  same protoco1.s a s  f o r  phosphated g o e t h i t e  ~ 

A E i n e  of  Aque~gsSusDensi0n.s of S i l i c o n  N i t r r b d e :  I t  was shown 
previous ly  t h a t  measurable amounts of d i s so lved  s i l i c a  w e r e  ob ta ined  
when Ube E - 1 0  s i l i c o n  n i t r i d e  powder was exposed t o  aqueous s o l u t i o n s  
a t  d i f f e r e n t  pM va lues .  While t h i s  observa t ion  has  been noted i n  
previous s t u d i e s ,  i t :  has usua l ly  been expla ined  as hydro lys i s  of the 
s i l i c o n  n i t r i d e ,  which would be expected t o  e x h i b i t  a pW dependence. 
However, tihis explana t ion  does no t  adequately account f o r  I:wo further 
observa t ions  made during OUT s t u d i e s .  (1) Dissolved ammonia concen- 
t r a t i o n s  i n  these  systems a r e  considerably less Chian d i s so lved  s i l i c a  
concen t r a t ions ,  by as much as an  order  of magnitude, even when e f f o r t s  
a r e  made t o  minimize l o s s  o f  ammonia t o  the atmosphere. T h i s  behavior 
i s  observed when t he  powder is first  exposed t o  the  hydro lys is  system. 
( 2 )  I f  the  powder i s  separa ted  froin the superna tan t  a f t e r  t h e  f i rs t  
hydro lys is  and then hydrolyzed a second ti.me, the  d isso lved  s i l i c a  
concent ra t ion  decreases  s i g n i f i c a n t l y  . 
n i t r i d e  powder has  hydrolyzed i n  air ,  forming patches o f  s i l i c a  on the 
su r face .  (IEP measurements do no t  support  t h e  i.dea t h a t  t he  s i l i c o n  
n i t r i d e  powder i s  completely covered with a layer  of s i l i c a . )  These 
patches of s i l i c a  d i s so lve  during hydro lys i s ,  causing the  unexpectedly 
h igh  d i s so lved  s i l i c a  concent ra t ions  ~ 

hydro lys i s  s o l u t i o n s ,  a more p r i s t i n e  s i l i c o n  n i t r i d e  su r face  can be 
obcained. Thus, we have suggested t h a t  these powders be washed i n  
a l k a l i n e  s o l u t i o n s  before  being used f o r  f u r t h e r  s t u d i e s .  

hydro lys i s  of  a lkal ine-washed s i l i c o n  n i t r i .de  powders. R e s u l t s  of 
t h i s  s tudy  will be presented  once all. of  the d a t a  have been obtained 
and analyzed. 

A b e t t e r  explanat ion f o r  t hese  phenomena i s  t h a t  the  s i l i c o n  

By cont:inual.ly replaci-ng the  

A t  p r e s e n t ,  a d e t a i l e d  study i s  being conducted o f  the  k i n e t i c s  o f  

-. C I R - F T I R  ....- S p e c t - ~ ~ S . ~ o p y  o f  S i l i c q n  Nitri.de Suspensions : N o  f u r t h e r  
work has  been performed because no s i l i c o n  n i t r i d e  powder with an 
acceptab ly  high sur face  a rea  i s  a v a i l a b l e .  E f f o r t s  t o  f i n d  a s u i t a b l e  
powder a r e  cont inuing.  

--.-.I S t a t u s  of ~ ._.. Milestones 

1. Complete round robin  c h a r a c t e r i z a t i o n  o f  "benchmark" c o l l o i d .  

2 .  Complete i n i t i a l  round robin  mobi l i ty  t e s t i n g  of s i l i c o n  
Complete. 

n i t r i d e .  Expected compl-etion: Apr. 30,  1 9 9 1 .  On schedule .  
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3 .  Complete round robin mobility testing of silicon nitride. 
Expected completion: Oct. 31, 1991. Further delayed to allow possible 
industrial participation in at least one round robin. 

4 .  Complete peak assignments for CIR-FTIR spectra of aqueous 
suspensions of silicon nitride. Expected completion: Nov. 30, 1991. 
On schedule. 

Publications 

None. 



467 

Surface Adsmation 
J. H. Adair (University of Florida) 

Obi ective/scope 

Thb5 project represents a coordinated effort among ORNL and three university 
laboratories (WBS Elements 3.5.1.7, 3.5.1.8, 3.1.5.9, and 3.5.2.0). The purpose 
of this project (WHS 3.1 S.9) is to study the surface chemical interaction of silicon 
nitride powders in aqueous and nonaqueous environieiits and to study surface 
chemical modification of the material, and, in particulas, to understand the acid - 
base nature of the silicon nitride - solvcnt intcrface. 

Background 

As a heat resistant material, silicon nitride has applications or potential 
applications in ceramic engines, heat exchangers, turbine blades, and high frequency 
combustion crucibles. The variety of current and potential applications for silicon 
nitride require a range of forming operations to fabricate the specific components, 
Most of the forming processes to achieve the range of shapes €or silicon nitride 
components require the use of organic additives. For example, precombustion 
chamkrs for diesel engines aiid turbine blades are usually injection moldcd using 
highly filled thennuplastic polymers while tubular heat exchangers ape extruded with 
less polymer as binder and usually the binder is significantly different in tenns of 
functional groups and properties than those polymers used for injection molding. 

Ceramic processing often involves the suspension of ceramic powders in an 
organic solvent rather than water to promote separation or dispersion of the ceramic 
particles during forming operations. The usc of nonaqueous solvents is particularly 
important in the proccssing of noiioxide ceramics such as silicon carbide, silicon 
nitride, and aluminum nitride because these compounds are subject to reactions with 
water to foim oxides or hydroxides suiface groups or, in the case of aluminum 
nitride, uniform transformation to the hydroxide. Yet little fundamental data exists 
on the interaction of ceramic particle suifaces with the organic species in organic 
solvents. Furthemaore-e, the role that the surface composition of the ccramic particle 
plays in the dispersion and interaction of particles in solvents is not well established. 
The current study is designed to detenmine the nature of the surface interactions of 
silicon nitride with organic solvents and solutes. 

Approach 

There are four participants in the overall project: ORNL and three 
universities, the University of Florida (UF), the [Jniversity of Wisconsin, and 
Rutgers University. 
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The UF project is composed of two distinct elements: 

1. Participation in a round robin characterization of electrophoretic mobility 
and acid-base character in aqueous $uspension to be conducted by all 
participants. 

Special projects at UF composed of the following activities: 2. 

The UF workplan is based on five tasks: Task 1 to participate in round- 
robin particle electrophoretic mobility measurements, Task 2 to determine the 
nature of reactive sites on the silicon nitride surface, Task 3 to modify the 
chemistry of the silicon nitride interface using organic species, Task 4 to 
determine the rheological and dispersion properties of the nonaqueous silicon 
nitride suspensions, and Task 5 to ensure transfer technology to ORNL via 
meetings and reports. 

Technical progress 

FY 1989 

Round Robin - Electrophoresis - Goethite standards prepared at Wisconsin were 
evaluated as part of the UF participation in the round robin. 

Reactions at the Silicon Nitride - Solution Interface - A study was conducted to 
detei-nzine the extent of aqueous reactions at the silicon nitride - water interface. It 
was demonstrated that up to 27 days are required to stabilize reactions at the 
interface as indicated by pH and particle electrophoresis measurements. A semi- 
automatic titrator was also purchased and set-up to use acid - base titrations to 
study the silicon nitride - solvent interface. A particular emphasis of this work 
was on the non-aqueous potentiometric and conductometric titration to determine 
the relative strength of acid and base sites on the silicon nitride surface. 

FY 1990 

Round Robin - Electrophoresis and RH measurements - The round robin 
electrophoresis on the goethite standards prepared at Wisconsin indicated several 
interesting features. The isoelectric points determined by each of the participants 
in the round robin were similar, but measured pH values displayed considerable 
scatter at higher pH (e.g., pH 8). The suspected influence of dissolved C02 and 
adducts and methods to overcome the effect of these dissolved species are 
currently under investigation at UF. 

Reactions at the Silicon Nitride - Solution Inteiface - The use of potentiometric 
titrations in non-aqueous solvents indicates that there are several different kinds of 
acid and base sites on the silicon nitride depending on the prior enviromental 
history of the powder. The results are generally consistent with potentiometric 
titrations used to evaluate the silicon dioxide surface. Future work will focus on 
further potentiometric as well as conductometric titrations on silicon nitride as 
well as model systems such as silicon dioxide. 
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FY 1991 

Round robin - The first test of the silicon nitiide powders was completed and 
evaluated. The University of Florida team did not participate in this round 
because of instrument problems. A second round of tests on silicon nitride have 
been conducted and. are currently k i n g  evaluated at Rutgers. The final, approved 
test procedure will be written. Industrial participation will be invited. 

Reactions at the Silicon Nitride - Solution Interface - ‘The strengths of the acid and 
base sites at the silicon nitride surface are being estimated based on calculated 
relative bond strengths and the non-aqueous tih-ations. The surface of silicon 
nitride has also been modified used metal oragnic coatings selected to ensure both 
dispersion and inhibition of oxidation reactions. 

1’”reliminary particle electrophoresis in isopropanol indicates that measureable 
surface charge i s  present on the surfaces of silicon nitride in as-received 
isopropanol. Initial particle electrophoresis of as-received silicon nitride (IJBE E- 
10) indicates that the particles are positively charged with zeta potentials of 
approximately 3 mV. ‘The contribution of the electrostatic forces toward 
dispersion of the silicon nitride in this nonaqueous solvent are currently being 
estimated as are the effects trace amounts of water have on the formation of 
surface charge in the nonaqueous solvents. 

Current work is directed towad studies to better understand the surface chemical 
interactions h a t  control the dispersion of silicon nitride particles in nonaqueous 
solvents such as isopropanol and toluene. Thus, X-ray photon spectroscopy, 
nonaqueous potentiometric titrations, electrophoretic mobility deteminations and 
theoretical calculations that predict particle dispersion for specific systems are 
being used to evalaute the relative contribution of various dispersion mechanisms. 
These studies combined with novel dispersion techniques are being used to 
develop guidelines for the dispersion of silicon nitride particles in nonaqueous 
solvents. 

-_-___ Status of milestone 

The program is on schedule. 
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Phvsicochernical Characterization and Surface Modification 
of Silicon Nitride Ceramic Powders 
J.-F. Wang, R. E. Riman, and D. J. Shanefield (Rutgers University) 

Obi ect ive/sco pe 

The purpose of this effort is to (1) identify and characterize those 
aspects of the chemistry and physics of the ceramic powder and 
powder/solvent interface that control processing, (2) develop standard 
methods of analysis for item ( l ) ,  and (3) develop procedures for writing 
specifications for ceramic powders to include any methods of analysis 
developed in this project. 

Technical proaress 

The work that has been done or under investigation in the past six 
months is summarized as follows: 

(1) The third electrophoretic mobility (p) round robin study on 
phosphated goethite (GEMS 3) was made. In general, the agreement in pH 
and p measurements for GEMS 3 was good. The reproducibility of p 
measurement from lab to lab increased as the ionic strength increased 
from 0.001 to 0.05 M KN03 solution. All the isoelectric points (IEP) for 
0.001, 0.01, and 0.05 M KNO3 solutions fell in the range of pH 4.75k0.25, 
which was about 0.4 pH unit lower than that obtained from the GEMS 2. 
The deviation of the IEP could be due to the different amount of adsorbed 
phosphate groups on goethite or due to the different solids loading applied. 
The agreement in pH measurement increased as the ionic strength 
increased and decreased as pH approached neutrality. The pH measurement 
was also found to be electrode dependent. 

(2) The surface property of silicon nitride powder (UBE E-10) was 
studied as a function of aging and sample preparation history. The IEP of 
UBE E-IO increased as the aging time increased. The freeze-dried and 
isopropanol(1PA)-ball-milled powders have lower IEP’s than as-received 
powder. 

(3) The doping of yttrium and aluminum compounds on the surface of 
UBE E-IO powder has been conducted in both aqueous and nonaqueous 
media. The surface property of the doped UBE E-10 changed significantly 
starting from pH 4.5 using either aluminum nitrate or aluminum tri-sec- 
butoxide (ASB) and from pH 7.0 using either yttrium nitrate or yttrium 
isopropoxide (YIP) in aqueous or in IPA solution, respectively. 
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(4) The first electrophoretic mobility round robin study on U 
suspension (SEMS l ) ,  which was prepared by the Rutgers University, has 
been conducted starting from March 27, 1991. In total, four simultaneous 
measurements, on various days among four participating laboratories, will 
be taken. A reconstitution procedure for the p measurement from the 5 
vol% suspension was given. 

measurements have been conducted. All the GEMS 3 samples w0re 
prepared and distributed by Dr. Walter A. Zeltner in 
Wisconsin at Madison. The solids loading used for GE 
(-0.0023 vol%), which is two and a half times more dilute than that used 
in the GEMS 2 (-0.0058 ~01%).  Three buffer electrolyte (KN03) 
concentrations were utilized in GEMS 3 (i.e., 0.001, 0.01, and 0.05 M) 
instead of the single one (i.e., 0.01 M) used in GEMS 2. For a given 
electrolyte concentration, five samples with different pH values were 
examined (i.e., nominal pW 3.5, 4.4, 5.2, 6.1, and 7.0). 

The sample was sonicated in its sample bottle with the cap an for 15 
minutes in a bath sonicator. Then the sample was allowed to stand at 
least 10 minutes at room temperature before making pH and p 
measurements. The pH value was recorded only after it was stable to 
within 0.01 pH units for at least 30 seconds. For a given sample, the p 
was measured after conditioning the sample chamber. Conditioning was 
accomplished by exposing the cell to the sample and flushing it with a 
fresh loading of that sample. Then, p values for 5 fresh loadings of that 
sample were then recorded. 

The four measurements conducted on four different dates (i.e.p 11/29, 
12/3, 12/10, and 12/17) were summarized in Figures 1 to 3, respectively, 
which show p as a function of pH and electrolyte concentration. The 
measurements were quite consistent especially at pH lower than 5.5 and 
at higher electrolyte concentrations (i.e., 0.01 and 0.05 M) and gave an llEP 
of 4.75k0.25. The pH value measured using the Metrohrn electrode 

low electrolyte concentrations was consistently lower 
from the Ross electrode (University of Wisconsin and 0 

especially at 0.001 M KNQ3 solution (Figures 1 to 3). According to the 
small descripancies observed for both pH and p measurements, the sample 
with nominal pH at 3.5 and in 0.01 or 0.05 M KN03 solution will be chosen 
as the referencing suspension for the silicon nitride round robin studies. 

The effect of solids loading on the p measurement using a laser light 
scattering instrument was reported in our semi-annual report which was 
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Figure 1. The electrophoretic mobility of 100 mg/L phosphated goethite 
in 0.001 M KN03 solution as a function of pH of GEMS 3. 
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Figure 2. The electrophoretic mobility of 100 mg/L phosphated goethite 
in 0.01 M KNO3 solution as a function of pH of GEMS 3. 
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Figure 3. The electrophoretic mobility of 100 mg/L phosphated goethite 
in 0.05 M KN03 solution as a function of pH of GEMS 3. 
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dated May 25, 1990. We found that a solids loading greater than 0.005 
vol% was required before a constant p could be obtained. Since the 
particle Concentration used for the GEMS 3 was only 0.0023 vol%, the: 
examination of the solids loading effect to understand the deviation of the 
IEP (Figure 4) was therefore necessary. 

The phosphated goethite used for investigating the solids loading 
effect was synthesized in our lab but not from GEMS 3. The characteristic 
and the ~r, measurement of our phosphated and non-phosphated goethite 
were reported in the last semi-annual report (November, 1990). The 
phosphated goethite was prepared in different solids loadings such as 
0.001, 0.0025, 0.005, and 0.01 val%. All of the samples were diluted in 

KNQ solutions and aged for a day before the p measurement. 
The pW value of the suspension was found to be proportional to the 

solids I Thus, it is impossible to obtain a simple graph such as 
solids I versus p at constant pH. A graph with three components (p, 
ptl, and solids loading) is therefore necessary to present the experimental 
results (Figure 5 ) .  The solid line in the Figure 5 was obtained from the p 
measurement of the Rutgers phosphated goethite using as a p reference. 
It was noticed that the lower the solids loading the more the p decreases 
t its corresponding pH. When the solids loading is greater than 0.005 

VQI%, the measurements begin to converge. This is the same finding as we 
obtained from the polystyrene latices and the UBE E-I0 silicon nitride 
powder. 

Even though we now understand that the solids loa ing effect has 
certain influence on the p measurement, we still do not ha 
to explain why the IEP obtained from GEMS 3 is lower than t 
2. The shift of the IEP towards lower pH value was also noticed by the 
other contractors (University of Wisconsh and ORNL). The possible 

planation for the shift could be due to the Combination of different 
amount of adsorbed phosphate groups on goethite surfaces and the effect 
of solids loading , 

surface properties of the non-dope 
nitride powder were greatly influenced by the sample preparation history. 
The one day aged and as-received UBE powder gives the highest isoelectric 
point (IEP) compared to those for freeze-dried and IPA-ball-milled UBE E- 
18 powders. It is believed that the leaching of silica (e.g., silanol groups) 
from the silicon nitride powder surfaces during aging in aqueous solution 
gives relatively more amino groups (e.g., -SiNH2 or -Si2NH) than silanols 
and causes the shift of IEP towards a higher value. 
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0.01 M KNO3 solution as a function of pH, solids loading, 
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Figure 5. The electrophoretic mobility of Rutgers phosphated 
goethite in 0.01 M KN03 solution as a function of pH 
and solids loading. 
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Figure 6. Electrophoretic mobility of 0.01 vol% UBE E-10 powder in 
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The supersaturation of silica species during the freeze-drying of 
concentrated slurry could cause the reprecipitation of the leached silica 
back an the UBE E-10 powder surfaces. The amount of reprecipit 
silica might change the surface composition to have relatively more 
silanols than amino groups. This might explain why the freeze-dried 
powder exhibits a lower IEP than the as-received one after one day of 

If the freeze-dried powder is aged in aqueous 
solution for longer tim , it is expected that its IEP should coincide with 
that of the as-receiv powder. The IPA- all-milled UBE E-10 pa 
gives the lowest IEP that could be explained by the esterification of the 
powder surface by the adsorbed IPA molecules . This prevents severe 
leaching sf the silica from powder surface since hydrolysis of surfaces 
occurs slowly. 

ing in aqueous solution. 

ounds on the surface of UBE 
E-18 powder has been conducted in both aqueous and nonaqueous phases. 
The adsorption of the dopant was studied using the microelectrophoresis. 
Yttrium and aluminum nitrates were used as dopants in the aqueous 
system, while the YIP and ASB precursors were employed in a nonaqueous 
system using IPA as the solvent. 

In the aqueous system, a 10 vol% UBE E-10 powder in deionized water 
was prepared. The amount of dopant added versus the weight of powder 
was controlled to be equivalent to 1 wt% of yttria or alumina. The dopant 
containing suspension was sonicated for 15 minutes in an ultrasonic bath. 
The well-mixed and large agglomerate-free suspension was then allowed 
to stand for another 15 minutes for equilibration befare freeze-drying. 
The freeze-dried powder was used to prepare the dilute suspension (0.01 
vol%) for aqueous electrophoretic mobility measurements. 

In IPA, the UBE E-10 powder and the silicon nitride grinding balls 
were added prior to the doping procedure. The addition of YIP and ASB 
precursor was performed in a pre-evacuated and nitrogen-purged glove box 
to avoid the hydrolyzation of the alkoxides duri the sample preparation. 
The weight percentage of the dopant versus PO r was also calculated to 
be equivalent to 1 wt% of yttria or alumina. The UBE E 1 0  powder with 
dopant(s) was then ball-milled in IPA for 24 hours to break down the large 
agglomerates and to get uniform coating of the precursor on powder 
surfaces by hydrolysis and condensation reactions. 

stirred to dry at room temperature. The hydrolysis of the coated 
precursor took place during the drying process while the slurry was 
exposed to the atmosphere. The dried and doped powder was ground lightly 
and used for aqueous electrophoretic mobility measurement. In addition, 

The ball-milled slurry was transferred to an open aluminum pan an 
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a mobility reference of non-doped UBE E-10 sample was prepared for each 
aqueous and nonaqueous system. 

A significant p change was observed for p-pH curves starting from pH 
4.5 for aluminum and from pH 7 for yttrium compound doped UBE E-IO 
powders (Figures 7 and 8). An example of showing good reproducibility of 
the p measurement on doped system was given by varying the molar ratio 
of the dopants and using the same doping weight percentage (Figure 7). 
The doping of yttrium and aluminum compounds regardless of synthesis 
method showed the mobility curves typical of adsorption of hydrolyzable 
metal ions at the oxide-water interface’. At higher pH values, the p -pH 
curve followed the curve of the corresponding hydroxides precipitating 
from the solutions on silicon nitride powder surfaces. 

All the p-pcd curves observed for the corresponding hydroxides give 
similar trends regardless of the different sample preparations (Figure 9). 
The difference of t h e  p-pH curves at higher pH values could be due to the 
different surface properties through different powder preparation 
methods (Figure 6). For aqueous doping freeze-drying was used while for 
nonaqueous systems IPA-ball-milling was applied. In addition, the 
various chemical routes may have provided the formation of different 
types hydroxy compounds through different doping routes could be the 
other possible explanation for this deviation. 

According to the mobility curves obtained (Figures 7 and 8 ) ,  the 
working pH range for co-precipitating aluminum and yttrium compounds 
should fall in the value of 6.5 to 7 .5 .  

horetic mob ilitv round robin studv on UBF F-10 silicon n i w  

The first electrophoretic mobility round robin study on UBE E-10 
silicon nitride powder (SEMS 1) has been conducted starting from 3/26 
and 3/27/91. Four round robin measurements were scheduled to be taken 
in four consecutive weeks. The 5 vol% suspensions for SEMS 1 were 
prepared in Rutgers University and sent out by overnight delivery to the 
other three participating institutes on 3/22. A reconstitution procedure 
for the p measurement from the concentrated 5 vol% suspension was made 
by consulting with the other participants. Prior to the suspension 
preparation, the scale-up acid/base titration curves using three smaller 
quantities of suspensions were made in order to achieve the target pH 
values for the actual and larger size suspensions to be prepared. The 
variation of pH in time of the no acid or base added 5 voI% suspension was 
investigated. 

The preparation of 5 vol% UBE E-10 suspension and the followed 
reconstitution procedure at each pH and ionic strength are given as 
follows. 

. .  . .  
powder (ISEMS): 
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Figure 7.  Electrophoretic mobility of 0.01 vol% UBE E-10 powder in 
0.01 M KN03 solution as a function of aqueous dopant. 
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Figure 8. Electrophoretic mobility of 0.01 vol% UBE E-10 powder in 
0.01 M KNO3 solution as a function of nonaqueous dopant. 
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Figure 9. Comparison of electrophoretic mobilities of 0.01 vsl% 
aqueous and nonaqueous doped UBE €40 powders in 
0.01 M KNO3 solution as a function of pH and dopant. 
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PREPARATION OF 5 VOL% SUSPENSION 

Five pH values (e.g., 3.5, 5.0, 6.5, 8.0, and 9.5) and two ionic strengths 
(e.g., 0.01 and 0.05 M) were used for the suspension preparation. 
Therefore, a total of 10 batches of suspensions were prepared. 

1. Mix 666 g silicon nitride (p = 3.16 Q/CC) in 4,000 ml KNO3 solution (5 
vol% suspension) for 10 minutes in a 2-gal plastic container using a 
Fisher Stedfast Lab Stirrer or a similar device. 

2. Add 1 N HN03 or KOH to achieve target pH after aging and mix the 
suspension for another 10 minutes. 

3. Load aliquot of the suspension (-200 ml) into a precleaned plastic 
bottle by siphoning from the stirred mixing container. (Totally 20 
bottles were filled for each batch: 4 labs and 5 samples for each 
round robin measurement.) (The suspension was siphoned from 
the bottom center of the container towards the edge between 
the suspension level and the container for each bottle.) 

4. Seal. Package. Ship by UPS overnight delivery to the labs for p and pH 
measurement. (The proposed schedule: 3/20/9 1 -- sample preparation; 
3/22 - -  sample delivery; 3/26 & 3/27 - -  1st measurement; 
4/1 & 4/2 -- 2nd measurement; 418 & 4/9 -- 3rd measurement; 
4/15 & 4/16 -- 4th measurement; 5/6 & 5/7 -- 5th measurement 
( i f  necessary)). 
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RECONSTITUTION PROCEDURE 

(Use the first day for the reconstitution wark and the second day for 
the pH and p measurements. 

The time spent on the reconstitution for a single sample is somewhat 
similar to that for pcd and p measurements. In order to maintain the same 
aging time for each sample, the sampling order for reconstitution 

~ ~ l d  be! same as that for p and pH measurements --- starting 
from the sample with 0.OIM ionic strength and the lowest pH; aft&wards 
complete the all ive samples with different pH values; then do the 
samples with 8.05 ionic strength with the same pH sequence. 

1 .  

2. 

3.  

4. 

5 .  

6 .  

Redisperse the 5 vel% suspension by magnetic stirring for 5 minutes 
(drop a magnetic stirrer in the bottle). 
bottle should be capped to avoid CO;! adsorption. 

During the stirring, the 

Transfer 8.3 ml of the 5 vol% suspension from the middle region of 
the bottle to an empty and precleaned 250 rnl capped-bottle while 
stirring. Close the latter bottle. 

Centrifuge the remaining 5 vol% suspension at 7,000 rpm for 20 
minutes at 25 "C.  (If temperature control is not available, the 
centrifugation should be done at room temperature.) 

Transfer the centrifuged supernatant carefully to a scaled container 
(e.g., a graduated cylinder). 

Transfer 150 ml of the centrifuged supernatant to the bottle having 
0.3 ml of the 5 vol% suspension to make 0.01 vol% suspension for pH 
and p measurements. 

Repeat the procedure 1 to 5 until finish all 10 samples. 

,U AND p f i  MEASUREMENTS 

1. A referencing point of p measurement will be taken using a GEMS 3 
phosphated goethite sample (nominal pH 3.5 and 0.01M MNO3) prior 
to the SEMS 1. (The measurement of pH of the goethite sample is 
also required.) 
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2. The protocols for these two measurements will follow the previous 
by Dr. Zeltner (e.g,, for a given sample, record 

; 

description fer GE 
p values for 5 fr oadings of that sample; conduct p measurement 
right after the lo a pH value only be recorded when it is stable 
to 0.01 pH unit for 30 sec, etc.). 

3. The p measurement will not be conducted until 10 minutes of 
relaxation time is given after the 15 minutes of sonication for 
the 0.01 voi% suspension, which is also suggested by Dr. Zeltner. 

The suspensions used for titration work were prepare in 0.05 M KNOs 
solution. The titration and pH measurement of the suspension were 
conducted after 30 minutes of homogenization on a stirring plate (Figure 
10). The pH measurement was made by Metrohm pH electrode. An Eppendorf 
Digital Micropipette was used for the acid or base addition during 
t i t ra t ion.  

In order to conserve powder and conduct the pH measurement more 
easily, three smaller sizes of 5 vol% suspensions (e.g., 37.59 in 225mL, 
759 in 450mL, and 150g in 900mL supernatant) than a desired size (666g 
in 4,000mL) were used. The density of the UBE €510 powder, 3.16 g/c.c., 
was measured using a Me gas pycnometer. 

Five pH values (e.g., 3.5, 5.0, 6.6, 8.0, and 9.5) were selected for the 
scale-up titration study. Prior to the addition of acid or base, an average 
pH of 6.59L0.06 for five out of six 5 V O I ~ / ~  suspensions used for the 
titration study. The exception was the one for base titration with 150g in 
90Qml supernatant, which had the initial pH of 6.07. The scale-up 
titration curves were prepared using pH=6.60 as the starting and 
referencing point. All the curves for different pH values showed linear 
relationships between the amount of  the titrant added and the volume of 
the supernatant used (Figure 11 ) indicating that similar suspension 
conditions could be maintained while increasing the size of suspension. 

We found that the initial suspension pW of the UBE powder was 
dependent on the exposure time to air. For shorter the exposure times, 
higher suspension pHs were observed. The primary powder used for the 
titration work was taken from a sealed bag of the powder spin-riffled 
five months ago and stored in capped-plastic containers. The powder for 
the suspension with the initial pH at 6.07 may have been obtained from a 
container which was exposed to the air for a longer time, 

The powder used for monitoring the pH change in time was taken just 
before the 5 vol% Suspension ( 3 7 . 5 ~ ~  in 225mL 0.05 M KN03 solution) 
preparation from the same powder bag. The suspension pH measured after 
15 minutes of mixing far the one completely open to air was 7.73 and for 
the one closed to air was 7.89. However, strictly speaking, the closed 
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Figure 10. Titration curve of 5 vel% UBE E-10 powder in 0.05 M KN03 
solution as a function supernatant volume. 
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Figure 11. Linear relationships between the amount of the (a) acid 
or (b) basic titrant and the volume of the supernatant for 
5 V O I ~ / ~  UBE E-10 in 0.05 M K N O 3  solution. 
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system was exposed to air whenever the pH measurement was conducted. 
The suspension pH did not show significant change in the first 24 hours 
for either case. Even after 3 days of aging, the variation of pH was not 
aver 0.2 pH units far both cases (Figure 12). 

3.u 

V- closed to air 

37.5 g In 225mL 

7.5 

7.0 
.1 1 10 100 1000 

Time (hr) 

Figure 12. The suspension pH of 5 vol% UBE E-10 in 0.05 M KNO3 solution 
as a function of aging condition and time. 



490 

Ref e re nces 

1. R. 0. James and T. W. Healy, Journal of Colloid and Interface Science, 
V d .  40, No.1, pp.53-64, July, 1972. 

of m i l e s t o m  

Milestone 352007---cornplete the round robin mobility testing of silicon 
nitride---the first round robin study is expected to 
be completed on 5/7/91. 

1. J.-F. Wang, R. E. Riman, and D. J. Shanefield, “Reliable Electrokinetic 
Characterization Procedures for Ceramic Powders,” pp.293-298 in the 
Proceedings of the €3 etter Ceramics Throuah Cbmistrv IV of Materials 
Research Society, San Francisco, CA, 1990. 

2. J.-F. Wang, R. E. Rirnan, and D. J. Shanefield, “Electrokinetic 
Characterization of Ceramic Powders,” to appear in the Proceedings of 
Symposium III- Formina Sc ience a nd Technoloav for Ceramics of the 
93rd Annual Meeting of the American Ceramic Society, Cincinnati, OH, 
April 29-May 2, 1991. 



49 1 

4 .0  TECHNOLOGY TRANSFER 

4 . 1  TECHNOLOGY TRANSFER 

4.1.1 Technolow Transfer 

Technolopv Transfer 
D. R. Johnson (Oak Ridge National Laboratory) 

Technology transfer in the Ceramic Technology Project is accomplished 
by a number o f  mechanisms including the following: 

Trade Shows - A portable display describing the program has been 
built and has been used at numerous national and international trade shows 
and technical meetings. 

Newsletter - A Ceramic Techno1 ogy News1 etter i s  pub1 i shed regul arly 
and sent to a large distribution. 

Reports - Semiannual technical reports, which include contributions 
by all participants i n  the program, are published and sent to a large 
distribution. Informal bimonthly management and technical reports are 
distributed to the participants in the program. Open-1 iterature reports 
are required o f  all research and development participants. 

Direct Assistance - Direct assistance is provided t o  subcontractors 
i n  the program via access to unique characterization and testing facilities 
a t  the Oak Ridge National Laboratory. 

Workshops - Topical workshops are held on subjects of vital concern 
to the ceramics community. 

International Cooperation - This program is actively involved in and 
supportive o f  the cooperative work being done by researchers in West 
Germany, Sweden, the United States, and, most recently, Japan under an 

aimed at development o f  international standards and includes physical, 
morphological, and micro-structural characterization o f  ceramic powders and 
dense ceramic bodies, and mechanical characterization o f  dense ceramics. 

en t  with the International Energy Agency. This effort i s  ultimately 
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I E A  Annex II Nanagement 
Y .  J. Tennery (Oak Ridge National Laboratory) 

Ob.iect ivelscope 

The purpose of this task is to organizes assist, and facilitate 
international research cooperation on the characterization of  advanced 
structural ceramic materials. A major objective o f  this research is the 
evolution of measurement standards for key material properties. This task, 
which i s  managed in the United States by Oak Ridge National Laboratory 
(OWNL), now includes a formal I E A  Annex agreement identified as Annex I1 
between the United States, the Federal Republic of Germany, Sweden, and 
Japan. The original annex included four subtasks: ( 1 )  information 
exchange, ( 2 )  ceramic powder characterization, (3)  ceramic chemical and 
physical characterization, and ( 4 )  ceramic mechanical property 
measurements. The research in Subtasks 2, 3,  and 4 is now completed. For 

ubtasks 5 and 6, there are 35 and 45 laboratories participating, 
ely. During CY 1990, ag eements were reached for Japan to join the 
for research in two ne subtasks to be initiated. These include 

Subtask 5, Tensile and Flexural Properties o f  Ceramics, and Subtask 6, 
Advanced Ceramic Powder Characterization. 

The Executive Committee agreed at the Cocoa 8each conference on 
January 17, 1991, that the next Executive Committee meeting will be held at 
the Japan Fine Ceramics Center in Nagoya, Japan, on October 15, 1991. The 
Executive Committee approved a change in the completion date for Amended 
Annex I1 from December 31, 1991, to December 31, 1993. At a future 
Executive Committee meeting, the Executive Committee may elect to establish 
further subtasks within Annex 11. 

Technical proqress 

Subtask 5 ,  Flexural and Tensile Properties of Ceramics 

United States 

Compiling of the strength and loading data from the strain gages and 
conducting Weibull and other statistical analyses for the completed 
arnbient- and high-temperature measurements have been completed. 
Preliminary results o f  the flexure strength data from both the ainbient- and 
high-temperature measurements were analyzed to determine the most probable 
value of a and fi for the kleibull distribution function representing each 
data set. Values o f  a were determined using both linear regression and 
maximum likelihood methods. Values of B were determined using the maximum 
likelihood method. The values ranged from 881.1 to 851.9. The ambient- 
temperature flexural strength data have been analyzed using both maximum 
likelihood and linear regression methods. The maximum likelihood results 
provided EC values ranging from 14.3 to 9.1. Similarly, linear regression 
provided values ranging from 14.0 to 6.5. These results were further 
analyzed using Johnson’s Monte Carlo simulation results f o r  sampling from 
eibull distributions. Using the maximum likelihood estimator for (L, all 
of t he  30 sets o f  data were located between the 90th and 10th percentiles. 
Results for seven of the laboratories were located between the 80th and 



20th percentiles, which indicates that within the sampling errors expected 
from a kleibull distribution, the ambient-tern erature data represent 
reasonable val ue i m a t o r .  Results for the linear regression 
estimator f a r  a ell behaved; ho ever, results From seven o f  
the laboratories were located between t h e  89th and 20th percentiles. 

Preliminary analyses of t he  U.S. flexure d a t a  were completed i n  
December 1990 and, in general, were f ~ n d  t o  be within the expected range 
o f  variation, assuming that the strengths came f r o m  a Weibull distribution. 
Examples o f  these analyses arc s 

In bath Figs. 1 and 2, the 11 modulus m (or a )  for each d a t a  s e t  
is shown in terms o f  a ratio o f  easured M value for the set t o  the 
expected true value,  which i s  as 
o f  all 10 values o f  n~ f o r  the ma 1 determined for that t e  
This ratio is plotted in a diagram derived by Johnsoi.1 on which the per- 
centiles f o r  the modulus are shown based upon h i s  extensive Monte Car lo  
sampling study. Only the analyses f o r  the maximum likelihood method f o r  
determining m w i  11 be discussed here Simil ar analyses were a1 so performed 

in Figs.  1 and 2 .  

t o  be equal t.0 the Gaussian average 
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Fig,  1. Maximum likelihood analysis,  25°C flexure 
strength, GN-10 (18 U . S .  laboratories, Subtask 5). 
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Fig. 2. Maximum likelihood analysis for 1250°C 
flexure strength of GN-10 silicon nitride from 10 
U.S .  laboratories, Subtask 5. 

using the linear regression method for determining the value of m. Values 
of B were also determined for each data set from each laboratory, but these 
analyses are not included here. Figure 1 shows that the m ratios all fall 
between the 10th and 90th percentiles expected from a Weibull distribution 
for sample sizes of 30 specimens. 
fall outside this range. These results are considered to be very consis- 
tent with the variation in m expected from a random sampling of the 
strength from a Weibull distribution. 
analysis similar to Fig. 1, but is for the strength values measured at 
1250°C and for a sample s i z e  of 15 specimens. 
the m ratios is much greater at N = I5 than it is for N = 30. 
o f  the data sets fall within the range of the 10th and 90th percentiles, 
except for laboratories 1 and 9.  Further analyses o f  these data will be 
conducted next year. 

Preliminary 
results indicate that many of the participants' high-temperature flexure 
fixtures were subject to frictional effects, which caused the true specimen 
stress to be lower than the stress calculated by the elastic beam formula. 
A letter was sent to the U . S .  participants on the status o f  the flexural 
strength measurements. 

Analysis o f  the flexural strength data i s  proceeding. 
not received the fractography data from Corning, Ford, Carborundum, and 
General Electric. 

The values for laboratories 9 and 10 

Figure 2 shows the results o f  an 

As expected, the scatter i n  
Ho 

The flexure specimen strain-gage data have been analyzed. 

To date we have 

Corning has not indicated when fractography data will be 
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provided. Ford has promised the  data by t h e  end o f  A p r i l  1991, General 
E l e c t r i c  has promised the  data by the  end o f  May 1991, and Carborundum 
send the  da ta  by t h e  end o f  A p r i l  1991. 

175 t e n s i l e  specimen blanks t o  be machined (120 s t r a i g h t  
tapered c o l l e t )  e re  de l  i vered t o  Chand/Kare Technical  amics, Worcester, 
Massachusetts, o October 16, 1990. The f i n i s h e d  speci s are  re tu rned t o  
QRNL i n  i n c r e  ents  o f  25 w i t h  the  r e q u i r  n t  f o r  a corn 
be fore  f i n a l  machining s t a r t s  on the  rem 
procedure inc ludes a t o t a l  o f  104 dimens 
us ing  shadowgraph comparator techniques. 
completed except I E A  e n s i l e  specimen sequence Nos. 151-175 were re tu rned  
because they  d i d  n o t  
For tunate ly ,  the b u t t  n-head rad ius  was t oo  l a r g e  and, thus,  ma te r ia l  was 
a v a i l a b l e  f o r  f u r t h e r  machining. The specimens were re tu rned t o  Chand/Kare 
and a l l  specimens were  machined t o  t he  requ i red  s p e c i f i c a t i o n .  This  
machining r e s u l t s  i n  e s s e n t i a l l y  a 100% y i e l d .  A l l  dimensional ana lys i s  has 

The s ta tus  o f  t he  U.S. t e n s i l e  specimens i s  as f o l l o  s .  A t o t a l  o f  
o l l e t  and 55 

ee t  t he  s p e c i f i c a t i o n  f o r  t h e  button-head rad ius .  

p l e t e d  on a l l  specimens except Nos. 161-175. These w i l l  be com- 
n A p r i l  1991. 

Discussions were h e l d  w i t h  members o f  AST Subcommittees C-28,01, 
P roper t i es  and Performance, and C-28.02, Design and E a lua t ian ,  a t  t h e  
$an Antonio meeting o f  C-28 i n  November 1990 t o  r e v i e  
gaging the  t e n s i l e  specimens. A t  an e a r l i e r  meet ing i Dearborn, Michigan, 
t he  advantages o f  us ing  9 gages per  specimen were reviewed, i n  a d d i t i o n  t o  
t h e  subs tan t i a l  cos t .  The conclus ion o f  t h e  C-28.01 and C-28.02 d iscus-  
s ions has r e s u l t e d  i n  a bas ic  agree en t  t o  use 7 gages on 172 specimens, 
w i t h  9 gages used on 3 speci 
High Temperature Mater i  a1 s L 
cond i t i ons .  
p repar ing  a t e n s i l e  s t reng th  standard. 
o f  t h e  t e n s i l e  specimen measurements i n  t h e  Un i ted  States by the  end o f  
CY 1991, i n  order  t h a t  t he  r e s u l t s  c n be used as i n p u t  f o r  d r a f t i n g  a 
s t r u c t u r a l  ceramic t e n s i l e  s t reng th  easur ing standard du r ing  the  f i r s t  
qua r te r  o f  1992. A formal recommend t i o n  f rom representa t ives  o f  ASTM 
C-28, John S. Cuccia and C u r t i s  Johnson, was rece ived recom ending use o f  
seven s t r a i n  gages i n  a p a r t i c u l a r  c o n f i g u r a t i o n  f o r  a l l  o f  the  I E A  t e n s i l e  
specimens, A nine-gage c o n f i g u r a t i o n  should be used on th ree  specimens and 
t e s t e d  a t  t he  HTML. Add i t i ona l  funds f o r  t h i s  gage i n t e n s i v e  a c t i v i t y  were 
requested and approved January 28, 1991. 

The f i r s t  25 I E A  t e n s i l e  specimens were sent  March 4 ,  1991, t o  HiTec 
Corporat ion, '  Westford, Massachusetts, f o r  appl i c a t i o n  o f  s t r a i n  gages a t  
seven ( 7 )  l o c a t i o n s  i n  the  gage sec t i on  o f  each specimen. These f i r s t  25 
specimens were re tu rne  a t  the  end o f  March 1991, and gage placement 
v e r i f i c a t i o n  was completed by our s t a f f  and found t o  meet the  s p e c i f i c a -  
t i o n .  A n  impor tant  f a c t  learned du r ing  t h i s  t r i a l  s e t  o f  25 specimens was 
t h a t  t r a c e  amounts o f  c u t t i n g  f l u i d s  on the  sur face o f  t he  s i l i c o n  n i t r i d e  
specimens made i t  very d i f f i c u l t  t o  p roper l y  a t t a c h  the  s t r a i n  gages t o  the  
specimens. As a r e s u l t  o f  t h i s  observat ion,  our s t a f f  r i g o r o u s l y  cleaned 
a l l  o f  t he  t e n s i l e  specimens before they were sent t o  HiTec Corp. This  
d e t a i l  w i l l  l a t e r  be inc luded i n  a d r a f t  t e n s i l e  s t reng th  standard.  

the  p lans f o r  s t r a i n  

i c h  w i l l  be loaded t o  f r a c t u r e  i n  the  
y (HTML) under h i g h l y  c o n t r o l l e d  

The r e s u l t s  w i l l  then be d i r e c t l y  usable by Committee C-28 f o r  
The present  p lan  i s  t o  complete a l l  
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Germany 

A copy o f  t h e  German g r i n d i n g  procedure f o r  t h e  t e n s i l e  specimens t o  
be done by t h e  firm o f  Wmhoner and Popp was r e c e i v e d  on October 4, 1990. 
N o t i f i c a t i o n  was rece ived October 2, 1990, f rom D r .  Faul s t a t i n g  t h a t  
D r .  Vierkorn-Rudolph w i l l  no l o n g e r  be i n v o l v e d  w i t h  t h e  I E A  Annex I 1  
p r o j e c t .  D r .  Eberhard S e i t r  i s  t h e  new German r e p r e s e n t a t i v e .  

met on November 19, 1990, a t  t h e  MFA t o  update t h e  j o i n t  work ing p l a n  and 
t i m e  schedule f o r  Germany and Sweden. D r .  Lenard Car lsson, Swedish T e s t i n g  
and Research I n s t i t u t e ,  i s h  c o o r d i n a t o r  a t  t h i s  meet ing.  We r e -  

The subgroup, "Mechanical C h a r a c t e r i z a t i o n  o f  S t r u c t u r a l  Ceramics, " 

D r .  S e i t z  g i v i n g  t h e  r e s u l t s  o f  t h e i r  n a t i o n a l  sub- 

preshaped g l a s s  ceramics by Schot t  G1 aswerke w i l l  be 
ember 19, 1390. The major  p o i n t s  a r e  as f o l l o w s :  

completed e a r l y  i n  December 1990 and t h e  specimens w i l l  be m a i l e d  t o  
Wemh6mer & Popp f o r  machining by t h e  end o f  December 1990; (2) t h e  f i r s t  
H IP-cyc le  o f  ESK preshaped s i l i c o n  n i t r i d e  w i l l  be completed e a r l y  i n  
February 199% w i t h  b lanks mai led  t o  Wemhbmer & Popp f a r  machining by t h e  
end o f  February 1931, and t h e  second HIP-cyc le  o f  n i t r i d e  by ESK w i l l  be 
completed by e a r l y  March 1991 w i t h  a i l i n g  to Wemhomer & Popp completed by 
t h e  end o f  March; and (3) m a i l i n g  o f  " f i n i s h e d "  samples and s t a r t  o f  f r a c -  
t u r e  s t r e n g t h  measurements by mid A p r i l  1991. 

The number o f  ASCERA t e n s i l e  specimens w i l l  now be 25 (bo th  Sweden and 
Germany) i n s t e a d  o f  30, 4 - p o i n t  f l e x u r e  specimens w i l l  be 150 ( b o t h  Sweden 
and Germany) i n s t e a d  of  200, and t h e  number o f  b a l l - o n - r i n g  specimens w i l l  
be 25 (Sweden o n l y )  i n s t e a d  o f  30. 

V .  J. Tennery p rov ided t o  t h e  German team t h e  t h i r t y  (30) GN-10 f l e x -  
u r e  specimens, which a r e  p a r t  o f  our  I E A  Annex I1  exchange i n  Subtask 5, a t  
t h e  Execut ive  Committee meet ing i n  Cocoa Beach on January 17, 1991. 

We r e c e i v e d  n o t i f i c a t i o n  f rom D r .  S e i t z  t h a t ,  due t o  budget c u t s  i n  
eden, t h e  number o f  specimens produced by ABB-Cerama has been reduced. 

Sweden 

N o t i f i c a t i o n  was r e c e i v e d  November 26, 1990, t h a t  funds have been 
approved for t h e  I E A  cooperation, 

V .  J .  Tennery p rov ided t o  t h e  Swedish team t h e  t h i r t y  (30) GN-10 f l e x -  
ure specimens, which are  p a r t  o f  our I E A  Annex I 1  exchange i n  Subtask 5, a t  
t h e  Execut ive Committee meet ing i n  Cocoa Beach on January 17, 1991. 

J a p a n  

Col leagues i n  Japan s t a r t e d  ambient- temperature f r a c t u r e  o f  t h e i r  
f l e x u r e  specimens i n  October 1990. On October 17, 1990, we sent  our  30 
GN-10 exchange f l e x u r e  speciniens t o  Japan, and on November 14, 1990, we 
r e c e i v e d  i n  r e t u r n  30 SS -H s i l i c o n  n i t r i d e  f l e x u r e  specimens f rom 
M r .  A w a j i  o f  t h e  JFCC, 

A t  t h e  Execut ive Committee meeting i n  Cocoa Beach, p r e l i m i n a r y  

p a t i n g  Japanese l a b o r a t o r i e s  f o r  t h e  Kyocera s i 1  i c o n  n i t r i d e ,  SSN-H. 
o f  a s t ra in -gaged c a l i b r a t i o n  specimen i n  t h e  f i x t u r e s  b e f o r e  and a f t e r  
specimen nieasurement and use o f  the  c a l i b r a t i o n  specimen d a t a  were used t o  

i e n t - t e m p e r a t u r e  f l e x u r e  s t r e n g t h  da ta  were prov ided f rom t h e  p a r t i c i -  
Use 
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provide a strength correction factor for each laboratory, which reduced the 
laboratory-to-laboratory variation in measured strengths. 

__1__1 Subtask 6, Advanced Ceramictpgwder Characterization 

Major responsibility for this subtask in the United States is at the 
Nat.irJnal Institute o f  Standards and Technology (NIST) ,  and a detailed re- 
port of pragress on this subtask i s  provided in the section o f  this report 

itted by NISI. 

gressing. Data from three countrjes arrived in January 1991. 
s have not experienced significant problems in the interpretation o f  
er  analysis procedures. Most of the questions received until no 

been about the surface chemical methods. 'The methods o f  surface chemical 
analysis were provided only as a guide, leaving sufficient flexibility to 
the participants t o  adopt their standard practjces. This i s  in cont.rast to 
the procedures for physical and bulk chemical analysis, which 
scribed in sufficient detail tu avoid misinterpretations. 

At NIST, two additional activities are i n  progress: development o f  
software progra s for data entry and analysis of powder samples. Several 
programs are be ng developed to facilitate data entry and data retrieval. 
All five powders are being analyzed for physical and surface che 
properties. 

Only a brief summary is provided here. 
Analysis of powder samples in all four participating countries i s  pro- 

The parlici- 

These data are being used t o  test the data-entry programs. 
Analysis o f  the po der samples in the participating countries is pro- 

es. 
edures to fulfill their co 

rmany have compl eted physical propert i 
bulk chemical analysis i s  expected to be completed by 
participants have completed most o f  their analyses. The analysis activity 
in the United States is approximately 75% complete, hile the remaining i s  
expected t o  be completed by the middle o f  March 1991. 

Approximately 65% of the total data has been sent to N I S T .  O f  t h i s  data, 
we have com-pleted entry of a major portion. Data entry was completed in 
March 1991. 
have followed the agreed-to procedures, though a few exceptions exist, 
particularly in the area of powder dispersion methods insed prior ta sedi- 
mentation analysis for particle size distribution. 

A meeting a f  the technical leaders was held at t"he Cocoa Beach confer- 
ence on January 19, 1991, to discuss technical issues and future p l a n s .  
Professor Hausner, Technical leader from Germany, was unable to attend this 
meeting. Steve HSM, Chairman of Subtask 6, made a presentation t o  t h e  IEA 
Executive Committee on the status o f  the activities at this meeting. 

task a t  NIST.  A meeting o f  the U.S. members o f  the working group i s  
scheduled for April 22, 1991, at NIST to analyze a11 o f  the ceramic powder 
characterization data that have been received and to recommend d a t a  sets 
f o r  inclusion for the statistical analysis. Working group me 
attempt to identify those data sets that should be exclirded f r o m  the final 
d a t a  set subjected t o  statistical analysis. 
From Germany, but it i s  hoped that data will be received by May 15, 1991, 

Japan's participants have completed analysis 

Data entry activity was initiated at NIST in January 1991, 

Preliminary analysis of the data shows that most participants 

Several discussions were held with the technical coordinator of t h i s  

No data have been received 
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t o  a l l ow  t ime f o r  p re l im ina ry  ana lys is  p r i o r  t o  the  working group meeting 
planned f o r  June 13, 1991, i n  Goteborg, Sweden. 

Reference 

"Advanced S t a t i s t i c a l  Concepts o f  F rac ture  i n  B r i t t l e  Mater ia ls , "  
C, Johnson and W .  Tucker, pp. 208-23 i n  Ceramic Technology for Advanced 
Heat Engines Project, Semiannual Report,  ORNL/TM-10079, Mar t i n  Mar ie t ta  
Energy Systems, Inc. ,  Oak Ridge N a t l .  Lab., March 1986. 

Status o f  milestones 

(Mi lestone No. 411508 - January 31, 1991) 

t h e  p a r t i c i p a t i n g  l a b o r a t o r i e s  has been completed. 
The ambient- and high-temperature t e s t i n g  on the  f l e x u r e  specimens by 

Other mi lestones are on schedule. 

Pub1 i c a t i o n s  
V .  J.  Tennery, o r a l  presentat ion,  "Cooperative I n t e r n a t i o n a l  Program on 

Mechanical St rength Measurements o f  Ceramics," a t  Annual Automotive 
Technology Development Contractors '  Coord inat ion Meeting, Dearborn, 
Michigan, October 22-25, 1990, t o  be publ ished i n  the  Proceedings of t h e  
Twenty-Eighth Annuaa Automotive Technology Development Contractors'  
Coordination Meeting. 

V .  J. Tennery, i n v i t e d  presentat ion,  "The Maximum L ike l i hood  Method f o r  
Determining Weibul l  D i s t r i b u t i o n  Funct ion Est imators o f  Ceramic Mater ia ls , "  
a t  ASTM Committee C-28 Meeting, Advanced Ceramics - P r o b a b i l i s t i c  
Procedures Task Group, San Antonio, Texas, November 14-16, 1990. 

V .  J. Tennery presented p re l im ina ry  r e s u l t s  on the  s ta tus  o f  t he  , 

f l e x u r e  s t reng th  measurements i n  the  Uni ted States a t  the  Execut ive Meeting 
i n  Cocoa Beach e n t i t l e d ,  "Status o f  U.S. Research i n  Subtask 5 - I E A  
Annex 11." 
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Characterization of_-Ceramic Powders  
S. G .  Malghan, L.-S. Lum, J. F. Kelly, E. Begley and S .  M. H s u  
(National Institute of Standards and Technology) 

ObiectiveLs- 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics 
in advanced engines depends on the development of reliable materials 
that will withstand high, rapidly varying thermal stress loads.  
Improvement in the characterization o f  ceramic starting powders is a 
critical factor in achieving reliable cer ic materials for engine 
applications. The production and utilization of such powders require 
characterization methods arid property standards for quality assurance. 

The objectives of the NIST program are (1) to assist with the 
division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics o f  powders; and (3 )  to conduct statistical assessment, 
analysis and modeling of round-robin data. This program is directed 
toward a critical assessment of powder characterization methodology 
and toward establishmcnt of a basis for the evaluation o f  fine powder 
precursors fur ceramic processing. This work will examine and compare 
by a variety of statistical means the various measurement 
methodologies employed in the round-robin and the correlations among 
the various parameters and characteristics evaluated. The results o f  
the round-robi-n are expected to provide the basis for identifying 
measurements for which Standard Reference Materials are needed and to 
provide property and statistical dnt.a which will serve the devel.opment 
of internationally accepted standards. 

Technical Progress 

The technical progress covered in this report includes descr iyCiori  
of three major activities--samples analyses, data compilation and data 
analyses. 

Samples ._I_ Analyses. During the period October-December 1990, major 
effort was expended in the analyses of powder samples. Most of the 
participants were involved in Group I (Physical Properties-- particle 
s i z e  distribution, surface area, x-ray diffraction) and Group I1 (Bulk 
Chemical Analysis-- major i.mpurities, C, 0, N, F, C1, and f ree  C in 
Si@) measurements. The Group 111 (Surface Chemistry) properties were 
studied in all four participating countries, on an optional basi-s. No 
problems were experienced in the interpretation of  analysis procedures 
that were sent along with the powder samples. Very few inti-dences o f  
sample vials breakage was reported by the participants. 

methods, such as x-ray absorption during gravity sedimentation i n  
Sedigraph, laser-diffraction by stream scanning in Horiba LA-500, 
scanning electron microscopy, spec i f ic  surface area by single and 

At NIST, a l l  five powders were tasted by a number of measurement 



multipoint BET, specific gravity by helium pycnometer, electrokinetic 
sonic amplitude by Matec 8050, phase composition by nuclear magnetic 
resonance spectroscopy, surface chemistry by Auger spectroscopy and 
X-ray diffraction. Most of the procedures for these methods were used 
in as-developed form. In only a few cases, minor changes were made to 
the procedures. 

Data Cornnilation. This activity involved the development of data 
entry modules and entry of the data. Data acquisition forms that were 
distributed to the participants served as the basis for the 
computerized data entry module. 
distinct templates corresponding to the fifteen data acquisition 
forms. 
a previous bimonthly report. 
additional codes to support and manipulate the templates so that 
behind the scene operations can be carried out to provide an interface 
to the data entry function. This program was used to complete the 
data entry activity. 

Sweden only. 
writing of this progress report. The primary reason for the delay is 
slow progress in samples analyses, and adverse effect of sluggish 
economy. 
1991, and their compilation is expected to be completed within three 
weeks of their receipt. 

The data received until now has been compiled and two reports have 
been prepared. The first report contains data only in a tabulated 
format. The data are organized according to the procedure by which 
each powder was analyzed. The participants names are identified by 
number codes. In the first version of this data-report all the data 
sent by the participants are included. Where data are not provided, 
blanks are left. One of the future activities is to obtain the 
missing information by contacting each participant. 
program is written in such a way as to present the data in a different 
format for comparison. For example, the concentration of calcium in 
silicon nitride powder by inductivity coupled plasma, direct coupled 
plasma and atomic absorption spectroscopy can be tabulated. The 
second report is a compilation of comments by the participants on the 
procedures. In this report every detail provided by the participant 
is entered in accordance with the data acquisition module. Some of 
the problems we observed in preparing this report were lack of 
information from the participants and information provided in a 
different format than asked for. The computer program had to be 
modified as we came across the problems. In general, most of  the 
participants made an effort to meet the guidelines. 
approximately 1400 pages. Therefore, it is not distributed to the 
participants unless they specifically request for a copy. 
reports are necessary in order to provide interpretation of 
discrepancies in the data. The first report was distributed to all 
the participants in Japan, Sweden, and the U.S. Both reports are 
available on a diskette or a hard copy. 

The module consisted of eight 

The listing of fifteen data acquisition forms w a s  provided in 
The data entry program contains 

The data were received from the participants in U.S., Japan and 
The German data has not been received at the time of  

The German data are expected to arrive at NIST by May 15, 

The computer 

This report has 

Both 



Data Analysis. The compiled data are being examined by the 
participants. The U.S. participants met at NIST on April .  22-23, 1991 
to review the data. At this meeting, each data set was examined 
critically and reasons €or discrepancies were recorded. In many 
cases, the participants did n o t  provide enough information. As a 
result, detailed data analysis could not be carried out. At t h i s  
meeting detailed questions were developed for participants whose data 
did not accompany sufficient information. Through these 
questionnaires, more information will be collected. 

comparison of data for a given analysis method was good for 
participants who followed the recommended procedure. For every 
analysis method, there were some participants who did not  follow the 
recommended procedure. Reasons for not following the procedure are 
either lack QE required equipment and/or no familiarity with the 
procedure. In most cases, it is very easy to identify outliers, 
because the data from non-recommended procedures are fairly well 
separated from the rest. Since the experimental design called for at 
least six laboratories using the same procedure, the data analysis 
will focus on identifying the outliers and reasons f o r  the difference. 

Future activities will be devoted to the cornpilacion of  d a t a  from 
Germany, technical and statistical analysis of the data, and 
preparation of draft conclusions. 

Preliminary evaluation of the data shows that lab to lab 

Status of Milestones 

On target, except for compilation of  German data. 

Publication 

Two reports on data and procedure comments were released to I E A  
participants. 

S. G .  Kalghan - Co-authored a chapter on Powder Characterization to 
the ASM Handbook 



502 

Ceramic Mechanical Property T e s t  Method Develoment 
George D. Quinn 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

This is a new task with a focus on developing mechanical test 
method standards in support of the Ceramic Technology for Advanced 
Heat Engines and Advanced Turbine Technology Applications Programs. 
The  prime DOE contractors and subcontractors will be surveyed by on- 
site visits to assess their needs and capabilities. Test method 
development should also consider the general USA structural ceramics 
community as well as foreign laboratories and companies, but emphasis 
will be placed on the needs of the DOE community. 

Draft recommendations for practices or procedures shall be 
developed based upon the needs identified above and circulated within 
the DOE ceramics heat engine community for review and modification. 
Round robins will be conducted as necessary, but shall be well- 
focussed, limited in scope and not interfere with ongoing I E A  round 
robins. Procedures developed in this program shall be presented as 
ATTAP or CTAHE "standard procedures." Alternatively, (and eventually) 
these will be advanced for final standardization by ASTM or by the 
U.S. Army as possible MIL STD's. 

Technical HinhliPhts and Results 

A chapter entitled "Strength and Proof Testing" for the new ASM 
Handbook of Ceramics and Glasses was completed and delivered to ASM. 
The chapter reviews the state-of-the-art of the scientific know-how 
and test procedures at a level that "shirtsleeve engineers" and 
newcomers to the field can appreciate. 

that will permit fast fracture strength and fracture toughness 
evaluation by any of the standards in place or under development, 
These include ASTM C1161, DIN 51-110 Part 1, J I S  R 1601, MIL STD 
1942(MK). These standards have sufficiently similar features, that 
only minor modifications are necessary for specimen size and/or 
fixtures. The same style fixtures can be used for fracture toughness 
tests as well. 

A set of handout fliers have been revised and are available on a 
simple room temperature flexure test fixture that can be machined by 
any competent shop at a reasonable cos t .  
design notes is being prepared for a rolling pin high temperature 
flexure fixture. Guidelines such as these will enable DOE contractors 
to develop competent testing capabilities if they are unable or 
unwilling to purchase off-the-shelf commercial fixtures. 

The whole issue of what flexure testing is and is not good for 
needs to be defined once and for all. To that end, a draft 
manuscript: "Design Data for Engineering Ceramics: A Review of the 
Flexure Test" was finished and copies sent to Dr. R. Morrell in the 
National Physical Laboratory in England (the U.K. analogue o f  NIST). 

Flexure fixtures are being fabricated by the NIST machine shop 

A draft of a similar set of 



The paper is a comprehensive review of the topic of whether flexure 
testing can be used for design. There are wide ranging opinions o n  
this issue. The literature has wildly mPxed results. The findi.ngs of 
the review are surprising. In brlef summary, for flexure testing to 
be use€ul for design, a number of asswnDtions must be met. Far 
example, both the average microstructures and the extrema 
microstructural features, the defects, must be identical in the test 
specimens and the components. Consistency is the key issue. In most 
instances, one o r  more o f  the assumptions are not met, and the flexure 
data has limited applicability. Unfortunately, many of the 
assumptions apply equally well to direct tension data as well and 
there is a risk that even tension data will be misleading. 
assumptions are listed in a checklist fashion in the manuscript such 
that they can be addressed for each problem a designer may confront. 
These is some cause for optimism however, since the literature review 
showed that there were at least several dozen instances where flexure 
data scaled quite well to uniaxially stressed components, 

and corrosion/erosion testing. A primary conclusion reached is that 
although flexural studies may be satisfactory for qualitative 
assessments of creep, it is not recommended for quantitative 
measurements. The results of flexural creep studies are compromised 
by the assumptions necessary on the constitutive equations. Direct 
tension testing is strongly preferred. The manuscript is currently 
being condensed, since a preliminary review showed it to be too long. 

Elevated Temperatures," was prepared and presented at the San Antonio, 
Nov. 1990 meeting of C-28. Thls draft is a clone o f  the ASTM C-28 
room temperature flexure standard, C 1161, but with the necessary high 
temperature features added in. The author is leading a task group 
comprised of Mike Foley of Norton, Matt Ferber of OIWL8 Terry 
Richardson of Garrett Engine Company and Leon Chuck of the University 
of Dayton Research Institute. After that meeting, a draft standard 
was prepared and has been sent out for R C-28.01 Properties and 
Performance subcommittee ballot. This ballot will be complete prior 
to the C-28 May, 1991 Philadelphia meeting. One key aspect of this 
standard is that it permits either rolling loading pins or fixed p i n s  
to be used, but with a strong preference for the rolling pin s-cherne. 
This is because the fixed pin scheme will incur a friction error, 
estimated to be 5-152. We are allowing the fixed pln arrangement as a 
concession to experimental difficulties in conducting high temperature 
testing. 
the specification of a time-to-failure criterion for the rate of 
loading, as opposed to the strain rate criterion in the room 
temperature standard. These two issues will undoubtedly be discussed 
in some detail in Philadelphia and may in fact elicit some negative 
ballots. That is not a problem, since the balloting process i s  meant 
to stimulate such revisions or discussions. 

developed in cooperation with Dr, S. Gonczy of Allied Sfgnal and Mr. 
John Helfinstine of Corning. This draft standard is a modif ica t ion  to 

The 

The manuscript includes sections on flexural creep ,  stress rupture 

A draft standard "Flexure Strength o f  Advanced Cer 

Another major change over the room teiiiperature standard is 

A draft standard for elastic modulus determination has been 



ASTM standards already on the books as ASTM standards (Whitewares and 
Glass Ceramics) but has been modernized and adapted to make it 
suitable €or advanced ceramics. It is based upon the well known beam 
resonance methods. 
extended back through 70 years of the literature to Timoshenko. (The 
Japanese elastic moduli standard for advanced ceramics: JIS  R 1604 
includes this method). The draft has been submitted for an ASTM C-28 
Main and Subcommittee ballot. 

fractographic analysis of strength limiting defects in advanced 
ceramics. Several technical presentations have been given to 
highlight the objectives and approach that this standard will have. 
General guidelines €or fractographic analysis will be given including 
procedures for mechanical testing, specimen preservation, visual 
examination, optical microscopic and scanning electron microscopic 
examination. The goal of the standard is to develop common guidelines 
for the detection and characterization of strength limiting defects i.n 
advanced ceramics. We project that there will be major revisions to 
the draft standard. The following Table illustrates the required 
characterization and reporting scheme, for strength limiting defects. 
It is mandatory to report the first two aspects of a defect; the third 
is optional. 
whether a flaw was distributed in the volume or the surface, and where 
the specific flaw was actually located in the particular specimen. 
For example, volume distributed pores may be located (in any one 
specimen) in the bulk (volume), at the surface, or at an edge. 

A review of the equations had to be made and 

Reviewer's responses have been coming in on the draft standard for 

Very careful distinction must be made with respect to 

FLAW CHARACTERIZATION SCHEME 

FLAW TYPE FLAW LOCATION FLAW SIZE 

Pore, Volume Distributed Surface 120 pm 

Inclusion, Vol. Dist. Volume 50 pm 

Machining Damage, Surf. Sur E ace 30 pm 

This project was commenced while the author was still with the 
U.S. Army Materials Technology Laboratory and is in collaboration with 
Mr. Jeffrey Swab and Mr. Michael Slavin. A preliminary draft standard 
was sent to approximately 40 experts in the fractography field and 
some excellent constructive criticism has been obtained. 
revisions to the draft standard are now being written. The original 
thrust to characterize strength limiting defects has to be modified 
somewhat. In older structural ceramics, strength was limited by gross 
microstructural aberrations such as pores or inclusions. The 
remarkable improvements in structural ceramics over the last decade 
have led to new materials which no longer fail from such defects, but 
from "mainstream microstructural features." This latter phrase 

Major 



(coined by Roy Rice) refers to microstructural features such as large 
grains o r  zones of slightly irregular structure (i.e. microporosicy) 
which are part of the "normal" range of the microstructure. It is a 
matter of semantics as to whether these features can be considered 
"'defects,D' From a fracture mechanics standpoint, they are; but from a 
materials processing perspective, they are not. Another issue that 
was uncovered (by Bruce Adams) is the legal ramifications o f  using the 
words "defect" or "flaw." Such words are avoided in the glass 
industry. We must consider the consequences of using these words if 
we evision using ceramics in general structural applications. In view 
of these two issues, it has been decided that the fractography 
standard will. focus on characterization of "fracture origins", but 
will include a discussion of defects, It is now envisioned that the 
document will become a MIL HDBK (Military Handbook). Ultimately, it 
is the goal to have interrelated standards for mecahnical t e s t i n g ,  
fractography and statistical interpretation as illustrated below: 

MECHANICAL TEST 
Flexure ASTM Cl161 or 

MIL STD 1942 or 
Tension ASTM XXXX 

FRACTOGRAPHIC STANDARD 
MIL HDBK XXXX 

WEIBULL STATISTICAL ANALYSIS 
ASTM Std XXXX 

The test method standards are either on the books or are in 
development. The fractography standard is targeted for a 1991 
approval as a MIL HDBK and will then be brought into the ASTM C-28 
forum for consideration. The Weibull Statistical Analysis standard is 
being developed in ASTM Committee C-28.  

The Weibull statistical analysis draft standard is beginning to 
take shape in the Design and Evaluation Subcommittee C28-02.  The 
author prepared a strawman draft standard whose function was to 
propose one scheme, but more importantly, to provoke action by tha t  
subcommittee and to focus its work. The hatter objectives were 
successful and the subcommittee i s  now industriously working towards a 
draft standard. Dr. Steven Duffy of NASA-Lewis has the lead in this 
initiative and a new draft w i l l  be presented at the Philadelphia 
meeting in May. The author has received a German draft standard: 
"Testing of Advanced Technical Ceramics: 4-Point Bending Test; 
Statistical Evaluation; Determination of tghe Weibull parameters." 
This document has already been approved in the Cerman Standards Body 
D I N  and assigned a number DIN 51-110 Part 3 .  
translating the document and will bring it to the ASTM Philadelphia 
meeting. It calls for a Maximum likelihood analysis (and forbids the 
least squares regression method) but also mandates t h a t  the results be 
plotted on a conventional Weibull graph with the double natural l o g  

The author is 



ordinate axis and the natural l og  stress abscissa. 
and also considering new statistical analyses conducted as part of the 
DOE Life Prediction programs by Dr. C .  Johnson of G.E., it n o w  appears 
that the Maximum Likelihood analysis should become the DOE and ASTM 
standards. The Least Squares analysis should be abandoned. 

Standardization of fracture toughness testing remains elusive. 
This is a very contentious issue since very strong preferences and 
opinions have developed over the years. There i s  at the moment, only 
a small amount of  actual work ongoing on optimizing or refining the 
measurement of fracture toughness. The likelihood of standardizing a 
specific method within ASTM is hard to anticipate, but it will be a 
difficult process. 
contractors and subcontractors and is assessing their needs and 
preferences. The indented flexure strength and chevron notch methods 
are surpisingly popular. 
guidelines for toughness testing can be prepared as part of this 
program in 1991 or early 1992. 

zirconia and silicon nitride specimens furnished by the Japan Fine 
Ceramics Center as part of the 1989 round robin organized under the 
auspicies of VAMAS. The methods include indentation fracture, 
indentation strength and the single edge precracked beam (bridge 
indentation) methods. 

of VAMAS (Versailles Advanced Haterials and Standards) Technical 
Working Area #3,  Ceramics. At the moment, there is intensive work on 
fracture toughness evaluation and two round robitis are underway. This 
work is relevant to the DOE programs since the new round robin 
includes the chevron notch method. 
possible task for this group in 1991 and 1992. 

In light of this, 

The author is currently touring the DOE 

There is a fair to good prospect tha t  DOE 

The author has committed to measure the fracture toughness of the 

During this interval, Mr. Quinn was appointed international leader 

A fractography round robin is a 

Status of Milestones 

All milestones are on schedule with the exception that the author 
has had to withdraw from the Goteburg, June 1991 conference. 

Publications/Presentations 

1. 

2. 

3 .  

4 .  

5. 

Chapter 8H "Strength and Proof Testing," Submitted to ASM for 
the Handbook on Ceramics and Glasses. 
Flier Sheets: "Guidelines f o r  Flexure Testing of Advanced 
Ceramics, Room Temperature," Jan. 1991 
ASTM Draft Standard: "Dynamic Young's Modulus, Shear Modulus, 
and Poisson's Ratio for Advanced Ceramlcs by Sonic Resonance," by 
S. Gonczy, G. Quinn and J. Helfinstine. 
ASTM Standard C1161-90 "Standard Test Method for Flexural Strength 
of Advanced Ceramics at Ambient Temperature,w Adopted Dec. 27, 
1990, Published Feb. 1991. 
ASTM draft standard: 
of Advanced Ceramic at Elevated Temperature," Draft 2, Nov. 1990; 
Draft 3 ,  March 1991. 

Standard Test Nethod f o r  Flexural Strength 
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6. U.S. Army MIL STD 1942(A), “Flexure Strength of High Performance 
Ceramics at Ambient Temperature,” adopted Nov. 1990. (An update of 
the original 1983 standard. The update incorporates minor 
technical revisions, is more consistent with the ASTM standard, 
and is a triservice standard). 

Strength Limiting Defects in Advanced Structural Ceramics”, with 
M. Slavin and J. Swab, Nov. 1990. 

7. U. S. Army draft standard: “Standard Practice for Characterizing 
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Sou th f i  el d I M I  48075 

John M. Wobday 
U . S .  Department o f  Energy 
Mb9organtown Energy Technology 

Col 1 i n s  Ferry Road 
P . O .  Box 890 
Morgantswn, wv 263507 

Center 

339. Robert  1.. Hershey 348, Greg Hoenes 
Science Management C o r p o r a t i o n  V i s t a  Chemical Company 
1255 New Hampshire Ava, ,  N 900 Threadneedle 
S u i t e  1833 P.6. Box 19029 
Washington DC 20836 Chuston, TX 77079-2998 

340. Hendr i  k Heystek 349 @I arence Hsen i y 
Bureau o f  Mines Lawrence L i v e m o r e  N a t i o n a l  
Tuscal oosa Research Center. L a b o r a t o r y  
Post O f f i c e  Box L P.O. Box 808, M a i l  Code L-369 
U n i v e r s i t y ,  AL 35486 Livermore,  CA 94550 

341. Rober t  V .  H i l l e r y  356 e Thomas Hol 1 s t e i n  
GE A i r c r a f t  Engines Fraunhofer-  I n s t i  tut fur 
Ogle Neumann Way, M.B. H85 Werkstof fmechani  k IWH 
C i n c i n n a t i ,  OM 45215 Noh1 erstrabe 11 

n-7800 Freibut-9 

I n s t r o n  C o r p o r a t i o n  
100 Royal1 S t r e e t  
Canton, MA 02.021 

342. A r t h u r  Hindman GEKMANY 
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351. 

352. 

353. 

354. 

355. 

356. 

357. 

358. 

Richard H o l t  
Nat iona l  Research Counci 1 

o f  Canada 
St ruc tures  and Mater i  a1 s 

Laboratory 
Ottawa Ontar io  K1A OR6 
CANADA 

Joe Homeny 
U n i v e r s i t y  o f  I l l i n o i s  
Department o f  Ma te r ia l s  Science 

and Eng i neer i ng 
105 South Goodwin Avenue 
Ceramics B u i l d i n g  
Urbana, I L  61801 

A .  T. Hopper 
B a t t e l l  e Col umbus 

Laborator ies 
Metals and Ceramics Department 
505 King Avenue 
Columbus, OH 43201-2693 

Woodie Howe 
Coors Technical Ceramics 

Company 
1300 Commerce Park Dr i ve  
Oak Ridge, TN 37830 

George Hsu 
J e t  Propul s ion  Laboratory 
4800 Oak Grove Dr i ve  

Pasadena, CA 91109 
MS:512-103 

Shih Hsu 
D i g i t a l  Equipment Corporat ion 
77 Reed Road 

Hudson, MA 01749-2895 
MS:HL02-1/L08 

Stephen M. Hsu 
Nat iona l  I n s t i t u t e  o f  

Gai thersburg,  MD 20899 

Gene Huber 
P rec i s ion  F e r r i t e s  & Ceramics 
5576 Corporate Dr ive  
Cypress, CA 90630 

Standards and Technology 

359. M. 1. Huckabee 
GTE Laborator ies,  Inc.  
40 Sylvan Road 
Waltham, MA 02254 

360. Harold A.  Huckins 
Pr ince ton  Advanced 

Technology, Inc .  
56 F i n l e y  Road 
Pr inceton, NJ 08540 

361. Fred H u e t t i c  
Advanced Magnetics Inc .  
45 Corey Lane 
Mendham, NJ 07945 

362. B i l l  Huffman 
Z i  r c a r  
110 North Main S t ree t  
F lo r i da ,  NY 10921 

363. 0. Richard Hughes 
Celanese Research Company 
86 Mor r i s  Avenue 
Summit, NJ 07901 

364. Br ian  K. Humphrey 
Lubr i zo l  Petroleum 

Chemical s Co. 
3000 Town Center, Su i te  1340 
South f ie ld ,  M I  48075-1201 

365. Robert M. Humrick 
Dyl on Ceramic Techno1 ogi  es 
3100 Edgeh i l l  Road 
Cleveland Heights, OH 44118 

366. Joseph E. Hunter, Jr. 

Department 

General Motors Corporat ion 
Research Labs Metal 1 urgy 

30200 Mound Road 
Warren, MI 48090-9055 

367. Louis  C, I a n n i e l l o  
U.S .  Department o f  Energy 
O f f i c e  o f  Mater i  a1 Sciences 

Germantown, MD 20545 
ER-13 GTN 
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368. 

369. 

370. 

371. 

372. 

373. 

374. 

375. 

M. S .  Inoue 
Kyocera I n t e r n a t i o n a l ,  I n c .  
Corporate Technology and 

P lann ing  
8611 Balboa Avenue 
San Diego, CA 92123-1580 

Osama Jadaan 
U n i v e r s i t y  o f  Wisconsin- 

General Engineer ing D i v i s i o n  
1 U n i v e r s i t y  P laza  
P I  a t t e v i  11 e, V I  53818 

P I  a t t e v i  11 e 

C u r t i s  A.  Johnson 
General E l e c t r i c  Corporate R&D 
Room MB-187 
Post O f f i c e  BOX a 
Schenectady, NY 12301 

Syl v i  a Johnson 
SRI I n t e r n a t i o n a l  
333 Ravenswood Avenue 
Menlo Park, CA 94025 

Thomas A. Johnson 
Lanxide C o r p o r a t i o n  
1300 Marrows Road 
P.O. Box 6077 
Newark, DE 19714-6077 

L.  A. JOO 
Great Lakes Research 

Post O f f i c e  Box 1031 
E l i z a b e t h t o n ,  TN 37643 

Corpora t ion  

A. David Joseph 
SPX C o r p o r a t i o n  
700 Terrace P o i n t  
Muskegon, M I  49443 

Adam Jostsons 
A u s t r a l i a n  Nuclear  Science & 

Technology O r g a n i z a t i o n  
Lucas He igh ts  Research 

L a b o r a t o r i e s  
New I l l a w a r r a  Road 
Lucas Heights ,  New South Wales 
AUSTRALIA 

376. 

377. 

37% * 

379 * 

380. 

381. 

382 

383. 

Matthew K. Juneau 
Ethyl c o r p o r a t i o n  
451 F l o r i d a  S t r e e t  
Baton Rouge, LA 70801 

Hartmut Ka iner  
D id ie r -Werke  AG 
An1 agentechni  k W i  esbaden 
Abraham-Lincoln-St.r.  16 
0-62 W i  esbaden 
GERMANY 

Tom Kalamasz 
Norton/TRW 
7A-4  Raymond Avenue 
Salem, NH 03079 

L y l e  R. Kal lenbach 
P h i l l i p s  Petroleum Company 
R&D 
M a i l  Drop: 123AL 

B a r t l e s v i l l e ,  OK 74064 

N i c k  Kamiya 
Kyocera I n d u s t r i a l  Ceramics 

C o r p o r a t i o n  
2700 R i v e r  Road 
Des P la ines ,  I L  60018 

Roy Kamo 
A d i a b a t i c s ,  I n c .  
3385 Commerce D r i v e  
Columbus, I N  47201 

S. Kang 
GTE Labora tor ies ,  I n c .  
40 Sylvan Road 
Waltham, MA 02254 

Chi h-Chun Kao 
I n d u s t r i  a1 Techno1 ogy Research 

I n s t i t u t e  
M a t e r i a l s  Research L a b o r a t o r i e s  
195 Chung-Hsing Road, Sec. 4 
Chutung Wsinchu 31015 R.O.C. 
TA I WAN 
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384 " 

385 1 

386 1 

387. 

388. 

384. 

390. 

391. 

K e i t h  Fa. Karasek 392. 
A l l i e d - S i g n a l  I n c .  
Engineered M a t e r i  a1 s Research 

58 E a s t  A lgonquin Road 
P.O. Box 5016 
Des PTaines, I b  60 393. 

Center  

Rober t  E. Masse1 
Ceradyne, I n c  /. 
3169 R e d h i l l  Avenue 
Costa Mesa, CA 92626 394 

A l l a n  Ka tz  
Wr igh t  l a b o r a t o r y  
Meta l  s and Ceramics D i  v i  s i  on 
WL/MLLM 
W r i g h t - P a t t e r s o n  AFB, OH 45433 395 

R. Nathan Ka tz  

I n s t i t u t e  
o r c e s t e r  P o l y t e c h n i c  

Dept. o f  Mechanical Engineer ing 
100 I n s t i t u t e  Woad 
Worcester, MA 01609 

Ted Kawaguchi 
Tokai  Carbon 
375 Park Avenue, S u i t e  3802 
New York, FJY 16152 

Nor-itsugu Kawashima 
TOSWIBA C o r p o r a t i o n  
Mechanical  Engineer ing 

4-1 Ukishima-Cho 
Kawasaki-Ku Kawasaki 210 
JAPAN 

L a b o r a t o r y  

L i s a  Kemgfer 
Penton Pub1 i s h i  ng 
M a t e r i  a1 s Engineer ing 
1100 Super io r  Avenue 
Cleveland,  OH 44114-2543 

F r e d e r i c k  L. Kennard, I 1 1  
General Motors Corpo ra t i on  
AC Rochester 
Oepartment 32-24, EB 
1300 N a r t h  Uort Highway 
F l i n t ,  M I  48556 

David 0. Kennedy 
L e s t e r  8.  K n i g h t  Cast 

M e t a l s  I n c .  
549 West Randolph S t r e e t  
Chicago, I1 60661 

George Keros 
Photon Physics 
3175 Benobscot B u i l d i n g  
D e t r o i t ,  M I  48226 

Pramod Khandel wal 
A l l i s o n  Gas Tu rb ine  

D i v i s i o n  - GMC 
P.O. BOX 420, MS:W-5 
I n d i a n a p o l i s ,  I N  46206 

J .  R. K i d w e l l  
A l l i e d - S i g n a l  Aerospace Company 
G a r r e t t  A u x i l i a r y  Power D i v i s i o n  
2739 East Washington S t r e e t  
Post O f f i c e  B o x  5227 
Phuenjx, AZ 85010 

396, Wan J .  K i m  
GTE Labora tb r ies ,  I n c .  
46 Sylvan Road 
Waltham, MA 02254 

Mack Truck, 2-41 
1999 Pennsyl vani  a Avenue 
Hagerstown, MD 21740 

398, Caro l  K i  r k p a t r i  c k  
MSE, I n c .  
C O I F  Techn ica l  L i b r a r y  
P.O. Box 3767 
B u t t e ,  MT 59702 

399. Tony K i r n  
C a t e r p i l l  a r  I n c .  
Defense Products  Department, 5 8 7  
Peor ia ,  I L  61629 

400. James D. K i s e r  
NASA Lewis Research Center 
21000 Brookpark Road, MS:49-3 
Cleveland, OH 44135 
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401. 

402. 

403. 

4Q4. 

405. 

406. 

407. 

408. 

409. 

Max K l e i n  
Gas Research I n s t i t u t e  
Thermodynamics 
8600 West 8ryn Mawr Avenue 
Chicago, I L  60631 

Richard N. K l e i n e r  
Coors Ceramics Company 
4545 McIn ty re  S t ree t  
Golden, CO 80403 

411. 

Stanley J. Kl ima 412 
NASA Lewis Research Center 
21000 Brookpark Road 

Cleveland, OH 44135 
MS:6-1 

C.  E. Knapp 
Norton Research Corporat ion 
8001 Daly S t r e e t  413. 
Niagara F a l l s ,  Ontar io  L2G 6S2 
CANADA 

A l b e r t  S. Kobayashi 

Mechanical Engineer ing 

MS: FU lO 
Sea t t l e ,  WA 98195 

S h i ge k i  Ko bay a s h i 
Toyota Centra l  Research 

Nagakute A ich i  480-11 
JAPAN 

U n i v e r s i t y  o f  Washington 414. 

Department 

415.  

Labs, Inc .  

Richard A .  Kole 
Z-Tech Corporat ion 
8 Dow Road 
Bow, NH 03304 

416. 

E .  Kos t ine r  
U n i v e r s i t y  o f  Connect icut  
Chemistry Department, U-60 417 
S t o r r s ,  CT 06269-3060 

Joseph A .  Kovach 
Eaton Corporat ion 
Manufactur ing Technologies 

32500 Chardon Road 
Wil loughby H i l l s ,  OH 44094 

Center 

Ralph G. K r a f t  
Spraying Systems Company 
Nor th Avenue t Schmale Road 
Wheaton, I L  60189-790 

Bruce Kramer 
George Washington U n i v e r s i t y  
Aerodynamic Center 
Room T715 
Washington, DC 20052 

Saunders El .  Kramer 
U . S .  Department o f  Energy 
O f f i c e  o f  Transpor ta t ion  

1000 Independence Avenue, S.W. 
F o r r e s t a l  B u i l d i n g  CE-322 
Washington, DC 2058 

Techno1 ogi  es 

A r thu r  Krani  sh 
Trends Pub l ish ing  Inc .  
1079 Nat ional  Press B u i l d i n g  
Washington DC 2004.5 

A .  S .  Kr iege r  
Rad ia t ion  Science, Inc .  
Past Q f f i c e  Box 293 
Belmont, MA 02178 

P i e t e r  Kr i jgsman 
Ceramic Design I n t e r n a t i o n a l  

Hold ing 8.V. 
Post O f f i c e  Box 68 
Hattem 8050-A 
7HE NETHERLANDS 

Waltraud M. Kr iven 
U n i v e r s i t y  o f  I l l i n o i s  
M a t e r i a l s  Science & 

Engineer ing Department 
105 South Goodwin Avenue 
Urbana, I L  61801 

Dave Kupperman 
Arganne Nat iona l  Laboratory 
9700 South Cass Avenue 
Argonne, I L  6043 
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418. 

419. 

420. 

421. 

422. 

423. 

424, 

425. 

Oh-Hun Kwon 
Nor ton  Company 
Advanced Ceramics 
Goddard Road 
Nor thboro,  MA 01532-1545 

W.  J. Lackey 
Georg ia Tech Research I n s t i t u t e  
Georg ia I n s t i t u t e  o f  Technology 
M a t e r i a l s  Science and Technol ogy 
A t l a n t a ,  GA 30332 

H a r i  S. Lamba 
General Motors Corpo ra t i on  
E l e c t r o - M o t i v e  D i v i s i o n  
LaGrange, I L  60525 

R icha rd  L. Landingham 
Lawrence L ivermore N a t i o n a l  

Labora to ry  
Ceramics, Corros ion,  and 

Thermochemistry 

Livermore, CA 94550 
P.O. BOX 808, L-369 

Manfred Langer 
Vol kswagen AG 
M a t e r i  a1 Technol ogy 
3180 Wolfsburg 1 
GERMANY 

James Lank fo rd  
Southwest Research I n s t i t u t e  
Department o f  M a t e r i a l s  Sciences 
6220 Culebra Road 
San Antonio,  TX 78228-0510 

Dav id  C. Larsen 
Corn ing G1 ass Works 
M a t e r i a l s  Research Department 
S u l l i v a n  Park, FR-51 
Corning, NY 14831 

S tan ley  3. Lasday 
Business News P u b l i s h i n g  Co. 
Manor Oak One 
1910 Cochran Road, S u i t e  630 
P i t t s b u r g h ,  PA 15220 

426. Mark S. Laser 
S o l a r  Turb ines I n c ,  
2211 E r i e  S t r e e t  
San Diego, CA 92110 

427. S. K .  Lau 
Car b o r  und um Company 
Technology D i v i s i o n  
Post O f f i c e  Box 832 
Niagara F a l l s ,  NY 14302 

428. Edward A .  Lauder 
Advanced Composite M a t e r i a l s  

1525 South Buncombe Road 
Greer, SC 29651-9208 

C o r p o r a t i o n  

429. J . Lawrence Lauderdal e 
Babcock & Wi l cox  
C o n t r a c t  Research D i v i s i o n  
1850 "K" S t r e e t ,  S u i t e  950 
Washington DC 20006 

430. H a r r y  A. Lawler  
Carborundum Company 
Technology D i v i s i o n  
Post O f f i c e  Box 832 
Niagara F a l l s ,  NY 14302 

431. Jean F .  LeCostaouec 
Tex t ron  Speci a1 i t y  M a t e r i  a.1 s 
2 I n d u s t r i a l  Avenue 
Lowe l l ,  MA 01851 

432. Benson P .  Lee 
I n t e r s c i e n c e ,  I n c .  
9718 Lake Shore Baulevard 
Cleveland, OH 44108 

433. B u r t r a n d  I. Lee 
Clemson U n i v e r s i t y  
Department o f  Ceramic 

O l i n  H a l l  
C1 emson, SC 29634-0907 

Eng ineer ing  
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434. 

435. 

436. 

437. 

438. 

439. 

440. 

June-Gunn Lee 441. 
K I S T  
S t r u c t u r a l  Ceramic Lab 
Pos t  O f f i c e  5ox 131 

130-650 
KOREA 442. 

Cheong-Ryang 

Ran-Rong Lee 
Ceramics Process Systems 

155 For tune Boulevard 
M i l f o r d ,  MA 01757 443, 

C o r p o r a t i o n  

S t a n l e y  R. Levine 
NASA Lewis Research Center 
21000 Brookpark Road 
M5: 49-3 
Cleveland,  OH 44135 

A lan  V .  Levy 

One C y c l o t r o n  Road, MS:62-203 
Berkeley,  CA 94720 

Lawrence 5 e r k e l  ey Labora to ry  444 * 

Dav id  Lewis 
Naval Research Labora to ry  
M a t e r i a l s  Science and Techno1 ogy 

4555 Over look Avenue, S.W.  
Code 6370 
Washington, DC 20375 

D i  v i  s i  on 

Ai-Kang L i  
M a t e r i  a1 s Research 

195-5 Chung-Hsing Road, Sec. 4 
Chutung Hsinchu 31015 R.O.C. 
TAIWAN 

L a b o r a t o r i e s ,  I T R I  

Winston W .  b iang  
Hong Kong I n d u s t r i  a1 

78 Ta t  Chee Avenue 
4/F, HKPC B u i l d i n g  
Howl oon 
HONG KONG 

Technology Centre CO. L t d .  

4 4 5 .  

446. 

447. 

448 a 

Rober t  L i c h t  
Nor ton  Company 
Advanced Ceramics 
Goddard Road 
Nor thbora,  MA 01532-1545 

E .  L i l l e y  
Nor ton  Company 
Advanced Ceramics 
Goddard Road 
Nor thboro,  MA 01532-1545 

Laura J .  L indberg  
A l l  i e d - S i g n a l  Aerospace 

G a r r e t t  F l u i d  Systems D i v i s i o n  
1300 West Warner 

Pos t  O f f i c e  Box 22200 
Tempe, AZ 85285-2200 

PIS: 93-901-1207-4TT 

Leonard C .  L indgren 
General Motors Corpo ra t i on  
A l l i s o n  Gas Turb ine  D i v i s i o n  
2001 South T ibbs  Avenue 
P.O. Box 420, Speed Code:T-20A 
I n d i a n a p o l i s ,  IN 46206-0420 

Hans A .  L indner  
Cremer F o r s c h u n g s i n s t i t u t  

GmbH&Co.KG 
Oeslauer S t rasse  35 
D-8633 Rodental 8866 
G ERMANV 

Ronald E .  Loehman 
Sandia N a t i o n a l  L a b o r a t o r i e s  
D i v i s i o n  1840 
P.O. Box 5800 
A1 buquerque, NM 87 185 

J e f f r e y  C .  Logas 
Winona S t a t e  U n i v e r s i t y  
Composite M a t e r i a l s  Engineer ing 
115 Pasteur  H a l l  
Winona, MN 55987 

B i l l  Long 
Babcock and Wi lcox 
Pos t  O f f i c e  Box 11165 
Lynchburg, VA 24506 
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449. 

450. 

451. 

452. 

453. 

454. 

455, 

456. 

457 a 

William D. Long 
Wacker Chemicals (USA), Inc. 
ESK Engineered Ceramics 
50 Locust Avenue 
New Canaan, CT 06840 

L. A. Lott 
EG&G Idaho, Inc. 
Idaho National Engineering 

Laboratory 
Post Office Box 1625 
Idaho Falls, ID 83415-2209 

Raouf 0. Loutfy 
MER Corporation 
7960 South Kolb Road 
Tucson, AZ 85706 

Gordon R. Love 
A1 umi num Company o f  America 
Alcoa Technical Center 
Alcoa Center, FA 15069 

Lydia Luckevich 
Ortech International 
2395 Speakman Drive 
Mississauga Ontario L5K 183 
CANADA 

Bryan K. Luftglass 
Chem Systems, Inc. 
303 South Broadway 
Tarrytown, NY 10591 

Michael J .  Lynch 
General E l  ectri c Company 
Medical Systems Group 
Post Office Box 414, 7B-36 
Milwaukee, W I  53201 

Jim MacBeth 
Carborundum Company 
Structural Ceramics Division 
P.O.  Box 1054 
Niagara Falls, NY 14302 

H. MacLaren 
General Electric Company 

458. 

459 II 

460. 

461. 

462. 

463. 

464. 

465. 

Thomson Laboratory, Materi a1 s 466, 
Engineering 36807 

1000 Western Avenue 
Lynn, MA 01910 

David Maginnis 
Ti n ker AFB 

Tinker AFB OK 73145-5989 
OC-ALC/LIIRE 

Frank Maginnis 
Aspen Research, Inc. 
220 Industrial Boulevard 
Moore, OK 73160 

Vincent L .  Magnotta 
Air Products and Chemicals, Inc. 
Technical Diversification R&D 

Post Office Box 538 
Allentown, PA 18105 

Department 

Tai-il Mah 
Uni versa1 Energy Systems, Inc. 
Ceramics and Composites Research 
4401 Dayton-Xenia Road 
Dayton, OH 45432 

S .  G. Malghan 
National Institute o f  Standards 

1-270 & Clopper Road 
Gaithersburg, MD 20899 

and Technology 

Lars Malmrup 
United Turbine AB 
Box 13027 
Malmo S-200 44 
SWEDEN 

L. Manes 
Commission o f  the European 

Joint Research Centre 
Ispra Establishment 
1-21020 Ispra (Varese) 
ITALY 

Communities 

John Mangels 
Ceradyne, Inc. 
3169 Redhill Avenue 
Costa Mesa, CA 92626 

Russell V. Mann 
Matec Applied Sciences, Inc. 
75 South Street 
Hopkinton, MA 01748 
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467. 

468. 

469. 

470. 

471. 

472. 

473 * 

474. 

475. 

William R. Manning 476. 
Champion Aviation Products 
Old Norris Road 
P.O.  Box 686 
Liberty, SC 29657 

G i  el Marijni ssen 
Iaterturbine Holding B.V. 
Sgiktwey 36 
5943 AD Lornrn ( L . )  
THE NETHERLANDS 

477. 

Robert A. Marra 478 e 

Aluminum Company o f  America 
A1 coa Technical Center 
Advanced Ceramics Center - E 
Alcoa Center, PA 15069 

Chauncey L. Martin 
3M Company 
3M - MMC Program 
Building 60-1N-01 
St. Paul, MN 55144 

Gerald R. Martin 
F 1 eetguard, Inc. 
Cookeville, TN 38501 

Steven C. Martin 
Advanced Refractory 

Technologies, Inc. 
699 Hertel Avenue 
Buffalo, NY 14207 

Kelly J .  Mather 
Williams International 

Corporation 
2280 West Maple Road 
P.O. Box 200 
Walled Lake, MI 48088 

James P .  Mathers 
3M Company 
3M Center 
Building 201-3N-06 
S t .  Paul, MN 55144 

Marshal 1 Mayer 
I n s t ron Corpora t i o t i  
3815 Presidential Parkway, 

Suite 100 
Atlanta, GA 30340 

479. 

480. 

481. 

482. 

483. 

484. 

Ron Mayville 
Arthur D. Little, Inc. 
15-163 Acorn Park 
Cambridge, MA 02140 

F .  N. Mazadarany 
General Electric Company 
Research Laboratory 
Building K-1, Room MB-159 
P.O.  Box 8 
Schenectady, NY 12301 

James W .  McCauley 
Alfred University 
NYS College o f  Ceramics 
Bi nns-Merri 11  Hal 1 
Alfred, NY 14802 

Louis R. McCreight 
2763 San Ramon Drive 
Rancho Palos Verdes, CA 90274 

Col in F. McDonald 
McDonald Thermal Engineering 
1730 Caste1 1 ana Road 
L a  Jolla, CA 92037 

Bryan J .  McEnLire 
Norton Company, TRW Ceramics 
Goddard Road 
Northboro, MA 01532-1545 

Thomas D. McGee 
Iowa State University 
Materials Science and Engineering 

Oepartment 
110 Engineering Annex 
A i m s p  IA 50011 

Carol McGill 
Corning Inc. 
Sullivan Park, FR-02-08 
Corning, NY 14831 

H. Christopher McGowan 
Advanced Ceramic Techno1 ogi es, Inc. 
72 Veronica Avenue, Unit 10 
Somerset, NJ 08873 
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485. Malcolm G. McLaren 493. 
Rutgers U n i v e r s i t y  
Department o f  Ceramics 
Post O f f i c e  Box 909 
Piscataway, NJ 08854 

486. T. C.  McLaren 
Cameron Forged Products 494. 

Company 
P.0, Box 1212 
Houston, TX 77251-1212 

487. James McLaughl i n  
Sundstrand Power Systems 
4400 R u f f i n  Road 
P.O. Box 85757 495. 
San Diego, CA 92186-5757 

488. Dennis McMurtry 
EG&G Idaho, I n c .  
Idaho Nat iona l  Engineer ing 

P.O. Box 1625 496 
Idaho F a l l s ,  I D  83415 

Laboratory  

489. D. 6. Meadowcroft 

Centre 

N a t i o n a l  Power 
Technology and Environmental 

K e l v i n  Avenue 497. 
Leatherhead Surrey KT22 7SE 
ENGLAND 

490. A r t h u r  F. Mclean 
6225 Nor th  Camino Almonte 
Tucson, AZ 85718 498. 

491. Pankaj K. Mehrot ra 
Kennametal I n c .  
P.O. Box 639 
Greensburg, PA 15601 

Michael  D. Meiser  
A l l i e d - S i g n a l  Aerospace Company 
G a r r e t t  Ceramic Components 

19800 South Van Ness Avenue 
Torrance, CA 90509 

D i  v i  s i  on 

George Messenger 
N a t i o n a l  Research Counci 1 o f  

Engine l a b o r a t o r y  
B u i l d i n g  M-7  
Ottawa O n t a r i o  K1A OR6 
CANADA 

Canada 

D. Messier  
U. S .  Army M a t e r i  a1 s Techno1 ogy 

Labora tory  
SLCMT- EMC 
405 Arsenal  S t r e e t  
Watertown, MA 02172-0001 

Gary L. Messing 
Pennsylvania S t a t e  U n i v e r s i t y  
Ceramic Science and Engineer ing 

Department 
119 S t e i d l e  B u i l d i n g  
U n i v e r s i t y  Park, PA 16802 

A r t h u r  G.  M e t c a l f e  
A r t h u r  G. M e t c a l f e  and 

Associates,  Inc .  
2108 East 2 4 t h  S t r e e t  
N a t i o n a l  City, CA 91950 

R. Metse laar  
Eindhoven U n i v e r s i t y  
Centre f o r  Technica l  Ceramics 
P.O. Box 513 
Eindhoven 5600 M6 
THE NETHERLANDS 

492. Joseph J. Meindl  499. David J. Michael  
Reynol ds I n t e r n a t i o n a l  , I n c .  Harbison-Walker R e f r a c t o r i e s  
6603 West Broad S t r e e t  
Post O f f i c e  Box 27002 P.O. Box 98037 
Richmond, VA 23261-7003 P i t t s b u r g h ,  PA 15227 

Camp any 
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500. 

501. 

502. 

503. 

504. 

505 e 

506. 

507. 

Ken Michae ls  
C h r y s l e r  Motors Corpora t ion  
Ceramics Development 

Meta l  1 u r g i c a l  Processes 

D e t r o i t ,  M I  48288 
P . Q .  BOX 1118, CIMS:418-17-09 

Bernd Michel  
I n s t i t u t e  o f  Mechanics 
F r a c t u r e  and Micromechanics 

Department 
P.O. Box 408 
D-9010 Chemnitz 
GERMANY 

John V .  Mi lewsk i  
S u p e r k i n e t i c s ,  I n c .  
P.O. Box 8029 
Santa Fe, NM 87504 

Brad M i l l e r  
Nor ton  Company 
Advanced Ceramics 
Goddard Road 
Northboro,  MA 01532-1545 

Mike M i l l e r  
McGraw H i l l  A v i a t i o n  Week 
Performance M a t e r i a l s  
1156 15 th  S t r e e t ,  N.W. 
Washington DC 20005 

Char les W.  M i l l e r ,  Jr. 
Centor r  Furnaces/Vacuum 

542 Amherst S t r e e t  
Nashua, NH 03063 

I n d u s t r i e s  

R. M i n i n n i  
Enichem America 
2000 Cornwal l  Road 
Monmouth Junc t ion ,  NJ 08852 

Miche le  V .  M i t c h e l l  
A1 1 i e d - S i g n a l  Aerospace 

G a r r e t t  Ceramic Components 

19800 South Van Ness Avenue 
Torrance, CA 90501-1149 

Company 

D i  v i  s i  on 

508. Howard Mizuhara 
GTE - WESGO 
477 Harbor Boulevard 
Belmont , CA 94002 

509. B i l l  Moehle 
Ethyl C o r p o r a t i o n  
R&D L a b o r a t o r i e s  
Post O f f i c e  Box 341 
Baton Rouge, LA 70821 

510. Helen M o e l l e r  
Babcock and Wi lcox 
Post O f f i c e  Box 11165 
Lynchburg, VA 24506- 1165 

511. Franco is  R. M o l l a r d  
Meta lwork ing Technology, I n c .  
1450 Scalp Avenue 
Johnstown, PA 15904 

512. P h i l  Mooney 
Panametrics 
NDE D i v i s i o n  
221 Crescent S t r e e t  
Waltham, MA 02254 

513. Thomas Morel 
R icardo  Nor th  America 
645 Blackhawk D r i v e  
Westrnont, I L  60559 

514. Geof f rey  P. M o r r i s  
3M Company 
3M T r a f f i c  Cont ro l  M a t e r i a l s  

D i  v i  s i  on 
Bldg.  209-BW-10, 3M Center 
S t .  Paul, MN 55144-1000 

515. Jay A.  Mor r ison  
Rol ls-Royce, Inc .  
Engineer ing and I n f o r m a t i o n  

Center, Over look 1 
2849 Paces F e r r y  Road, 

S u i t e  450 
At1 anta, GA 30339-3769 

516. J o e l  P. Moskowitz 
Ceradyne, I n c  
3169 R e d h i l l  Avenue 
Costa Mesa, CA 92626 
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517. B r i  j Moudgil  
U n i v e r s i t y  o f  F l o r i d a  
M a t e r i a l  Science & 

G a i n e s v i l l e ,  FL 32611 
Engineer ing 

518. Thomas W. M u l l a n  
Vapor Technol og i es I n c  . 
345 Route 17 South 
Upper Saddle R iver ,  NJ 07458 

519. Lawrence M. Murphy 
S o l a r  Energy Research I n s t i t u t e  
Thermal Systems Research Branch 
1617 Cole Boulevard 
Golden, CO 80401 

520. M. K.  Murthy 
MKM Consul tants  I n t e r n a t i o n a l  
10 Avoca Avenue, U n i t  1906 
Toronto O n t a r i o  M4T 2B7 
CANADA 

521. Solomon Musi kan t  
TransCon Technologies, I n c .  
M a t e r i a l s  Science & Engineer ing 
1508 Waynesboro Road 
P a o l i ,  PA 19301 

522. David L. Mustoe 
Custom Technica l  Ceramics 
8041 West 1-70 Serv ice  Road, 

Arvada, CO 80002 
U n i t  6 

523. C u r t i s  V.  Nakaish i  
U.S. Department o f  Energy 
Morgantown Energy Technol ogy 

C o l l  i n s  F e r r y  Road 
P.O. Box 880 
Morgantown, WV 26507-0880 

Center 

524. Voshio Nakamura 
F a i c e r a  Research I n s t i t u t e  
2-5-8 Hiyakunin-cho Shinjuku-Ko 
Tokyo 
JAPAN 

525. Per0 Nannel l  i 
Pennwal t Corpora t ion  
900 F i r s t  Avenue 
Post O f f i c e  Box C 
K ing  of  Pruss ia,  PA 19406-0018 

526. Samuel Natansohn 
GTE Labora tor ies ,  I n c .  
40 Sylvan Road 
Waltham, MA 02254 

527. Robert  Naum 
A p p l i e d  Resources, I n c .  
P.O. Box 241 
P i t t s f o r d ,  NY 14534 

528. Malcolm Nay lor  
Cummins Engine Company, I n c .  
P.O. Box 3005, M a i l  Code 50183 
Col umbus, I N  47202-3005 

529. J e f f r e y  N e i l  
GTE Labora tor ies ,  I n c .  
40 Sylvan Road 
Waltham, MA 02254 

530. Joseph R. N e l l i  
FMC Corpora t ion  
L i t h i u m  D i v i s i o n  
P . O .  Box 3925 
Gastonia, NG 28053 

531. Fred A. N i c h o l s  
Argonne N a t i o n a l  Labora tory  
9700 South Cass Avenue 
MCT - B u i l d i n g  212 
Argonne, I L  60439 

532. ti. N i c k e l  
Furschungszentrum Jue l  i c h  GmbH 
P.O. Box 1913 
J u e l i c h  1-5170 BRD NRW 
GERMANY 

533. Dale E. Niesz 
Rutgers U n i v e r s i t y  
Center f o r  Ceramic Research 
P.O. Box 909 
Piscataway, NJ 08855-0909 
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534, W i l l i a m  D. N i x  
S t a n f o r d  U n i v e r s i t y  
Department o f  M a t e r i a l s  Science 

Stanford,  CA 94305 
and Eng i neer  i ng 

535. R ichard  D. N i x d o r f  
ReMaxCo Technol o g i  es I n c .  
13317 Snyder Road 
K n o x v i l l e ,  TN 37932 

536. Bruce E, Novich 
Ceramics Process Systems 

155 For tune Boulevard 
M i l f o r d ,  MA 01757 

C o r p o r a t i o n  

537, Stephen D. Nunn 
U n i v e r s i t y  o f  Mich igan 
M a t e r i a l s  Science and 

2300 Hayward S t r e e t  
2126 H. H. Dow B u i l d i n g  
Ann Arbor,  M I  48109-2136 

Engineer ing 

533. B r i a n  M. O’Connor 
L u b r i  z o l  Corpora t ion  
T r i  bo1 ogy S e c t i o n  
29400 Lake1 and Boulevard 
W i c k l i f f e ,  OH 44092 

539. Dan ie l  Oblas 
GTE Labora tor ies ,  Inc .  
40 Sylvan Road 
Waltham, MA 02254 

540. Don Qhanehi 
Magnet ic Bear ings, I n c .  
1903 Sussex Road 
B1 acksburg, VA 24060 

541. N. R. Osborne 
U n i v e r s i t y  o f  Dayton Research 

Meta ls  & Ceramics 
300 Co l lege Park 
Dayton, OH 45469-0172 

I n s t i t u t e  

542. W .  Richard  6 t t  
A l f r e d  U n i v e r s i t y  
Center f o r  Advanced Ceramic 

A I  f r e d ,  NY 14802 
Technol ogy 

543. W i l l i a m  C. Owen 
s t r a n d  Turbomac h 

D i v i s i o n  o f  Sundstrand 
C o r p o r a t i o n  

4400 R u f f i n  Road 
Post O f f i c e  Box 85757 
$an Diego, CA 92138-5757 

544. Russe l l  J. Page 
Kanthal  - A r t c o r  
3001 R e d h i l l  Avenue, 11-109 
Costa Mesa, CA 92705 

545. R ichard  Pal i c ka 
Cercam, I n c .  
1960 Watson Way 
V i s t a ,  CA 92083 

546. Muktesh Pal i w a l  
GTE Products Corpora t ion  
Hawes S t r e e t  
Towanda, PA 18848-0504 

547. Joseph E, Palko 
General E l  e c t r i  c Company 
Re search La bora t o r y  
TTD B u i l d i n g ,  55-113 
P. 0. Bax 3 
Schenectady, NY 12345 

548. Hayne Palmour, I 1 1  
N o r t h  C a r o l i n a  S t a t e  

U n i v e r s i t y  
M a t e r i a l s  Science and 

Engineer ing Dept, 
Rale igh,  NC 27605-7905 

549. Joseph N. Panzar ino 
Nor ton Company 
Advanced Ceramics 
Goddard Road 
Northboro,  MA 63532-1545 
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550. Pel 1 e g r i  no Papa 
Corn ing I n c .  

Corning, NY 14831 
MP-WX-02-1 

551. E. Beth Pardue 
Technol ogy f o r  Energy 

Corpora t ion  
One Energy Center 
P.O. Box 22996 
K n o x v i l l e ,  TN 37933-0996 

552. Soon C. Park 
3M Company 
3M Center 
B u i l d i n g  142-4N-02 
P.O. Box 2963 
S t .  Paul, MN 55144 

553. Marina R. Pascucci 
GTE Labora tor ies ,  I n c .  
40 Sylvan Road 
Waltham, MA 02254 

554. A r v i d  E. Pasto 
GTE L a b o r a t o r i e s  I n c .  
40 Sylvan Road 
Waltham, MA 02254 

555. James W .  Pa t ten  

Company, I nc . 

Code 50183 

Cummins Engine 

M a t e r i a l s  Engineer ing 
P.O. Box 3005, M a i l  

Columbus, I N  47202-3005 

556. Robert  A. Penty 
Eastman Kodak Company 

901 Elmgrove Road 
Rochester, NY 14653 

KAD/D73 - 35612 

557. Robert  W. Pepper 
Text ron S p e c i a l t y  M a t e r i a l  s 
2 I n d u s t r i a l  Avenue 
Lowel l ,  MA 01851 

558. 

559. 

560. 

561. 

562. 

563. 

564. 

565. 

566. 

Peter  Perdue 
D e t r o i t  D i e s e l  Corpora t ion  
Research Advanced Development 

13400 West Outer Dr ive ,  

D e t r o i t ,  M I  48239-4001 

Group 

Speed Code A-07 

Bruce Peters  
Row Chemical Company 
B u i l d i n g  52 
Midland, M I  48667 

Gary R. Peterson 
U,S. Department o f  Energy 
Idaho Operat ions O f f i c e  
785 D.O.E. P lace 
Idaho F a l l s ,  I D  83402 

John J .  P e t r o v i c  
Los A1 amos N a t i o n a l  Labora tory  
Group MST-4, MS:6771 
Los Alamos, NM 87545 

F r e d e r i c k  S .  P e t t i t  
U n i v e r s i t y  o f  P i t t s b u r g h  
P i t t s b u r g h ,  PA 15261 

Ben A. P h i l l i p s  
P h i l l i p s  Engineer ing Company 
721 Pleasant  S t r e e t  
S t .  Joseph, M I  49085 

Richard C .  Phoenix 
Ohmtek, I n c .  
2160 L i b e r t y  D r i v e  
Niagara F a l l s ,  NY 14302 

R. Byron Pipes 
U n i v e r s i t y  o f  Delaware 
Center f o r  Composite M a t e r i a l s  
2001 Spencer Labora tory  
Newark, DE 19716 

Bruce J. P l e t k a  
N ich igan Technol o g i c a l  

U n i v e r s i t y  
M e t a l l u r g i c a l  81 M a t e r i a l s  

Engineer ing Department 
Houghton, M I  49931 



539 

567. Robert C. Pohanka 
Office o f  Naval Research 
808 North Quincy Street 
Code 431 
Arlington, VA 22217 

568. J. P. Pollinger 
All ied-Signal Aerospace 

Garrett Ceramic Components 

19800 South Van Ness Avenue 
Torrance, CA 90509 

D i  vi s ion  

569. P. Popper 
High Technology Ceramics 

International Journal 
22 Pembroke Drive 
West1 ands Newcastle-under-Lyme 

Staffs ST5 2JN 
ENGLAND 

570. F.  POPZ 
Universitat Karlsruhe 
Institut fur Keramik Im 
Maschinendau 

Postfach 6980 
D-7500 Marl sruhe 

571.  Harry L .  Botma 
Royal Nether1 ands Embassy 
Science and Technology 
4200 Linnean Avenue, N.W. 
Washington DC 20008 

572. Bob Powell 
General Motors Research 

Laboratories 
Metal 1 urgy Department 
30500 Mound Road 

Warren, MI 48090-9055 
ox 9055 

573. David 3. Powell 
Southern Research Institute 
Experimental Mechanics Section 
2000 Ninth Avenue South 
P . O .  Box 55305 
Birmingham, AL 35255-5305 

574. Stephen c.  Pred 
ICD Group, Inc. 
1100 Valley Brook Avenue 
Lyndhurst, NJ 07871 

United Techno1 ogies 
Csrporati on 

Research Center 
Silver Lane, MS:24 
East Hartford, CT 06108 

576. Peter E. P r i c e  
Industri a1 Flateri a1 s 
Techno1 ogy, In@. 

P.O. Box 9565 
Andover, S4A 81810 

577.  Joseph M. Proud 
GTE Laboratories Inc. 
Materi a l  s Science Laboratory 
40 Sylvan Rsa 
Waltham, MA 02254 

57%. D. W. Prouse 

2425 South 900 klest 
Salt Lake City, UT 84119 

579. Vimal K. Pujari 
Norton Company 
Advanced Ceramics 
Goddard Road 
Northboro, MA 01532-1545 

580. Carr Lane Quackenbush 
Norton Company 
Advanced Cera 
Goddard Road 
Northboro , MA 01532- 1545 

581. Brian Quigy 
National Aeronautics and 

Space Administration 
Energy Systems: Office 
Washington, DC 285 
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582 e 

583. 

584. 

585. 

586. 

587. 

588. 

589. 

590. 

George Quinn 591. 
Nat iona l  I n s t i t u t e  o f  Standards 

Inorgan ic  M a t e r i a l s  D i v i s i o n  
B u i l d i n g  223 
Gai thersburg , MD 20899 

Dennis T. Q u i n t o  
Kennametal Inc .  
P h i l l i p  M. McKenna Laboratory 
Post O f f i c e  Box 639 
Greensburg, PA 15601 593. 

and Techno1 ogy 

592. 

Ramas V. Raman 
Ceracon, Inc .  
1101 Nor th Market Boulevard, 

S u i t e  9 
Sacramento, CA 95834 

K. S .  Ramesh 
3 a t t e l  1 e Columbus Labora tor ies  
Metals and Ceramics Department 
505 King Avenue 

594. 

Columbus, OH 43201-2693 

Charles F. Rapp 
Owens Corning F iberg lass  
2790 Columbus Road 
Granvi 1 1 e, OH 43023 - 1200 

Dennis W .  Readey 
Colorado School o f  Mines 
Department o f  Meta l lu rgy  

Golden, CO 80401 
and Ma te r ia l s  Engineer ing 

Michael J. Readey 
Coors Ceramics Company 
R&D 
17750 West 32nd S t ree t  
Golden, CO 80401 

W i l f r e d  J .  Rebel lo 
PAR Enterpr ises,  I nc .  
12601 C l i f t o n  Hunt Lane 
C l i f t o n ,  VA 22024 

H. E. Rebenne 
GTE Laborator ies,  Inc.  
40 Sylvan Road 
Waltham, MA 02254 

Haro ld Rechter 
Chicago F i r e  B r i c k  Company 
R&D 
7531 South Ashland Avenue 
Chicago, I L  60620 

Robert R. Reeber 
U.S. Army Research O f f i c e  
Post O f f i c e  Box 12211 
Research T r i a n g l e  Park, NC 27709 

K. L .  Re i f sn ide r  
V i r g i n i a  Poly technic  I n s t i t u t e  

and Sta te  U n i v e r s i t y  
Department o f  Engineer ing 

Science and Mechanics 
B1 acksburg, VA 24061 

Paul E. Rempes 
McDonnell Doug1 ass M i  ss l  e 

Systems Company 
Department EPE-3 
B u i l d i n g  107, Level 1 
Post O f f i c e  Box 516 
Ma i l  Code 106608 
S t .  Louis, MO 63166-0516 

595. Gopal S. Revankar 
John Deere Company 
Metals Research 
3300 R iver  Dr i ve  
Mol ine,  I L  61265 

596. K. T.  Rhee 
Rutgers U n i v e r s i t y  
Mechanical Engineering 
Post O f f i c e  Box 909 
Piscataway, NJ 08854 

597. James Rhodes 
Advanced Composite Ma te r ia l s  

Corporat ion 
1525 South Buncombe Road 
Greer, SC 29651 

598. Roy W .  Rice 
W .  R. Grace and Company 
7379 Route 32 
Columbus, MD 21044 
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599. 

600. 

601. 

602. 

603. 

604. 

605. 

606. 

David WI,  Richerson 
Ceramatec, Inc .  
2425 South 900 
S a l t  Lake City, UT 84119 

Sco t t  L. R ich len 
U . S .  Department o f  Energy 
O f f i c e  o f  I n d u s t r i a l  

1000 Independence Avenue, S.W.  
For res ta l  Bui ld ing  CE-221  
Washington, DC 20585 

Techno1 o g i  es 

Mi chel Rigaud 
Ecol e Poly techni  que 
Campus U n i v e r s i t e  De Montreal 

Montreal ,  P.Q Quebec H3C 3A7 
CANADA 

x 6079, S t a t i o n  A 

R. E. Riman 
Rutgers U n i v e r s i t y  
Ceramics Engineer ing Department 
P.O. Box 909 
Piscataway, NJ 08 

Barry  R i  ngstrom 
Super ior  Graphi te Company 
P.O. Box 2373 
Srnyrna, GA 30881 

John E .  R i t t e r  
U n i v e r s i t y  o f  Massachusetts 
Mechanical Engineering 

Arnherst, MA 01003 
Department 

Frank L .  Raberge 
A l l i e d - S i g n a l  Aerospace CQ 
G a r r e t t  A u x i l i a r y  Powder 

D i v i s i o n  
2739 East Washington S t ree t  
P.O. Box 5227 
Phoenix, A Z  85010 

. E r i c  Roberts 

6 8 7 .  

608. 

689. 

610. 

611. 

612. 

613. 

614. 

615. 

Advanced Ceramic Technology, Inc. 
990 ‘IF” Enterpr ise  S t ree t  
Orange, CA 92667 615. 

Martha Wahr 
U - S .  Department o f  Energy 
Oak Ridge Operations 

TNO TPD Kerarnick 
P.O.  Box 595 
Einhoven 5600 AN 
HOLLAND 

Mark GI* Raas 
Carborundum Company 
P.0. Rsx 156 
Niagara F a l l s ,  NY 14302 

Michael Wossetti 
A r thu r  D. L i t t l e ,  I n c ,  
15 Acorn P a r k  
Cambridge, MA 01240 

Barry R. Wossing 
Lanxide Corporat ion 

Steven b .  Rat2 
L u b r i r o l  Corporat ion 
29400 lake1 and Boul w a r d  
Wiekl i f f e ,  Qr i  44092 

Bruce Rubi nger 

One Devonski re  P1 ace 
Su i te  1011 
Boston, MA 02109 

p e t i t  i veness 9 Inc .  

Robert Ruh 

Wr ight -Pat terson AFB, QH 45433 

r i g h t  Laboratory 
L/MLLM 

Robert J. Russel l  
17 Highgate Road 

L .  Wi l l i am Sahley 
a t e r i  a? s Company 
High1 and Road 

Richmond Heights,  OK 4 



617. Jon A. Salem 
NASA Lewis Research Center 
21000 Brookpark Center 
Cleveland, OH 44135 

618. W ,  A. Sanders 
NASA Lewis Research Center 
21000 Brookpark Road 

Cleveland, OH 44135 
MS:49-3 

619. J. Sankar 
Nor th  Caro l ina  A&T Sta te  

Department o f  Mechanical 

Greensboro, NC 27411 

U n i v e r s i t y  

Engineer ing 

620. Vin K. Sar in 
Boston U n i v e r s i t y  
Department o f  Manufactur ing 

Engineer ing 
44 Cummington S t ree t  
Boston, MA 02215 
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625. 

626. 

627. 

628. 

629. 

621. Yasushi Sat0 
NGK Spark Plugs (U.S.A.), Inc .  
1200 Business Center Dr ive ,  

M t .  Prospect, I L  60056 630. 
S u i t e  300 

622. Maxine L. Sav i t z  

Company 

D i v i s i o n  631. 

A1 1 ied-Signal  Aerospace 

G a r r e t t  Ceramic Components 

19800 South Van Ness Avenue 
Torrance, CA 90501 

623. Ashok Saxena 
Georgia I n s t i t u t e  o f  Techno1 ogy 632. 
Mate r ia l s  Engineering 
A t lan ta ,  GA 30332-0245 

624. David W, Scanlon 
I n s t r o n  Corporat ion 633. 
100 Royal1 S t ree t  
Canton, MA 02021 

Charles A. Schacht 
Schacht Consul t ing Services 
12 Hol land Road 
P i t tsburgh,  PA 15235 

Richard Schapery 
Texas A&M U n i v e r s i t y  
C i  v i  1 Eng i neer i ng Department 
Col lege Sta t ion ,  TX 77843 

Jim Schienle 
A l l i e d - S i g n a l  Aerospace Company 
G a r r e t t  A u x i l i a r y  Power D i v i s i o n  
2739 East Washington S t r e e t  
Post O f f i c e  Box 5227, MS:1302-2P 
Phoenix, AZ 85010 

L i  se l  o t t e  J a Schio l  e r  
A i r  Force O f f i c e  o f  S c i e n t i f i c  

Res e arch 
Bo1 1 i n g  AFB 
Washington, DC 20332-6448 

Richard A .  Schmidt 
B a t t e l l e  Columbus Laborator ies 
Mechanics Sect ion 
505 King Avenue 
Columbus, OH 43201-2693 

Arn ie  Schneck 
Deere & Company Technical 

Post O f f i c e  Box 128 
Wood-Ridge, NJ 07075 
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John C .  Schneider 
San Juan Technologies 
P.O. Box 49326 
Col orado Spr i ngs, CO 80949-9326 

Gary Schni t t g r u n d  
Rocketdyne, BA05 
6633 Canoga Avenue 
Canoga Park, CA 91303 

Mark Schomp 
Lonza, Inc .  
Corporate Headquarters 
17-17 Route 208 
F a i r  Lann, NJ 07410 
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Joop Schoonman 642. 
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Laboratory f o r  Inorgan ic  
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P.O. Box 5045 
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THE NETHERLANDS 

John Schuldies 
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Technology, Inc .  
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Ann Arbor, M I  48103 

644. 
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Washington, DC 20585 

Murray A. Schwartz 
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30 Orchard Way, Nor th 
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Thomas M. Sebestyen 
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Coors Ceramics Company 
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T.  6 .  Selover 
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Robert S. Shane 
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Ceramics Engineer ing 
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674. 

675 

Ra f a1 So botows ki 
B r i t i s h  Petroleum Company 
Technica l  Center, Broadway 
3092 Broadway Avenue 
Cleveland, OH 44115 

E .  Sol idum 
A l l  i e d - S i g n a l  Aerospace 

Company 
G a r r e t t  Ceramic Components 

D i  v i  s i  on 
19800 South Van Ness Avenue 
Torrance, CA 90509 

S. Somiya 
N i s h i  Tokyo U n i v e r s i t y  
3-7-19 S e i j o ,  Setagaya 
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Thomas 14. Sopko 
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Boyd W .  Sorenson 
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NASA Lewis Research Center 
21000 Brookpark Road 

C l  eve1 and OH 44135-3191 
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Pos t  O f f i c e  Box 663 
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I C 1  Advanced Ceramics 
2055 East Techno1 ogy C i  r c l  e 
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676. Gordon 1, S t a r r  
e Company, I n c ,  

M a i l  Code 58182 
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677. Jim Stevenson 
W i  ndrock, Inc. 
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678. Tom S t i l l w a g o n  
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P o s t  O f f i c e  Box 42Q 
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1801 B u i l d i n g  
Mid land,  M I  48674 
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681. Roger Storm 
Carborundum Cofflpa~ 
N iagara  F a l l s  Tech 
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Owings M i l l s ,  M 

Center  

682. P e t e r  A.  Stranges 

683.  F. W .  S t r i n g e r  
Aero & I n d u s t r i a l  

P.O. Box 46 kdoodtop 
Burn ley  Lancs 8811 48X 
ENGLAND 

Technol ogy L t d "  
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Thomas N. Strom 693. 
NASA Lewis Research Center 
21000 Brookpark Road 
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J e r r y  Strong 
A l b r i g h t  81 Wilson 694 
Post O f f i c e  Box 26229 
Richmond, VA 23260 

M. F .  St roosn i j de r  695. 
I n s t i t u t e  f o r  Advanced Mate r ia l s  
J o i n t  Research Centre 
21020 I s p r a  (VA) 
ITALY 

T. S .  Sudarshan 
Mate r ia l s  Mod i f i ca t i on ,  I nc .  
2946-2H S1 eepy Hol 1 ow Road 
P.O. Box 4817 
F a l l s  Church, VA 22044 

Karsten Styhr  
30604 Ganado Dr i ve  
Rancho Palos Verdes, CA 90274 

Richard Suddeth 
Soeing Motor A i rp lane Company 
Post O f f i ce  Box 7730 

Wichi ta ,  KS 67277 
MS:K-76-67 

M. J. Sundaresan 
U n i v e r s i t y  o f  M i a m i  
Mechanical Engineering 

Department 
P.O. Box 248294 
Coral Gables, FL 33124 

Paul Sutor 
Midwest Research I n s t i t u t e  
425 V o l  ker  Soul evard 
Kansas City, MO 64116 

P. L. Sutton 
U.S. Department o f  Energy 
O f f i c e  o f  Transpor tat ion 

1000 Independence Avenue, S.W. 
Fo r res ta l  B u i l d i n g  CE-322 
Washington, DC 20585 

Technologies 

696. 

697. 

698. 

699. 

700. 

W i l l a r d  W .  Sutton 
Un i ted  Technologies 

Research Center, MS:24 
S i  1 ve r  Lane 
East Har t fo rd ,  CT 05108 

Corporat ion 

Ron Sviben 
100 Inde l  Avenue 
Rancocas, NJ 08073 

J .  J. Swab 
U. S .  Army Mater i  a1 s Technol ogy 

Ceramics Research D i v i s i o n  

405 Arsenal S t ree t  
Watertown, MA 02172 

Laboratory 

SLCMT-EMC 

John W. Swain, Jr. 
Kollmorgen Corporat ion 
PCK Technology D i v i s i o n  
15424 Garr ison Lane 
Southgate, M I  48195 

Robert E;  Swanson 
Metalworking Technology, Inc .  
1450 Scalp Avenue 
Johnstown, PA 15904 

Steve Szaruga 
A i r  Force Wright Aeronaut ical  

Laboratory 
Ma te r ia l s  D i r e c t o r a t e  
WL/MLBC 
Wright -Pat terson 

AFB, OH 45433-6533 

Yo Tajima 
NGK Spark Plug Company, L td.  
NTK Technical Ceramic D i v i s i o n  
2808 Iwasaki 
Komaki-shi A ich i -ken 485 
JAPAN 

Anthony C .  Tay lor  
U . S .  House o f  Representat ives 
Committee on Science and 

Rayburn Bu i l d ing ,  Room 2321 
Washington, DC 20515 

Technol ogy 
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705. 
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707. 

708. 

709. 

Fred Teeter 
5 Tralee Terrace 
East Amherst, NY 14051 

Moni ka 0 .  Ten Eyck 
Carborundum Company 
Techno1 ogy D i  v i  s i  on 
Post O f f i c e  Box 832 
Niagara F a l l s ,  NY 14302 

David F. Thompson 
Corning G1 ass  Works 

Corning, NY 14831 

Eberhard Tiefenbacher 
Dairnler-Benz AG Abt. F1S 
Mercedes-Strabe 136 
S t u t t g a r t  60 
G ERMANV 

SP-DV-02-1 

John K. Tien 
Col umbi a Uni v e r s i  t y  
Center f o r  S t r a t e g i c  Ma te r ia l s  
1137 S . W .  Mudd B u i l d i n g  
New York, NY 10027 

T.  Y. T ien 
U n i v e r s i t y  o f  Michigan 
Mater i a l  s Science and 

Dow Bui 1 d ing  
Ann Arbor, M I  48103 

Engineer ing Department 

J u l i a n  M. T i s h k o f f  
A i r  Force O f f i c e  o f  S c i e n t i f i c  

AFOSR/NA 
B o l l i n g  AFB, DC 20332-6448 

Research 

Louis  E. l o t h  
Nat ional  Science Foundation 
D i v i s i o n  o f  M a t e r i a l s  Research 
1800 "G" S t r e e t ,  N.W. 
Washington, DC 20550 

D. M. Tracey 
Norton Company 
Advanced Ceramics 
Goddard Road 
Northboro, MA 01532-1545 

710. Richard E .  Tress le r  
Pennsylvania S ta te  U n i v e r s i t y  
Ceramic Science and 

Engineer ing Department 
201 S t e i d l e  B u i l d i n g  
U n i v e r s i t y  Park, PA 16802 

711. D ick  T r i p p e t t  
A l l i s o n  Gas Turbine 

I n d i  anapol i s ,  I N  46206-0420 
P.O. BOX 420, MS:W-16 

712. L. J, T ros te l ,  Jr.  
Box 199 
Pr inceton,  MA 01541 

713. W. T. Tucker 
General E l e c t r i c  Company/CRD 
B u i l d i n g  K1-4C35 
P. 0. Box 8 
Schenectady, NY 12301 

714.  Maranori Ueki 
Nippon Steel  Corporat ion 
Centra l  R&D Bureau 
1618 I d a  
Nakahara-Ku Kawasaki 211 
JAPAN 

715. F i l i p p o  M. U g o l i n i  
ATA Studio 
Via Deg l i  Sc ip ion i ,  268A 
RQMA 00192 
ITALY 

716. Donald L. Vaccari 
General Motors Corporat ion 
A l l i s o n  Gas Turbine D i v i s i o n  
2001 South l i b b s  Avenue 
Post O f f i c e  Box 420 
Speed Code T l O B  
Ind ianapo l is ,  I N  46206-0420 

717. C a r l  F. Van Conant 
Bor ide Products, Inc .  
2879 Aero Park Dr i ve  
Traverse City, M I  49684 
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718. Marcel H. Van De Voorde 725. 
Commission o f  the  European 

Communities 
I n s t i t u t e  f o r  Advanced 

Mater i  a1 s 
J o i n t  Research Centre 
P.O. Box 2 726. 
1755 ZG Petten 
THE NETHERLANDS 

719. 0. Van Der B i e s t  
Kathol  i eke  Uni v e r s i  t e i  t Leuven 
Departement Metaal kunde en 

Toegepaste 
de Croylaan 2 
B-3030 Leuven 
BELGIUM 

720. Edward C.  Van Reuth 
Technology St ra teg ies ,  I nc  
10722 Shingle Oak Court 
Burke, VA 22015 

721. Mark Van Roode 
Sol a r  Turbines, Inc .  
2200 P a c i f i c  Highway 
Mai l  Zone R - 1  
San Diego, CA 92138 

722. Michael Vanni e r  
Washington Un ive rs i t y ,  

Ma l l i nck rod t  I n s t i t u t e  o f  

510 South Kings Highway 
S t .  Louis, MO 63110 

S t .  Louis 

Rad i o l  ogy 

723. Stan Venkatesan 
Southern Coke & Coal 

Corporat ion 
P.O. Box 52383 
Knoxv i l l e ,  TN 37950 

724. V.  Venkateswaran 
Carborundum Company 
Niagara F a l l s  R&D Center 
Post O f f i c e  Box 832 
Niagara F a l l s ,  NY 14302 

727. 

728. 

729. 

730. 

731. 

732. 

Dennis V iechn ick i  
U.S. Army Mate r ia l s  Technology 

405 Arsenal S t ree t  
Watertown, MA 02172-0001 

Laboratory 

Ted Vojnovich 
U.S. Department o f  Energy 
O f f i c e  o f  Transpor ta t ion  

1000 Independence Avenue, S.W 
For res ta l  B u i l d i n g  CE-34 
Washington, DC 20585 

Technol og i  es 

John D. V o l t  
E. I. Dupont de Nemours & 

P.O. Box 80262 
Wilmington, DE 19880 

Company, Inc .  

John B. Wachtman 
Rutgers U n i v e r s i t y  
Ceramics Department 
Post O f f i c e  Box 909 
Piscataway, NJ 08855 

Sh i ge t  aka Wada 
Toyota Centra l  Research 

Labs, I nc .  
Nagakute A i c h i  480-11 
JAPAN 

Janet Wade 
A1 1 ied-Signal  Aerospace 

Company 
G a r r e t t  A u x i l i a r y  Power 

D i v i s i o n ,  Department 93-772 
2739 East Washington S t ree t  

Phoenix, AZ 85010 
P.O. BOX 5227, MSt1303-2 

Richard L. Wagner 
Ceramic Technol og i  es, Inc .  
537 T u r t l e  Creek South Dr ive,  

Ind ianapo l is ,  I N  46227 
Su i te  24D 

Daniel  J .  Wahlen 
Kohler,  Co. 
444 Highland Dr i ve  
Kohl e r ,  W I 53044 
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733,  I n g r i d  Wahlgren 
Royal I n s t i t u t e  o f  Technol ogy 
S tudsv i  k L i b r a r y  
S-611 82 Nykoping 
SWEDEN 

734. Ron H. Walecki 
G a r r e t t  Ceramics 

Torrance, CA 90501 
0 Van Ness Avenue 

735. Michael  S .  Wa1sh 
Vapor Technol o g i  es Inc ,  
2100 C e n t r a l  Avenue 
Boulder ,  CO 80301 

736. Chien-Min Wang 
I n d u s t r i  a1 Technology Research 

M a t e r i  a1 s Research L a b o r a t o r i e s  
195 Chung-Hsing Road, Sec. 4 
Chutung Hsinchu 31015 R.O.C. 
TAIWAN 

I n s t i t u t e  

737. Rober t  H. Washburn 
ASMT 
11203 Colima Road 
W h i t t i e r ,  CA 90604 

738, H a r l a n  L. Watson 
U . S .  House o f  Represen ta t i ves  
Committee on Science and 

Rayburn B u i l d i n g ,  S u i t e  2321 
Washington, DC 20515 

Technol ogy 

739. John 0. Watson 
Broken H i  11 P r o p r i e t a r y  

Company, L t d .  
Melbourne Research 

L a b o r a t o r i e s  
245 W e l l i n g t o n  Road 
Mulgrave 3170 V i c t o r i a  
AUSTRALIA 

740. Gera ld  Q .  Weaver 
Carborundum Speci a1 t y  Products 
42 L inus A l l a i n  Avenue 
Gardner, MA 01440-2478 

741. 
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7 4 5 .  
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Argonne N a t i o n a l  Labora to ry  

9700 South Cass Avenue 
Argonne, I L  60439 

MCT-2 12 

Ludwig W e i l e r  
ASEA Brown Bover i  AG 
Corpora te  Research 
Eppelheimer S t r .  82 

GERMANY 

James We s s e l  
Dow Corning C o r p o r a t i o n  
1800 "M" S t r e e t ,  N.W., 

S u i t e  325 South 
Washington DC 20036 

A l b e r t  R .  C .  Westwood 
M a r t i n  M a r i e t t a  L a b o r a t o r i e s  
R&D 
1450 South R o l l i n g  Road 

Thomas J .  Whalen 
Ford Motor Company 
26362 H a r r i e t  
Oearborn Heights ,  #I 48127 

I a n  A. White 
Hoeganaes 
R i v e r  Road and T a y l o r s  Lane 
R i v e r t o n ,  NJ 08077 

A1 an Whitehead 
General E l e c t r i c  Company 
1 R i v e r  Road, 55-111 
Schenectady, NY 12345 

Sheldon M. Wiederhorn 
N a t i o n a l  I n s t i t u t e  o f  Science 

B u i l d i n g  223, Room A329 
Gai thersburg,  

and Technol ogy 
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750. 

751. 
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753. 

754. 

755.  

756, 

D. S. W i l  k inson 
McMaster U n i v e r s i t y  
Mater i  a1 s Science and 

Engineering Department 
1280 Main St ree t ,  West 
Hamil ton Ontar io  L8S 4L7 
CANADA 

James C. Wi l l iams 
General E l  e c t r i  c Company 
Engineer ing Ma te r ia l s  

One Neumann Way 
Mai l  Drop: H85 
C inc inna t i ,  OH 45215-6301 

Technol ogy Labs 

Janet te  R. Wi l l iams 
Kol lmorgen Corporat ion 
PCK Technology D i v i s i o n  
322 L.I.E. South Service Road 
M e l v i l l e ,  NY 11747 

Steve Wi l l iams 
RCG Hagler B a i l l y ,  Inc .  
370 L’Enfant Promonade, S.W., 

Washington DC 20024 
Su i te  700 

Cra ig  A. W i l l  kens 
Norton Company 
Advanced Ceramics 
Goddard Road 
Northboro, MA 01532-1545 

Roger R. W i l l s  
TRW, I nc .  
Valve D i v i s i o n  
1455 East 185th S t ree t  
Cleveland, OH 44110 

David Gordon W i l  son 
Massachusetts I n s t i t u t e  o f  

Mechanical Engineering Department 
77 Massachusetts Avenue, 

Cambridge, MA 02139 

Technol ogy 

Room 3-455 

757. 

758. 

759. 

760. 

761. 

762. 

763. 

Matthew F .  Winkler 764. 
Seaworthy Systems, Inc .  
P.O. Box 965 

Gerhard Winter 
Hermann C. S ta rck  B e r l i n  GmbH, 

Werk Goslar 
P.O.  Box 25 40 
D-3380 Gosl a r  3380 
GERMANY 

W .  L. Winterbottom 
Ford Motor Company 
Mater i  a1 Systems Re1 i abi  1 i t y  

Department 
20000 Rotunda Dr i ve  
SRL, Room E-3182 
P.O. Box 2053 
Dearborn, M I  48121 

David W i  r t h  
Coors Ceramics Company 
600 9 t h  S t ree t  
Golden, CO 80401 

Thomas J. Wissing 
Eaton Corporat ion 
Engineer ing & Research Center 
26201 Northwestern Highway 
Post O f f i c e  Box 766 
South f ie ld ,  M I  48037 

James C .  Withers 
MER Corporat ion 
7960 South Kolb Road 
B u i l d i n g  F 
Tucson, AZ 85706 

Dal e W i t tmer 
Southern I l l i n o i s  U n i v e r s i t y  
Department o f  Mechanical 

Carbondal e ,  I L 62901 
Engineer ing 

Stanley M. Wolf 
U.S. Department o f  Energy 
O f f i c e  o f  I n d u s t r i a l  

Technologies 
1000 Independence Avenue, S.W. 
For res ta l  B u i l d i n g  CE-232 
Washington, DC 20585 

Warren W. Wolf 
Owens Corning F i  berg1 ass 
2790 Columbus Road, Route 16 

Essex, CT 06426 Granv i l l e ,  OH 43023 



551 

765. 

766. 
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George W. Wol t e r  773 
Howmet Turbine Components 

Corporat ion 
Technical  Center 
699 Benston Road 
Whi teha l l ,  M I  49461 

James C. Wood 774 I 

NASA Lewis Research Center 
21000 Brookpark Road 

Cleveland, OH 44135 
MSz86-6 

Mar r i  11 Wood 
LECO Corporat ion 
Augusta D i v i s i o n  
P.O. Box 211688 
Augusta, GA 30917-1688 

775. 

776. 
John H. Woody, Jr. 
D. M. Steward Mfg. Company 
1200 East 36th S t r e e t  
P.O. Box 510 
Chattanooga, TN 37401 

Wayne L. Wor re l  1 
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