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CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT 
FOR OCTOBER 1991 THROUGH MARCH 1992 

SUMMARY 

The Ceramic Technology Project was developed by the Department of 
Energy’s Office of Transportation Systems (0x5) in Conservation and 
~ e ~ ~ w a ~ l e  Energy. This project, part af the OTS’s blaterials Development 
Program, was developed to meet the ceramic t e c ~ n o ~ o g ~  requirements o f  the 
0?STs ~ ~ t ~ ~ ~ t ~ ~ ~  technology programs. 

Significant accomplishme~ts in fabricating ceramic components for the 
~ ~ ~ a ~ ~ * ~ ~ ~ ~ ~  of  Energy (DQE), National Aeronautics and Space Administration 

A S A ) ,  and Department of efense (DoD9 a ~ v a n ~ e ~  heat engine programs have 
provided evidence that the operation caf ceramic parts i n  ~ i ~ ~ - t e ~ p e r a t ~ r e  
engine environments i s  feasible. However., these programs have also 
demonstrated that additional research i s  needed in materials and processing 
dwelopment, design ~ ~ ~ t ~ o ~ o ~ o ~ y ,  and data base and l i f e  prediction before 
industry will have a sufficient technology base from which to produce 
reliable cost-effective ceramic engine components commercially. 

developed with extensive input from private industry. 
o r i g i n a l  plan was updated through the estimated completion of develapment 
in 1993. 
technology base required for reliable ceramics for application in advanced 
automotive heat engines. The project approach includes determining the 
mechanisms controlling reliability, improving processes for fabricating 
existing ceramics, developing new materials with increased reliability, and 
testing these materials in simulated engine environments to confirm relia- 
bility. Although this is a generic materials project, the focus i s  on the 
structural ceramics for advanced gas turbine and diesel engines, ceramic 
bearings and attachments, and ceramic coatings for thermal barrier and wear 
appl icatiosls in these engines. This advanced materials technology i s  being 
developed in parallel and close coordination with the ongoing DOE and 
industry proof-of-concept engine development programs. 
rapid transfer of this technology to U . S ,  industry, the major portion of 
the work is beirig done i n  the ceramic industry, with technological support 
from government laboratories, other industrial laboratories, and 
universities. 

This project i s  managed by ORNL for the Office o f  Transportation 
Technologies, Office of Transportation Materials, and is closely coordi- 
nated with complementary ceramics tasks funded by other DOE offices, NASA, 
DoD, and industry. A joint DOE and NASA technical plan has been estab- 
lished, with DOE focus on automotive applications and NASA focus on aero- 
space appl ications. A common work breakdown structure (WBS) was developed 
to facilitate coordination. 
according to the following WBS project elements: 

An assessment o f  needs was completed, an a five-year project plan was 
In July 1990 the 

The objective o f  the project is to develop the industrial 

To facilitate the 

The work described in this report is organized 
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1.0 Mater ia l s  and Processing 

1 .1  Monalithics 
1.2 Ceramic Composites 
1 .3  Thermal and Wear Coatings 
1 . 4  Joining 

2 . 0  Mater ia l s  Design Methodology 

2.1 Modeling 
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2.3 New Concepts 
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4 . 1  Technology Transfer  

This r epor t  includes cont r ibu t ions  from a l l  c u r r e n t l y  a c t i v e  p ro jec t  
p a r t i c i p a n t s .  
breakdown s t r u c t u r e  o u t l i n e .  

The con t r ibu t ions  a r e  arranged according t o  t h e  work 



D. R. Johnson 
Oak Ridge National Laboratory 

Object i ve/scopc 

T h i s  task includes the technical management o f  the project in 
accordance with the  project plans and management plan approved by the 
Department o f  Energy (DQE) Oak Ridge Field Qff ice ,  an 
Transportation Technologies. ThSs task includes prep ration o f  annual 
f i e ld  work proposals, in i t ia t ion  and ~ a ~ ~ ~ e m e ~ t  o f  subcontracts and 
interagency agreements, and ~ a ~ a ~ ~ ~ e ~ t  of ORNL technical t 

t reports and ba’ onthly reports are provided t o  B 
and semi annual techni ca7 reports are rovided t o  DOE and p 
participants.  I n  addition, the p r ~ g r  
programs sponsored by other DOE o f f i c e  
National Aeronautics and Space A ~ ~ ~ ~ ~ s t r a t ~ ~ ~  (NASA) and t h e  Department o f  
Defense (DOLI) .  T h i s  coordination i s  accomplished by ~ ~ ~ t ~ ~ ~ ~ ~ ~ i Q ~  i n  
bimonthly DOE and NASA j o i n t  management meetings, annual interagency heat  
engine ceramics coordination meetings, OE contractor coordi 
meetings, and DOE Energy Materials Coor inating Committee ( E  
as well as  special coordination 

the Office o f  
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1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

This portion of the project is identified as project element 1.0 
within the work breakdown structure (WBS). It contains four subelernents: 
(1) Monolithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, and 
( 4 )  Jo in ing .  Ceramic research conducted within the Monolithics subelement 
currently includes work activities on green state ceramic fabricatian, 
characterization, and densification and on structural, mechanical, and 
physical properties o f  these ceramics. Research conducted within the 

posikes subelement currently includes silicon carbide, silicon 
nitride, and oxide-based composites. Research conducted in the Thermal and 
Wear Coatings subelement i s  currently limited t o  oxide-base coatings and 
involves coating synthesis, characterization, and determination o f  the 
m ~ c h ~ n i ~ a ~  and physical properties o f  the coatings. Research conducted i n  
the Joining subelement currently includes studies o f  processes t o  produce 
s t rong ,  stable j o i n t s  between zirconia ceramics and iron-base alloys, 

A major o b j e c t i v e  o f  the research in the Materials and Processing 
pi"oject  eleniernt i s  t o  systematically advance the understanding o f  the 
re1 ationships between ceramic raw materials such as powders and reactant 
gases, the process ing  variables involved in producing the  ceramic 
materials, and the resultant microstructures and physical and mechanical 
properties o f  the ceramic materials, Success in meeting this objective 
will provide U.S. companies with new or improved ways for producing 
economical, highly reliable ceramic components for advanced heat engines. 

5 
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1.1 MONOLlTHICS 

1.1.1 Silicon Carbide 

Hi,& Temi3eratrit-e HKXOIOV SX Silicon Carbide 
K. Chia, G. V. Srinivasan, S. K. Lau (The Carbnrundum Company) 

Introduction: 

Hexoloy SX has been demonstrated to possess higher toughness and strength than Hexoloy 
SA@".[l] Its toughness is about 50"/0 to 100% higher than that of SA and its typical room 
temperature M 8 K  value ranges between 620-9 15 MPa (90- 133 ksi). Moreover, these are 
only preliminary data, it is believed that the mechanical properties can be further improved 
via proper optimization of composition, powder selection and processing conditions. 

Scope and Objective: 

The approach taken for this work is to first establish a complete mechanical property 
database and conduct detailed microstructural characterization on the first generation $X 
material currently available. After that, the emphasis will then be focused on the selection 
of a best Sic powder source and the optimization of processing conditions For this first 
generation material via a systematic designed experimental method. In parallel, a 
Carborundum in-house sponsored program with the objective of identifying a second 
generation additive composition with improved high temperature properties will also be 
conducted. Once this second generation composition is identified, the information will be 
fed into the current program. Then further experiments will be conducted to optimize the 
properties of this second generation SX material. Finally, the complete property database 
will then be established for the second generation composition. 

The three major objectives for the current program are as follows: (1) to establish property 
database and conduct detailed characterization for the current besr SX material, (2) to 
improve the processing conditions of that material via a designed experimental method, and 
( 3 )  to develop a second generation SX material with improved properties. 

Task 1 Objective: Complete Characterization of Generation I SX-Sic Material. 

From previous internal work at Carborundurn, a particular composition of Hexoloy SX, SX-GI 
with 2 wt% total additive has been chosen for this task. 

Experiments: 

&mple PreDaration: Two twenty pound batches of SIC powder were mixed with sintering 
additives, and spray dried into soft, flowable agglomerates. The powder was compacted into 
63.5 mm square plates and subsequently isostatically pressed to 117 MPa. The green plates 
were pressureless sintered and post-treated to >99% theoretical density. The plates were then 
machined into flexural bars of size 3 x 4 x 48 mm. In fabricating the tensile specimens, green 
rods of length 216 rnm and diameter 21 m m  were isostatically pressed to 117 MPa. They were 
pressureless sintered to about 96% theoretical density. The density was enhanced to 299% by 
a post-treatment process. The dense rods were then machined into ORNL button-head type 
tensile specimens. 

* Hexoloy SA, registered trade mark of Carborundum Company 
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- Mechanical PrQDertieS Evaluation: Detailed microstructural and mechanical property 
characterizations were conducted on the samples fabricated. The mechanical properties 
evaluated included fracture toughness, flexural strcngth, tensile strength, dynamic fatigue, 
stress rupture and creep. 

The fracture toughriess (ICIc) was determined by the chevron notch technique. Chevron 
notches were cut in bars of size 3 x 4 x 48 mm which were subsequently fractured at a 
cross-head speed of 0.5 mm/min. in four-point bending. KIc was evaluated using the fracture 
load from 5 samples each at RT, 1000, I232 and 13'70"C, respectively. 

Flexural strength was evaluated on MII, STD 1942 bars ( 3  x 4 x 48 mrn) in four-point bending 
at a cross-head speed of 0.5 mm/min. with 20 and 40 mm inner and outer spans. Flexural 
strength was evaluated for 20 bars each at RT, 1000, 1232 and 13'70"C, respectively. 

'The strength of the SX-GI samples was also determined in uniaxial tension. The specimens 
were machined according to the ORNL button-head tensile specimen specification. The 
specimcns were then tested at a stressing rate of 1 1  MPa/sec. using self-aligning Instron Super 
GripT" hydraulic couples in the load train to minimbe specimen bending. The uniaxial tensile 
strengths were determincd at room temperature, i000, 1232 and 1370°C. These tension tests 
were carried out at the ORIVI-/HIML User Facility. 

Dynamic Fatigue tests were conductPd at 1232 and 1370°C in four-point bending using MIL 
STD. 1942 flexure bars. About 6 specimens were tested at each of three loading rates covering 
three orders of magnitude. Stress rupture experiments were al5o conducted at 1232 and 1370°C 
in four-point bending. The load-point deflection of each specimen w/as monitored during 
the testing 

Creep tests were conducted in uniaxial tension at 1260, 1370, aiid 1450°C. Strain rates were 
determined using extensometers at several tempenatures ranging from 3260 to 1450"C, and at 
several stress levels ranging from 50 MPa to 250 MPa. 

Extensive microstructural and fractographic analysis were conducted using both optical and 
scanning electron microscopy (SFM). When needed, scanning Auger electron micioscopy 
(AEM) was also used to identify the chemistry of the fracture origin(s). 

Results 

Microstructural Characterization: The typical microstructure for a polished surface of SX-GI 
sample is shown in Figure 1. The brighter regions in the backscattered SEM image is deduced 
to be YAG. XRD also revealed that the major second phase in the SX-Gl is YAG. An 
etched microstructure is shown in Figure 2 The S ic  grains are equiaxed with a narrow grain 
s i x  distribution. The average grain size is estimated to be 1.5 pm. 

Toughness and Strength: The fracture toughness, KIC, determined as a function of temperature 
is shown in Figure 3. The ICIc of SX-GI decreases from 4.05 MPa ~f at room temperature 
to 2.6 MPa mi at 1370°C. The KIc for single phase a-SiC is also shown for comparison.[2] 
Note that thc KIc for a-Sic remains unchanged at all temperatures, while KIc for SX-GI 
demeases at elevated temperatures. 

It has been proposed that the increase in toughness of SX relative to SA is due to a microcracking 
mechanism resulting from residual stresses developed by the coefficient of thermal expansion 
(CTE) mismatch bet Lveen SIC and YAG.[3] At elevated temperatures, the residual stresses 
are reduced and a decrease in fracture toughness is expected. The observation that toughness 
decreases with increasing temperature is hence consistent with the proposed toughening 
mechanism in SX-Sic materials. 



9 

f 

180 -52 -1  SOLID S T A T E  B E 1  
1 O K x  # 6 9 5 2  I r  - = 

Figure 1 .  Microstructure from the polished surface. 

Figure 2. Microstructure from the etched surface. 
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Figure 3. Fracture toughness of Sic  materials as a function of temperature. 

The strengths of SX-GI measured from four-point bending and uniaxial tension at various 
temperatures are shown in Figure 4. Note that the uniaxial tensile strength variation with 
temperature is similar to that of the flexural strength. However, at a given temperature, the 
tensile strengths are consistently lower due to the larger effective volume of the button-head 
specimen. The strength decrease with an increase in temperature is consistent with the K,, 
reduction at high temperature. 

Strength L imitinn Defects Optical fractography was performed on all of the fractured 
specimens. Selected specimens were analyzed using SEM and scanning AEM. Figure 5 shows 
a fracture surface and failure origin from a typical flexure bar tested at room temperature. 
The same sample was examined in the Scanning Auger Electron microscope. Elemental mapping 
obtained from AEM suggest that the fracture origin consisted of elemental Si and Y-AI-0 
phases. 

Similar volume flaws were identified as the strength limiting defects in all the tensile specimens 
tested at room temperature, 1000 and 1232°C. Figures 6 and 7 show typical fracture origins 
which are very similar to those observed in the flexural specimens. 

It is interesting to note that although the strength limiting flaws are associated with the 
formation of elemental silicon and a nearby void area, the starting powder premix does not 
contain any significant amount of elemental Si to explain for the presence of Si in all the 
specimens. One possibility is, therefore, that the Si forms as a product of some reaction that 
occurs in the system SiC-Al2O3-Y20, during sintering as reported previously in the literature.[4] 

The fracture behavior at 1370°C was different than that noted above. In the flexural tests, 
all the specimens failed from the surface. Figure 8 shows a typical fracture surface and failure 
origin. Note the appearance of a 'glassy phase' along the fracture origin. Elemental mapping 
of the 'glassy phase' was conducted in scanning AEM. The composition of the 'glassy' phase 
was deduced as YAlSiO,. When the tensile specimens were tested at 1370°C and at higher 
stress rates (1 1 MPa/sec.), the failures were from a volume flaw as shown in Figure 9. This 
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Figure 4. Flexure and tensile strength of SX-GI as a function of temperature. 

flaw i s  very similar to those shown in Figures 6 and 7. However, when the tensile specimens 
were tested at 1370°C under a lower stress rate (0.11 MPa/sec.), the failure originated from 
the surface, as shown in Figure 10. Such failure origins were very similar to the ones observed 
on the flexural specimens tested at 1370°C. The stress-strain plots for tension tests performed 
at 1370°C for various stress rates is shown in Figure 1 1 .  Note the non-linear behavior a t  
lower stressing rates suggesting probable slow crack growth. The average strengths, Weibull 
modulus, and the defect type obtained from flexural tests, and tension tests are summarized 
in Tables la and lb. 

Fatime Results: Dynamic fatigue experiments were done in four-point flexure at 1232 and 
1370°C. Constant stress rates were used, which varied between 0.633 MPa/sec. to 63.3 MPa/sec. 
The average strengths measured at various stress rates are shown in Figure 12, The slow crack 
growth parameter is calculated using the relation: 

where uf  is the fracture strength, a is the stressing rate and 'N' is the slow crack growth 
parameter. The slow crack growth parameter 'N' is calculated from the slope of the best fit 
regression line. At 1232°C there is very little reduction in strength at lower stress rates and 
hence a very high slow crack growth parameter of 51.6 was obtained. Also, the failures 
corresponded to volume defects, very similar to the defects observed in flexural bars used for 
strength evaluation, as shown in Figure 5. However, at 137Q"C, there was a definite strength 
reduction at lower stress rates, indicative of slow crack growth (N-14.5). At 13704C, all the 
specimens failed from surface flaws. The fracture origins were very similar to the one shown 
in Figure 8. 
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Figure 5. Fracture surface of a flexural bar tested at room temperature. 
Strength at Flaw = 786 MPa. 
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(b) 

Figure 6. Fracture surface of a tensile specimen tested at room temperature. 
Tensile strength = 41 1 MPa. 
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Figure 7. Fracture surface of a tensile specimen tested at room temperature. 
Tensile strength = 567 MPa. 
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(b) 
Figure 8. Fracture surface of a flexural bar tested at 1370°C. Flexural strength = 420 MPa. 
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Figure 9. Fracture surface of a tensile specimen tested at 1370°C under a constant stress rate 
of 1 1  MPA/sec. Tensile strength 3: 309 MPa. 
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Figure 10. Fracture surface of a tensile specimen tested at 1370°C under a constant stressing 
rate of 0.1 1 MPa/sec. Tensile strength = 279 MPa. 
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Figure 11. Stress-strain plots for tensile samples tested at 1370°C. 

TABLE l a  
Flexure Data 

TABLE l b  
Tensile Strength Data 

Stress Ultimate 
Tensile 
Strength 

MPa (ksi) 

446 (64.7) 

1000 I 8 I 11 I 384 (55.7) 
325 (47.2) 

286 (41.5) 

0.1 1 281 (40.8) 

Weibull 
Modulus 

3.0 

6.5 

4.3 

4.5 

Flaw 

Volume defects, 
Si containing region 

n 

0 

II 

Surface, glassy phase 
formation 
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Figure 12. Dynamic fatigue behavior of SX-GI. 

Stress rupture experiments were also conducted in four-point flexure at 1232 and 1370°C. 
The failure time for a given stress level was recorded and the applied stress vs failure time 
plot is shown in Figure 13. The slow crack growth parameter was estimated using the relation 

t ,  a cp 
where t is the failure time, is the constant applied stress and 'N' is the slow crack growth 
parameter. The slow crack growth parameter was estimated as 75 at 1232°C. Again, a high 
value of N at 1232°C suggests very little or negligible slow crack growth or fatigue behavior. 
However, the fact that N decreased to 16.9 at 1370°C indicates that significant slow crack 
growth occurred at this temperature. These results are in good agreement with those obtained 
from the dynamic fatigue flexural results. 

The slow crack growth here appears to be associated with the glass phase formation at the 
surface. Since the glass phase formation is associated with the tensile surface, this slow crack 
growth can be classified as environmentally induced slow crack growth. 

w: Creep tests were carried out in uniaxial tension at 1260, 1370 and 1450°C. Very little 
or negligible deflection was recorded at 1260°C at stresses varying between 200 and 250 MPa. 
At 1370 and 1450°C measurable steady-state strain rates were obtained. Figure 14 shows a 
plot of steady-state strain rate vs applied stress at 1370 and 1450°C. A multiple lines regression 
analysis was used to determine the creep parameters from the generalized creep relation 

i a o n e x p -  (A) 
where i is steady state strain rate, o is the stress, and 'n' is stress exponent, Q is activation 
energy, R is gas constant, and T is the absolute temperature. The values of 'n' and 'Q' were 
estimated as 2.4 and 720 kJ/mol., respectively. Notice that the steady-state strain rates were 
between 10-9 and 2 x 10-8/sec. 
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Summary of Task 1: 

Extensive mechanical characterization on SX-Generation I composition has been completed 
with the following results: 

o A mean flexural strength value of 780 MPa has been obtained at room temperature. 

o Strength decreases at elevated temperatures, primarily due to reduction of Kit. 
o The SX-GI material appears to be susceptible to slow crack growth at 1370"C, while at 

1252OC there was very little or negligible slow crack growth or fatigue behavior. 

The SX-GI material appears to possess good creep resistance, despite an oxide second 
phase in the material. 

o 

Task 2 Objective: SIC Powder Selection. 

Experiments: 

Five 2-1/2" square plates from each of the mixes made from Sic powder sources A, B, C, 
D, E and F were sintered and post-treated. The particle size distribution, surface area and 
sintered and final densities for these powders were reported in Table 2. Limited mechanical 
tests and fracture analysis were evaluated and the results were listed in Table 3. 

Based on the sinterability and the mechanical strength data, powder A was selected for the 
remaining tasks. 

Task 5 Objective: Development of an Improved Dispersion Process. 

Experiments and Results: 

For the Task 5 improved sintering aid distribution work, three approaches were explored. 
The first one was to use chemical precursor sintering aids. Three mixes were prepared 
with additives from chemical precursors. The total additive levels were 2 w/o, 2.5 w/o 
and 3.0 w/o. Sintered densities of 70%, 88% and 81°/0 T.D. obtained were lower than 
controlled mix (95.5% T.D.). Chemical analysis for these 3 mixes showed relatively high 
free carbon contents (1.20 w/o, 1.15 w/o and 1 . I 2  w/o). This was believed to be the cause 
of low sintered density. 

The second approach was focused on improving premix uniformity by intensive grinding 
of sintering additives. Using the lab size attrition mill, the sintering additives were ground 
to a median size of 0.50 to 0.55 pin from an as-received size of between 3.0 to 4.9 pm. 

With these grounded sintering additives. Three mixes were prepared with total additives 
of 2 w/o, 2.5 w/o and 3.0 w/o. Densities of 72%, 90% and 93% T.D. were obtained for 
these three mixes, again those densities were lower than the controlled mix. 

High energy Turbomilling was the other technique investigated. Professor Wittmer of 
Southern Illinois University was retained as a consultant for this task. Using the Turbomill 
in his lab, high surface area mixes (up to 22.8 mZ/gm) were obtained. More significantly, 
green densities as high as 66Yo were achieved on filtered cakes. Samples were sintered and 
post-treated to high densities except the ones from WR5 mix was milled with sintered 
Y-ZrO, grinding media. It was suspected that contamination from Y2Q3-Zr02 media wear 
was responsible for the poor sintering. It should also be noted that all these samples were 
prepared by a filter pressing technique without the use of any binder. As a result these 
filtered cake samples showed a lot of cracks after sintering. 

Due to this cracking problem, only limited number of samples were obtained for MOR 
evaluation. These results are listed in Table 4. It can be seen that on the average, turbomilled 
SX samples showed higher MOR strengths than those of the traditionally prepared samples. 
A single all-tirne-high value of 1227 MPa has also been obtained. 



TABLE 2 

Sic POWDER AND SINTERING CHAFUICTERISTICS 
FOR VARIOUS POWDER SOURCE WITH SX-G1 COMPOSITION 

Density A f t e r  
i 

As-Sintesed Apparent P o s t - S i n t e r  Median 90% of % of grains Surface 
Density Poros i ty  Pressure Particle grains, - < a w  A r e a ,  BET 

% T.D. v/ 0 Trea tment  S i z e  - < x p n  m2/gm 
% T.D. 



Table 3 
Task 2: Mechanical Properties for Various Sic Powder Sources 

Surface, Mach. 
It !? 3.07 I 496 6.3 Volume, Voids 269 7.2 SCG & Voids] 9 

I I I I I 1 I I 
F 4.25 648 4 Volume, pools 1 338 15.4 SCG 63.4 

"SGC - Slow Crack Growth 
N 
W 
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T,4BLE 4 

Turbomilling __ .... Results 

SX-GI+ I NA"* 

*Not measured. 

I S i c  1 16.0 1 3.22 1 779 I 20 
I .-._I___ 
I ._. . . . . _.- I 

_^_I-- .- - 

Average strength 13 1 ksi, highest individual strength is 170 ksi. * *  
***Not applied. 
+Conventional process. 

To eliminate the cracking problem, a sixth turbomilled batch duplicating mix WK4 was 
prepared. Instead of using filter-caking with no added binder, this time spray drying with 
an added binder was used. It was found that the cracking problem was indeed resolved. The 
average strength of the samples fabricated from the spray drying route was 903 MPa, with a 
highest single value of 1 172 MPa. Nevertheless, the sinterability was not consistent, because 
a second plate processed the same way was found to exhibit a very low density (<95% T.U.). 
However, based on the exceptional mechanical properties achieved, turbomilling was chosen 
as the processing technique for the rest of the tasks for further study. 

Task 3 Objective: To optimize the current SX-GI material through an experiment design 

The experimental plan for Task 3 has been established based on a design experimental approach 
to optimize the furnacing and post-treatment conditions for SX-G 1. The experimental variables 
chosen included sintering temperature, post treatment temperature and pressure. The responses 
to be monitored included sintered and post-treatment density, room and high temperature 
MOR and K1, as well as dynamic fatigue at 1232°C. Concurrence of the ORNL technical 
monitor was obtained. Five powder mixes were prepared by turbomilling at South Illinois 
University using a new batch of S ic  grit as grinding media. 

Sintered densities for  these five mixes were between 30 to 94% T.D., as compared to ~ 9 5 %  
for  the earlier turbomilled samples. After post-treatment, the densities obtained were in the 
range of 92 to 97%, still below full density. To understand the reason for this low density, 
particle size analysis for these 5 mixes were conducted. Larger particles (21 prn) were detected 
with a IIoriba analyzer. 'BET surface area measurements of these turbomilled mixes were 

methodology. 
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between 16.0 to 17.2 m2/g as compared to >20 mz/g obtained on earlier turbomilled samples. 
Both results indicated the presence of large particles which are believed to be coming from 
wearing of S ic  grit grinding media. 

Review of powder processing data also confirmed that there was about 250 grams.of media 
wear from the grinding grit for each 1500 gm batch mix. Such excessive wear of grinding 
media can have significant effect on retarding the sintering kinetics. 

Earlier Task 5 turbomilled sintered samples were also revisited for analysis of fractured 
surfaces. In one set of the samples that densified poorly, excess grit concentration was observed 
on both etched microstructure and fractured surfaces. In another set that densified well and 
exhibited strengths in excess of 896 MPa (as high as 1227 MPa), fracture analysis revealed no 
obvious fracture origin but no evidence of Si pools nor large grits was found. In other plates 
that also densified well but with somewhat lower strengths (ranging from 620 to 896 MPa), 
occasional grits were found and they were also determined to be strength limiting defects. 
An example of the microstructure with the large grits is shown in Figure 15. 

These results reveal that although turbomilling has shown the potential of achieving 
exceptionally high mechanical properties, processing reproducibility is a major issue. These 
results were reported to ORNL in a review meeting held on April 2 at Carborundum. 

Plan: Inconsistent sintering due to excessive and nonuniform wear of S ic  grit media is a 
major current issue. Several approaches are being investigated to determine whether and how 
this problem can be solved. 

Travel 

G.V. Srinivasan travelled to Oak Ridge to conduct tensile testing, stress rupture and creep 
experiments at HTML/ORNL during October to December of 1991. 

Publications 

"Mechanical properties Evaluation of Generation X SX-Sic," G.V. Srinivasan, K.Y. Chia, S.K. 
Lau, R.S. Storm, M.K. Ferber and M.G. Jenkins. Accepted for presentation/publication at 
the ASME/IGTI Annual meeting at Cologne, Germany, June 1992. 
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Figure 15. Poor densification due to excess 
concentration of grits. 
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1.1.2 Silicon Nitride 

Improved Processina of Ceramic Composites 
D. E. Wittmer (Associate Professor, Southern Illinois University 
at Carbondale, Carbondale, IL 62901) 

Obiective/Scope 

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 Proares 

Phase I I  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 O-Si3N4 Seed Development 
Task 4. Development of D-Si,N4 Seed 
Task 5. Development of Self-Reinforced Si3N4 with Reduced 

Sintering Aids 
Task 6. Final Report 

Task 1. Beneficiation of Sic whiskers 

Task 1 was completed ahead of schedule as reported previously. 

Task 2. Development of aspect ratio reduction parameters. 

Task 2 was completed as reported previously. 

Task 3. Dispersion Trials and BSiJV4 Seed Development 

Task 3 was completed as reported previously. 

Task 4. Development of B-SiJV4 Seed 

Task 4 was completed Completed as reported previously. 
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Task 5. Development of Self-Reinforced S i p 4  with Reduced 
Sintering Aids 

Task 5 was completed during this reporting period. During this 
reporting period work has continued on the preparation and property 
measurement for A2Y6 and A4Y6 compositions with the addition of 5 wt.% 
O-Si3N, seed produced as part of Task 4. Several discs processed by 
turbomilling and pressure casting have been isopressed and sintered. 
Some of these discs have been sent off for machining into test bars, while 
others are being held until the room temperature flexural strength 
measurements have been completed. Because of delays in completion of 
this task, a no cost extension extend the contract to March 31, 1992. 

The 4-pt flexural strength of 10 standard 3X4X45 mm bars averaged 
1.15+/-.07 GPa and the fracture toughness for 8 test bars (40 
indentations) was 11.5 to 13.1 MPa-m” by the Cook and Lawn controlled 
flaw method and 7.7 to 7.9 MPa-m” by the Chantikul, et al. strength 
method. Data determined previously was 958-1075 MPa for the 4-pt 
flexural strength for the baseline A4Y6-Si,N4 (6 bars) and 875-988 MPa for 
the seeded A4Y6-Si3N, (6 bars). Fracture toughness, using the Lawn and 
Cook modified indentation method was found to be 8-10 MPa-m” for the 
baseline Si3N, (4 bars) and 10-13 MPa-m” for the seeded Si,N, (4 bars). 
This recent data shows some improvement over the previously reported 
data and supports earlier conclusions that B-Si,N, seeding of S$N, 
compositions containing low amounts of sintering aids can provide for 
enhanced toughening. Materials have been submitted to AMTL for high- 
temperature flexural strength and possibly creep rupture testing. 

A rough draft final report was submitted and is presently being 
reviewed. 

Status of Milestones 

1. Run Beneficiation Trials and Report in Bimonthly 

2. Run Aspect Ratio Reduction Trials and Report 
in Bimonthly 

3. Run Matrix Dispersion and Report in Bimonthly 

4. Develop O-Si3N, Seed and Report in Bimonthly 

5. Develop Self-Reinforced Si,N, with Reduced Sintering 
Aids and Report in Bimonthly 

6. Rough Draft of Final Report to Contract Monitor 

Completed 

Completed 

Completed 

Completed 

Completed 

Completed 
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Characterization of Attrition Milled Silicon Nitride Powder 
S. G. Malghan 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. These fine sized powders 
tend to form agglomerates due to the van der Waals attractive forces. 
For 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 speciEic surface area for achieving a near- 
theoretical density of the ceramic after densification. These fact:ors 
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. High energy attrition milling appears to offer significant 
advantages over conventional tumbling and vibratory mills. 

The major objectives of this project are: 1. establish 
repeatability of particle size distribution and other relevant: 
characteristics of slurries milled in a high energy agitation mill 
(HEAM); 2. determine processing and densification characteristics of 
powders milled i n  MEAM; and 3 .  compare properties of powder, and 
resulting ceramic obtained by milling in the HEAM vs. vibratory ball 
mill in a collaborative project with Norton Company. 

Technical Pronress 

In the past three years, this project has accamplished the 
following: 

Extensive data were obtained on the physical, bulk chemical and 
surface chemical properties o f  the iiiilled powder which established 
the feasibility and merits of the HEAM. 

Interrelationships were established between parameters of  the fiEAM 
and resulting physical and chemical properties of  the Ube silicon 
nitride powder. 

A predictive model of the HEAM system was developed for process 
simulation and evaluation. Using the model parameters, particle 
size distributions were simulated for a number of different milling 
conditions. 

The data and understanding developed until now have established the 
superior characteristics of the HEAM (fast milling kinetics, 



flexible modification of particle and powder morphology, ability t o  
control the level of impurities, ability to prepare high density 
suspensions, and elimination of separate mixing and sintering-aid 
unit operations). However, a need exists to obtain data on the 
repeatability of the powder characteristics produced from the H E W  
and evaluation of  the powder in relation to that produced by 
conventional methods. 

In the current program, the following four tasks are addressed: 

1 Repeatability of Powder Properties - A series of statistically 
designed milling tests are being conducted in which repeatabil-icy of 
the milling system with respect to the properties of milled 
powders will be examined. The specific properties included for 
evaluation are; median and interquartile range of particle size 
distribution, specific surface area, isoelectric point, 
acoustophoretic mobility, and concentration of oxygen and carbon. 
The milling experiments will be carried out under fixed experimental 
conditions. 

2. Processing of Powders Milled in NEAH - A nwnber of  advantages in 
terms of powder properties obtained from the HEAM have been 
established. However, a need exists to demonstrate the beneficial 
effects of  these powders by processing and densification. The 
processing o f  these powders constitutes colloidal mode of sfntering- 
aids addition by utilizing electrostatic interactions between 
oppositely charged Si3N, and YzQ, particles i-PI an aqueous 
suspension. The suspension densities will be maintained at a high 
level. The purpose of these steps is to increase homogeneity of 
sintering-aids at low water content of the slurries. The powders 
processed in this manner will be. pressure cas t .  The green bodies 
produced in this manner will be characterized for density, porosity, 
and homogeneity of sintering-aid and binder distribution. Finally, 
selected samples of  green bodies will be densified for evaluation of 
microstructure. 

3. Comparison of Milled Powder Properties - This effort will be carried 
out in collaboration with Norton Company in conjunction with the 
DOE-ORNL contract on processing for reliability. Milling of powders 
will be conducted at NIST and Norton Company with an objective to 
obtain the same particle size distribution and interquartile range. 
The Y,O, addition will be carried aut by co-milling and under optimum 
pH condicions of electrostatic attraction. The resulting slurries 
will be pressure cast and the green body will be densified by hot 
isostatic pressing. The dense ceramics will be evaluated to 
identify differences in the microstructural and mechanical 
properties. 

4 .  Simulation Model Refinement - Using the milling data developed in 
these tests, the simulation model will be refined in terms of 
parameters improvement and incorporation o f  energy consumption i n  



the breakage rate function. 
capability in terms of  scale-up, off-line simulation and process 
control for intelligent processing. 

This refinement will increase the model 

During this period, milling experiments were conducted to evaluate the 
effects of weight ratio of SNE-5 and SNE-10 in the starting feed, 
milling at pH 5 . 8  in the presence of  Y,O, and time of yttria addition. 
The primary purpose of these experiments was to develop a standardized 
procedure for obtaining high density suspensions without sacrificing 
homogeneity and milling kinetics. 

In the initial experiments with 60/40  weight % mixture of SNE-5/SNE-10 
Ube powders, the purpose was to test the feasibility of milling at pH 
5.8 f 0.2. Milling tests were conducted in the presence of 4% (weight) 
Y203 powder in aqueous suspension o f  55% volume (V) solids and 150 ppm 
(based on sol ids weight) polyacrylate surfactant. These parameters were 
selected based on milling of SNE-3/SNE-5 under the above mentioned 
milling conditions, except for pH 9.0 and absence of Y203. However, 
acoustophoresis and surfactant adsorption measurements had indicated 
that a pH of 5.8 w a s  the most appropriate for achieving strong repulsion 
due to electrostatic and electrosteric interaction. At pH 5 .8 ,  silicon 
nitride particles carry a net negative surface charge; whereas, the 
yttria particles carry a net positive surface charge. By milling at pH 
5.8, homogeneous mixing of silicon nitride and yttria can take place due 
to electrostatic attraction between oppositely charged particles. 
During milling, however, we were unable to increase solids loading 
beyond 35% V of slurry. Extensive agglorneration was found to inhibit 
further loading of solids into the slurry and pumping o f  this slurry 
through the mill becane difficult. Data on particle size distribution 
and specific surface area of powders obtained in one of  the milling 
experiments were presented in December 1991 report. The d,, of starting 
powder is approximately 1.2 pm. However, the powders analyzed from 
milling experiments exhibited d,, values as large as 2.3 pin even after 
milling for 160 min. The measured size distributions were certainly 
those of  agglomerates resulting from interaction of silicon nitride and 
yttria particles in the presence of a polyacrylate dispersant. Even the 
specific surface areas of the powders that were obtained from milling 
slurries at various intervals were affected. It appears that extensive 
agglomeration had taken place under these conditions of  slurry 
preparation. The increase of specific surface area of milled powders 
after milling for 60 min. is probably due to deagglomeration of 
agglomerates produced during slurry preparation. Another experiment was 
attempted by increasing the slurry pH to 6 .8  f 0.2. No improvement in 
solids loading was obtained. 

At this stage, the milling experiments were discontinued, and silicon 
nitride and yttria powders were examined separately in aqueous 
suspensions in order to identify appropriate dispersion parameters. 
These experiments included settling studies and agglomerate size 
distribution at different pH and dispersant concentration in the slurry. 
These results showed that the concentration (100 to 500 ppm) of 
polyacrylate dispersant (Daxad 32) had very little influence on the d,, 
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of both powders at pH 9 . 0 .  Since one of our objectives is to use a 
minimum concentration of the dispersant, settling experiments were 
conducted at 100 f 15 ppm at different pl-l of  the suspensions. These 
data for SNE-5/SNE-l0 mixture clearly demonstrated that the suspensions 
were highly stable only at pH 9 . 0 ;  whereas, extensive settling w a s  
observed at lower pH. The agglomerate size distribution was found to be 
larger at lower pH values. 

Second actzivity was to evaluate potential for high density suspensions 
preparation. Since the particle size distribution of Y203 is much 
coarser than that of silicon nitride, two alternatives were examined in 
which the Y,O, w a s  added either at: t = 0 rnin. or t = 45 rnin., where t is 
milling time, In these experiments, the total milling time was 160 
min. , and milling was carried out at pH = 9.0 in the presence of 150 ppm 
Darvaxi C, At this pN, silicon nitride particles carry a strong net 
negative charge; whereas, the Y,O, particles are expected to carry a weak 
positive charge, assuming that very small concentration of polyacrylate 
ions is available for adsorption of Y203 particles. In this experiment, 
a solids loading o f  51% V (76% by weight) was easily achieved at about 
45 min. of milling time. The ra te  o f  increase of specific surface area 
appears to be a linear function of milling time. In our studies, the 
measurement of agglomerate size is emphasized more than that of 
viscosity. These data indicate that the decrease of median size is 
fairly rapid in the initial period. However, at longer milling times, 
due to crowding effect of particles, the milling rate decreases. 
However, the median size continues to decrease. Further evidence of 
this was obtained by observing the entire size distribution of samples 
taken at milling times 0 through 160 min. We found that the size 
distri-bution did not expand in the fine end of size distribution curve, 
indicating that extreme fine sizes were not produced, while 
deagglomeration was more dominant. A sample of  the mil.led slurry was 
cast and the resulting green body was studied by electron microscopy for 
Y20, distribution. These data showed that the distribution was highly 
uniform. 

Subsequently, experiments were conducted to examine the impact of  
starting with a well-dispersed Y,O3 suspension to which silicon nitride 
powder was added. Therefore, Y,O, was added at the initi.al period right 
after the addition of dispersant tu pH-adjusted distilled water. The 
resulting slurry of  YzO3 thickened, and caused difficulty in the addition 
of silicon nitride powder to 51% V. Normal time to add the required 
weight of silicon nitride powder in the absence of Y,O3 is about 20 
minutes. In this experiment, the time required was 4 5  min., which 
indicates that the Y,O, partiel-es may have formed agglomerates as a 
result of  electrostatic interaction with polyacrylate ions. Subsequent 
addition of silicon nitride powder to the agglomerated slurry o€ YzO3 
could have induced more agglomerates to form. However, powders milled 
in this experiment exhibited the highest specific surface area, 15.1 
m 2 / g .  We are studying the cause of this behavior. In a subsequent 
experiment, YzO3 was added after milling silicon nitride for 20 min., and 
the entire powder addition was completed within 30 min. The final 
solids content in this experiment was 51% V .  Final specific surface 
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area after milling for 160 min. w a s  10.9 m2/g, which is much lower than 
that of the previous experiment where Y,03 was added at t: = 0 min. The 
difference in the specific surface area was accompanied by a slight 
decrease in particle size distribution in a test where Y2Q3 was added at 
t = 0 min. One possible explanation for this is precipitation of some 
type of a complex between Y,O, and/or Y3+ ions and polymethacrylate ion. 
This complex could have formed at the beginning of  the milling test. An 
indirect proof of this type of interaction is seen in the higher surface 
area of powder samples obtained at various milling times when Y203 was 
added at t = 0 min. 

Based on these and additional tests conducted in this series, an 
experimental procedure has been developed. This procedure consists of 
fixing all the parameters of powder, mixing, milling, and dispersion so 
that repeatability of the milling procedure can be established. 
Currently tests are in progress to assess repeatability. 

Status of  Milestones 

On target. 

Communicationsflisits 

None 

Pub 1 i c at ions 
None 
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Sintered Silicon Nitride 
J, Mangels (Ceradyne Inc.) 
G. E .  Gazza (Army Materials Technology Laboratory) 

Obj ective/ScoDe 
The program is currently conducted on contract to Ceradyre Inc. 

with support from AMTL. The contract has the overall objective of 
developing scale-up processing conditions for a silicon nitride material 
having the general composition 85.8m/o Si3N4-4.73m/o Y 0 -9.47m/o 
S i 0  -l.Om/o Mo C and characterizing the properties of $h?s composition 
wit6 the goal 8f producing complex components for testing in related 
heat engine programs. The first task of the program w i l l  concentrate on 
processing studies and data base generation while the second task will 
focus on producing and characterizing engine components. 

'Technical Hiqhliqhts 

I.Sinterinq of Matrix 4 (mix 6 & 7J Compositions 

Matrix 4 billets 4 f b  x 4 "  x 1/2" in size were isopressed from the Matrix 
4 powders (with 0 and 1 mol% Mo C) ta be used for mechanical- testing of 
the material after sintering. 
hours was chosen for both compositions based on results from previous 
runs. A total. of four sintering runs were conducted, M'FL 23-26. MTL 
run 23 was performed on half billets in two different packing powders 
(with 0 and 2% SiOz additions) in order to establish which of the 
packing powders should be used as well as to verify the sinterability of 
larger samples. Since samples of both compositions sintered to density 
only in 0% Si02 packing powder (Table a ) ,  it was chosen for all the 
remaining runs. 

2 processing temperature of 1850~2 far 5 

Densities: Full size billets sintered in MTI, runs 24-26 all reached 
density irrespective of composition. Billet densities for mix 6 were 
3.258 - 0 . 0 0 3  g/cu.cm and for mix 7, 3.278 = 0.006 g/cu.cm. About 50% of 
the billets experienced shrinkage induced cracking that originated from 
the billet edges and extended radially into the billet for up to 
approximately 1/2 in. Cracks were observed on samples of both 
compositions. It is believed that this problem could be avercome by 
slowing down the heating rate in the last l0OC temperature range and by 
changing the way the parts are loaded in the sintering furnace. 

Weight losses of billets with no Mo2C ranged from 1-2%. 
with M02C had losses of 1.5-3.6%. These values are typically lower than 
for smaller samples which were used in previous Matrix 4 sintering runs. 

Samples were found to contain Y S i , O  
phase irrespective of which composition wzs used. Molybdenum carbide o r  
silicides were not detectable on XRD. 

Surfaces of polished samples were examined and were similar to 
surfaces observed in Matrix 4 on smaller samples. In general, m i x  7 
samples (containing 1 mol% Mo C) appeared to contain more pores and have 
a larger average pore size thin samples from mix 6. 

Billets 

(card #22-1163) as a second 
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TABLE 1. 
and mix 7 (lm/o Mo2C) for run MTL 23 

Temperature-1850C time-5 hrs. 
Packing powders: (1) 0% SiO, (2) 2% Si02 
parts: rods and half billets crucible: graphite 

Characterization of sintered samples of mix 6 (0% Mo2C) 

I 

Parts 
packing powd. 

wt. loss ( % )  
half-billet 1.600 0.400 2.100 1.300 
rod 1.000 0.700 2.600 2.200 

density 
half billet 3.257 3.119 3.286 3.068 
rod 3.259 3.230 3.294 3.271 

% Theor. 0.999 0.957 0.999 0.933 
1 " 000 0.991 1.001 0.994 

Phase compos. 
half billet a-Y2Si 0 

2 7  

Hardness 1388 
(kg/sq.mm) 

a-Y2Si 0 

1373 

2 7  

7.6 

Hardness and Toughness: Material from runs MTL 23-26 had hardnesses in 
the 1380 kg/sq.mm range (Table 1). These values are lower than in 
previous Matrix sintering runs. Toughness values remained in the range 
of 5.5-8.0 MPam 14 2 . 

1I.Sinterinq of Matrix 5 and 6 Compositions 

Matrix 5-Sintering: The Matrix 5 sintering experiments continued. 
Experiments at 1875C showed consistent densities (>99.3%) for 
compositions with and without Mo C additions. The microstructure 
exhibited 10-30um porosity and wis not improved from the previous 
reporting period. The phase composition was beta-silicon nitride with 
either a nitrogen a p a t i t e  phase (usually referred t o  a s  H phase) or 
'4.67 (Si.0,) 30. 

Matrix 5-Preoxidation and Sintering: Samples from Matrix 5 were 
pre-oxidized in air at 900C in an attempt to increase the amount of SiO, 
in the body. The 
samples without Mo2C gained 0.13% in weight. 
these samples were lower than the standard samples (3.25 vs 3.27g/cc). 

The samples containing MoZC cracked and discolored. 
The sintered densities of 

Tioxide Powder: A powder batch was prepared and supplied by Tioxide 
Chemicals, Ltd. (Billingham, England by Dr. Anthony Jones) prepared to 
the following composition: 
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87.5w/o Si3M4-4.67w/o Si0,-7.8w/oY203 

Tioxide Chemicals was selected because their processing techniques 
seemed most likely to produce homogeneously mixed powder. Tioxide 
Chemicals was isopressed and sintered at 1875C. The density was 
3.267gfcc. The microstructure contains uniformly dispersed 6-12um 
porosity. The phase composition is beta-silicon nitride + Y2Si05. 

1fI.Matrices 5 and 6-Comwosition Nitriding 

Table 2 presents an overview of the material composition variations made 
in Matrices 5 and 6. Matrix 5, studied in previous reports, varied only 
the amount a f  Ma C! (Mixes 10 and 11, 0 and 1.48w/o No C, respectively). 
Matrix 6 was des$gned to determine the effects sf var$ing three 
different additives (Si0 , Y20 , and A1 0 1 at two concentration evels 

orthogonal array. 
0.2%. Si0 and Y 0 w e r e  varied in order to assure that the final 
sintered c8mpasit3oa will be in the Si N -Y S i 2 0  -Si N Q phase field. 
A1 Q was added in an attempt to redud Sei$ht lzsseg 8ue to Si0 
vs%aPilizatAsn by forming a glassy phase and so reducing the S i 0  
activity. The amount of A1 Q was kept Pow (l.Ow/o) in order to reduce 
the amount of alumina-centa3nIng second phase with a low melting 
temperature. 

on the density, weight dss, phase i!oJpositian using an L (2 4 1 
The MoZC content was kept constant at a le& of only 

Mix 16 was made in two versions (A and €3) using different sources of 
Si0,; ( A )  Cab-0-Sil and ( B )  Elchem Fumed Silica. 

Table  2 .  Composition anel Theoretical Density of Matrix 5 and 6 -  

Comrmsitian Matr'x 5 Matrix 6 

Si N~ 88 .Q 86.56 88  .o 90.8 85.0 89.8 L a ,  7.8 7.81 7.8 4.0 7.8 4.0 

nix 10 k x  11 mix 16 m i i x  18 mix 19 

A f  d.-j 0,o 0.00 0.0 1.0 1.0 0.0 

Th&nr.Dens. 3.266 3 e 290 3.278 3.238 3.28 3 . 2 2 8  

s ii5 4.2 4.14 4.0 4.0 6.0 6.0 
Ma 5 0.0 1.48 0.2 0.2 0.2 0.2 

( g / c c )  

Tabhe 3 summarizes the nitriding of Matrix 5 and 6 compositions. All o f  
the compositions nitrided w i t h  a higher than 98% conversion in two 
nitriding runs I 

Sintering 

Sintering experiments of compositions from Matrices 5 and 6 were 
p e r f ~ r m e d  at 190QC, a temperature which was found to give reproducible 
densities f o r  mixes 10 and 11. Time at sintering temperature and high 
pressure (1.500 psi) was increased from 1 to 2 and 3 hours in order to 
reduce the amount of residual porosity in the samples. The time at 
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Table 3 .  Nitriding Data on Matrix 5 and 6 Compositions 

Nitridinq Data Matrix 5 Matrix 6 
mix 10 mix 11 mix 16 mix 17 mix 18 mix 19 

Theoretical 

Wt. Gain 
Nitriding 1.542 1.529 1.542 1.568 1.514 1.559 

Actual Wt . 
Gain-Nitrid.1 1.52 1.51 1.521 1.536 1.490 1.522 

Actual Wt 
Gain-Nitrid.11 1.51 1.51 1.520 1 544 1.492 1.534 

Avg. Yield 98.25 98.8 98.61 98.21 98.48 98.01 
( %  conversion) 

sintering temperature and low pressure was kept constant at 5 hours. 
The MTL 41 run was conducted at 1910C, a 5/3 schedule, ana in addition, 
a 1200C, 2 hour hold was added to the run on cooldown. 

Figure 1 shows the relative densities of Matrix 5 and e; compositions as 
a function of the Mix number. Densities of samples from both nitriding 
runs are presented, e . g . ,  17 and 1711 represents mix 17, samples from 
first and second nitriding runs. Mixes 10, 11, and 18 were the only 
ones that consistently reached densities of 99.3% theoretical in all 
runs. A l s a ,  the sintering behavior of these compositions did not appear 
to be affected by the batch-to-batch nitriding variations. 

Weight Losses 

Weight losses in Matrix 5 and 6 compositions are presented in Figure32. 
Quest software analysis of the Matrix 6 weight losses (using a L ( 2  ) 
experimental matrix) shows that the majar contribution to the sidtering 
weight loss comes from the amounts of Si0 and Y 0 (Table 4). As 
expected, a higher level of Si0 increase2 the s3nSering weight losses. 
However, increasing the levels 8 f  Y 0 
Figure 2 also shows that nitriding 
losses of most compositions. Nitriding run I1 consistently produced a 
slightly lower weight loss than the first run. MTL 40 and MTL 41 runs 
has lower weight losses than in MTL 39 due to an effective increase in 
the amount of packing powder in the first two runs. 

and A l  0 both decrease them. 
an effgc2 an the sintering weight 

Some 10-30um pores were present in Mixes 10 and 11 samples. Mix 18 
samples were found to have the best microstructure of all the mixes. 

4 When compared to microstructures obtained previously by using the Si N 
powder route, an improvement in the general microstructure as well a2 
pore size reduction can be found in all samples. Table 5 contains 
secondary phases identified in the samples, i.e., Mixes 10, 11, and 18. 
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Relative Densities of Mixes 
in Runs MTL39 - MlL.41 

U 
8)  

0) 

In 

L 

7 90 .- 

1 0  11 1 6 A  16AU 168 16Bll 1 7  1711 1 8  1881 19 1911 
h41X u - k o n d  HfMdlrq Rwn 

Figure 31 Relative Densities of M i x e s  from Matrices 5 and 6. 
Roman numeral I1 after the Mix number s i g n i f i e s  the second 
nitriding run on t he  mix. 

Weight Losscs of Mixes 
in Runs MTL39 - CATl.41 

I I I 1 1 1 I I I 1 I 

10 1 1  1 6 A 1 6 A l l 1 6 8 1 6 8 1 1  17 1711 18 1811 1 9  1911 
MIX 

II - kcon4 N~tnding Run 

- - _  
Figure z Sintering weight losses oE Matrix 5 and 
samples in MTL39-41 r u n s  - 
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Table 4 .  ANOVA Table-Percent and Sign o f  Factor Contributions to the 
Sintering Weight L o s s  (Computations used signal to noisz.ratio o f  the 
test results with two repetitions). 

Factors Contribution to 
Weight Loss (%)  

60.78 
32.10 

7.12 

sign of 
Contribution 

positive* 
negative 
negative 

* positive sign indicates that an increase in additive amount will 
increase the weight loss 

Table 5. Secondary Phases in Mixes 10, 11, and 18  

Run No. Mix. 10 Nix 11 Mix 1 2  
4 0  phase EQ , H  Y Si o7 

4 1  phase w Y Si 0 Y2Si207 
ratio 0 . 1 6  0.25 %. 68 

03 

ratio 0.23 0 . 2 0  

Only Mix 18  consisitently contained Y Si o as the second phase. The 
amount of second phase (expressed as $he2rxtio of 100% peaks of the 
second and beta-Si M phases) is significantly higher in MTL 41 than MTL 
4 0  due to a 120QC 2ofd on cooling that w a s  added to the sintering cycle 
for MTL 4 1 .  

Mechanical Properties 

Hardness and Toughness: Table 6 summarizes hardness and toughness data 
of Mixes 10, 11, and 18  in the most recent runs. Due to its high 
additive content, Mix 1 8  has a lower hardness than mixes 10 and 11. 

Sintered rads from SRBSN Matrix 5 (Mixes 10 and 11) and Matrix 6 (Mix 
181, using MTE 4 1  sintering cycle, have been sent for machining into 
s i z e  B MOR bars to evaluate their room temperature strengths. 

Table 6. Hardness and Toughness of Mixes 10, 11, and 18 

Sintering Hardness (kg/mm ) Toughness (MPa m ) 2 

Run Mix 
10 11 18 

Mix 
10 11 18 

MTL 39 1 4 3 6  1473  1 3 6 6  7 . 1  8.8 6 . 8  
MTL 4 0  1399 1 4 2 1  1358  6 . 3  9 . 0  8 . 8  
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RT Strenqth - Mixes 10, 11, and 18 
Tabla 7 summarizes the strength data using size B MOR bars made from Mix 
10, 11 (Matrix 5), and 18 (Matrix 6) compositions. Bars were made from 
material sintered in MTL run 41 at 1910C. In Table 7, present strength 
data is compared to the strengths obtained for Mixes 6 and 7 (reported 
previously) which have essentially the same composition as Mixes 10 and 
11, respectively. Present Mix 10, 11, and 18 materials were produced 
using the SSN (sintered silicon nitride route). Table 7 also includes 
the strength of an SRBSN material with no silica additions (Mix 15). 
A Significant improvement in strength was made in Mix 11 SRBSN material 
aver Mix 7. The Weibull modulus was increased by nearly a factor o f  
three,  from 6.3 to 18. The high Weibull modulus suggests a uniform flaw 
population in the ~ i x  11 material. 

Mix 10 naterial had essentially the same mean and characteristic 
strength as Mix 6. The Weibull modulus of Mix 1Q is 2.8 times greater 
than determined for Mix 6. 

Mix 18 material. had the highest average and characteristic strength of 
the materials investigated but it's Weibull modulus was only 3.8. 

Mix 15 material was employed as a control. This material was processed 
at the same time as Mixes 10, 11, and 18. ItIs composition was similar 
ta the Mix 18 but had no Si0 additions. As can be seen, this material 
has a strength well above 706 MPa with a high Weibull modulus of 26. 

Fracture Origins 

Fracture surfaces of braken MOW bars were examined and fracture origins 
were identified wherever possible. Table 8 lists individual bar 
strengths o f  Mixes 10, 11, and 18 and indicates the nature of the 
fracture origins. 

It was observed that porosity is still strength limiting €or the Mix 10 
material, which does not contain Mo2C. Although the porosity size 
variation has been reduced compared to Mix 6, the average size appears 
to be approximately the same (assuming that the fractrue toughness is 
also similar, which measurements support). Optical comparisons of 
microstructure of Mix 10 (and other silica containing mixes) to SigN4 
materials that do not contain silica as an additive, e . g . ,  Mix 15, 
indicate that the Mix 10 porosity, which is concentrated in the interior 
of the sample, is a result o f  Si0 vaporization as SiO. This gas 
evolution occurs during and after the sample has reached the closed pore 
stage, and it's pressure in the pores counteracts the external pressure 

2 

during the sintering cycle. 

As observed optically, exaggerated grain growth appears to be strength 
limiting fo r  the Mix 11 samples sintered at X91OC. The higher strength 
of Mix 11 indicates that the pore size in this material is finer than in 
Mix 10 and/or that it's fracture toughness is higher. 

Far Mix 18 bars, pores were found to be fracture origins in most low 
strength samples. Since Mix 18 contained 6% Si0 (versus 4 %  in Mixes 10 
and 11) and 1% A1 O3 (versus none in Mixes 10 an& 11), the presence of 
Al 0 appears to &aye minimized pore Eonnation by promoting chemical 
bosdqng with some of the SiOz. This composition appears to have a 



42 

Table 7. RT Strength Comparison of Mix 10, 11, and 18 Materials to 
Previous Results 
Mix No. 6 10 7 11 18 15 

Production R t e .  SSN SRBSN SSN SRBSN SRBSFJ SRBSN 

Xmean (MPa) 420.00 435.17 4 0 8 - 2 8  5ia.a 532.41 757.24 

Xcharact (WPa) 468.28 459.31 437.24 534 a 48 588.28 773 10 

le0 (MPa) 137.24 57.24 72.41 35.86 155.17 35.17 

Weibull Mod. 3.2 9.1-3.0 6.3 18m6.6 3.8.2.0 26.7.9 

# of bars 15 15 15 15 8 15 

Table 8. Fracture Origins and Individual Bar Strengths from Nix 10, 11, 
and 18 Materials. 

Mix 11 Mix 18 bar # Mix 10 
Strength Fracture Strength Fracture Strength Frae'tuTi 

Origin (MPa) -- origin (MPa) origin 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

12 

13 

14 

15 

479.58 

460.64 

432 24 

440 I) 10 

366.56 

481.02 

399.96 

372 - 0 4  

460.94 

462.95 

507.62 

364.21 

457.73 

514.45 

518.46 

463 -05  

439.56 

4 2 5  a 54 

541.28 

508.37 

553.21 

528.83 

565.75 

508.75 

510.43 

533.71 

550.34 

482.61 

546.89 

grain 700.25 
subsurface 

-- 634.06 -- 
-- 429.24 -- 
-- 371.24 pore 

-- 674.32 -I 

-- 424.82 pore 

-- 660.49 -- 
-- 391.52 -- 
-- 
-- 
-- 
-- 

large grain 

large grain 

-- 
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bimodal flaw size distribution with samples falling into two strength 
groups, i.e., 634-700 Mpa and 371-429 MPa. 

Based on presented data, further improvements in strength could be made 
either by eliminating exaggerated grain growth of the current Mix 11 
composition by limiting the time at temperature during sintering 
(experiments are in progress) or further reducing the amount of porosity 
o f  Mix 18 by reducing the amount of added SiO,.. 
being considered. 

Both approaches are 

1V.Established Milestones 

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

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

V.Status s f  Milestones 

The program is behind schedule due to various technical difficulties 
involving processing of selected compasitians. A revised schedule is 
proposed with processing experiments continuing through May 92, material 
characterization experiments beginning in July 92, and Task J: being 
completed at the end of A u g u s t  92. Task I1 would start in August and be 
completed at the end o f  December 92. It appears that sufficient funds 
currently remain in the contract to pernit the revised schedule. 

July 1991 

July 1992 
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hofer, K. Ploetz, and D. Coffey 
(Oak Ridge National Laboratory) 

Qbiective/scoE 

The objedive of this research element is to identify those aspects of 
microwave processing of silicon nitride that might (1) accelerate densification, 
(2) permit sintering to high density ith much Bower levels of sintering aids, 
(3) lower the sintering temperature r (4) produce unique microstructures. The 
investigation of microstructure development is being done on dense silicon nitride 
materials annealed in the microwave furnace. The sintering of silicon nitride 
involves two approaches. The first approach corn rises 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. 

Microstructure deve f opme nt 

Microstructural changes occurring during the annealing of silicon nitride 
materials have been previously reported. Significant grain growth; depending on 
the intergranular phase composition and the annealing conditions, has been 
observed. 

Rods of a commercial silicon nitride (PYG from GTE Laboratories, Waltham, 
Massachusetts) were microwave annealed at 1500°C for 10 h and have been 
tensile creep tested at 1370°C at BRNL. Those results showed essentially no 
difference between the as-fabricated and microwave-annealed materials. 
Obviously, the anne 2 conditions used were not appropriate for this c o ~ p ~ s ~ t ~ o n  in 
either lime or temperature (or bath) to change the microstructure significantly. The 
PY6 contains nominally 6% Y203 as a sintering aid and was glass-encapsulated 
hot-isostatically pressed (HIP) to high density. It is considered a very refractory 
composition having a eutectic temperature for the Y-Si-0-N system of - 1500°C. 
Additional annealing runs are planned at higher temperatures where liquid 
formation in the intergranular phases is prevalent. 

Previous work on microwave annealing of silicon nitride showed enhanced 
grain growth and improved creep resistance for materials annealed at 
temperatures of 1200 to 1500°C. However, the anneal times were on the order of 
20 k to achieve these properties. The objective of the present work was to 
determine if higher temperatures, but shorter anneal times; could be employed to 
produce the desired microstructures. The anneal time was therefore reduced to 2 h 
and the temperature increased to 1800°C. 

It is well documented that significant decomposition of Si3fd4 occurs at 
temperatures > 1800°C. Thus, nearly all earlier studies concerned with 
microstructural development at elevated temperatures used nitrogen overpressure 
to inhibit the decornposition.1-6 In some cases, the nitrogen was used at high 
enough pressures to aid in densification. Consequently, the 1800°C anneal 
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temperature was the highest temperature that was considered to be appropriate in 
the microwave cavity at 0.1 MPa (1 atm) N2 pressure. 

Four compositions were annealed: two hot-pressed and two sintered 
materials as shown in Table 1. The hot-pressed materials had refractory grain- 
boundary phases that would densify only with pressure assistance or at very high 
temperatures and nitrogen overpressures. They represented materials that would 
have good properties at high temperatures and ould have high cost. The sintered 
materials were densified at 1 atm and represented more cost-effective silicon 
nitride materials. 

Table 1. Summary of materials annealed in the 2.45-GHz microwave 
furnace at 1800°C for 2 h. 

Composition Densification Be nsi f icat i o n Initial Density 
Method Parameters (“!o T. D.) 

(Temperature/ 
Time, “C/min) 

Si3N4-8Y0 Y2O3- HIP 1800/90 
4% Si02 
Si$&$-1 1 % HIP 806/90 
La203-4Y0 Si82 
Si3N4-12% Y203- Sintered 700/68 

Si3N4-11 Yo Sintered 700/60 
4% A1203 

La283-3”do A1203 

98.4 

98.7 

96.8 

98.2 

As shown in Fi . 1, the coupling behavior of the various compositions was 
dependent on the type of grain-boundary phase. ?he relaxation was observed in 
the same temperature range as the eutectic liquid temperature for each 
combination of sintering additives. Weight losses were also observed to be a 

of the grain-boundary chemistry as shown in Fig. 2. The losses are 
due to Si8 volatilization and can result in compositional shifts in the 

chemistry of the intergranular phases. Changes in the measured densities were 
observed as indicated in Fig. 3. ?he materials with highly refractory grain-boundary 

refractory phases showed density decreases. The reasons for these differences 
are unknown at the present time. 

materials with the less refractory grain-boundary phases (Figs. 4 and 5). No 
significant changes in grain size were evident in the materials with the highly 
refractory additives (Figs. 6 and 7). 

increases in the densities, whereas the materials with the less 

Examination of fracture surfaces revealed significant grain growth in the 
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Fig. 1. Time-temperature-power curves for microwave anneafin 
of dense silicon nitride showing differences in coupling behavior: 
(a) Si3N4-12 Y203-4% Al2O3, eutectic temperature - 1280°C and 
(b) Si3N4-8 Y203-4% Si62, eutectic temperature - 150QQC, 
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Fig. 2. Weight losses associated with microwave 

annealing of dense silicon nitride. Losses are believed 
due to Si0 volatilization and can result in compositional 
shifts in chemistry of intergranular phases. Annealed for 
2 h at 1800% in 2.45-GHr cavity. 
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Fig. 3. Changes in density during high-temperature 
microwave annealing of dense silicon nitride. Annealed for 
2 h at 1800°C in 2.45-GHz cavity. 
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25707 '1 

Fig. 4. Fracture surfaces of dense Si3N4-12 Y203-4% 
(a) as-fabricated and (6) after microwave annealing 

at 1800OC for 2 h in 2.45-GHz cavity. 
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L 
Fig. 5. Fracture surfaces of dense Si3N4-11 % La&- 

3% AI$&: (a) as-fabricated and (6) after microwave annealing 
at 1800°C for 2 h in 2.45-GHz cavity. 
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Fig. 6. Fracture surfaces of dense Si3N4-8% Y203-4% 
SiO2: (a) as-fabricated and (6) after microwave annealing at 
1800OC for 2 h in 2.45-GHz cavity. 
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Fig. 7. Fracture surfaces of dense Si3N4-11% La&- 
4% Si@: (a) as-fabricated and (6) after microwave annealing 
at 1800°C for 2 h in 2.45-GHr cavity. 
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Sintering 

In the last reporting period, several specimens of silicon nitride materials 
were fabricated and sintered in the 2.45-GHz microwave furnace. Compositions 
ranged from Si3N4-12% Y203-4% AI203 to Si3N4-9% Y203-3% Al2O3. The 
results showed only minor improvements in the densification behavior and 
mechanical properties as compared to conventionally heated materials. 

grain-growth cycle (15OO0C for 10 h) and then an intergranular phase 
crystallization step. The composition used was Si3N4-9% Y203-3% Al2O3. 
Samples are currently being machined into test bars for mechanical property 
evaluation. 

Sic grit has been routinely added to the packing powders surrounding the 
samples during sintering to aid in heating uniformity. Concentrations have ranged 
from 2 to 8% and little difference was noted between samples at these low 
concentrations. In an attempt to.allow sintering of samples in the microwave with 
low additive contents where sample heating uniformity is the major problem, 
several runs were made with Sic grit concentrations up to 50%. The heating 
profiles were interesting in that the relaxation in the coupling behavior was 
observed to be dependent on the Sic content (Fig. 8). As shown, at high Sic 
contents, no relaxation is observed indicating that the sample is being heated 
primarily by the heat generated by the grit. These samples would be expected to 
be identical to those sintered by conventional heating. The samples are being 
machined into test specimens. 

Additional runs have been made in which the sintering was followed by a 

Sintered Reaction-Bonded Silicon Nitride 

In the last reporting period, several specimens of silicon materials were 
fabricated, nitrided, and sintered in the 2.45-GHz microwave furnace. These 
materials are significantly less expensive than other materials fabricated 
exclusively from high-purity silicon nitride powders. In addition, sintering of the 
reaction-bonded silicon nitride (RBSN) in the microwave is a one-step process as 
compared to conventional processing where nitridation and sintering occur as two 
steps. Compositions were nominally SisN4-9% La203-3% AI203 and were 
fabricated with two different grades of silicon as shown in Table 2. A cost 
comparison is shown in Fig. 9. The compositions were fabricated as plates and 
fired in the microwave furnace between either Sic or BN plates. The nitridation 
cycle was 20 h to 1400°C, followed by 1 h at the sintering temperature of 1750°C. 
As shown in Table 3, high densities were obtained in the higher purity materials. 
Samples were also sintered at 1800°C and, as shown in Fig. 10, higher densities 
were obtained. 

The behavior of the reaction-bonded silicon nitride during sintering was 
slightly different than sintering of compacts fabricated exclusively with Si3N4 
powder. The relaxation normally observed at temperatures of 1200 to 1300OC was 
shifted to higher temperatures of - 1400OC with the RBSN (Fig. 11). This relaxation 
is associated with formation of liquid phases caused by the reaction of the sintering 
additives and the Si02 on the surface of the silicon nitride particles. However, 
during the nitridation process, these sintering additives tend to form crystalline 



53 

ORNL-DWG 92-1 191 Q 
TN-132-6, 9-11-91 

2000 ........................................................ ................... 

1500 

1000 

500 

0 
0 100 200 300 400 500 600 

Time (min) 

1400 3 

1200 

1000 

2 
(fL 

i;' 
800 $ 

P, 

400 2 

400 z e 
2 

200 3 
0 -  3 

pa 

ORNL-DWG 92-1 1911 1 
TM-132B, 9-10-91 

2000 

1500 

1000 

500 

0 
0 100 200 300 400 500 600 

Time (min) (b) 

r' 1200 P, a 

Fig. 8. Temperature and forward microwave power profiles 
during sintering of Si3N4-9% Y203-3% AI203 with different Sic 
grit contents in the packing powder: (a) 8% grit, (b) 24% grit, and 
(c) 50% grit. Relaxation during coupling to the silicon nitride 
samples is characterized by a decrease in power at - 1350°C. 
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Sample Silicon Mean Additive a-Si3N4 Material Material 
No. Purity Particle Content' Content Cost - ($Ab) Cost - ($Ab) 

(M. Yo) Size (pm) (W. %) (W. Yo) AS- As- 
Fabricated ~intered'. 

3.4 11 5% !5a 4.06 2.90 
R. E.C 
11.5 O/Q 108 8.83 6.42 
La203g 

< 0.5 9 YO >98f 41.76 41.76 
Y 2 0 3 h  

PM-136 <O.V 

TM-137 < 0.05b 4.2. 

TM-132 N. A. 
- 

*All compositions contain the same molar wontant of sintering additives. 
tMaterial cost based un purchase price in 10-kg lots. Cost will decrease at 

Assumes a yield of 58% from nitridation of silicon, 
aElkern Metals Go., Buffalo, New York; Grade Metallurgical Si. 
bElkem Metals Co., Buffalo, New Yok; Grads Si-HQ. 
Wolycorp. White Plains, New Yo&; Grade 5232, Rare earlh mixture: 

(< 1 Yo CeQ). This composition also contains 0.5 Vua. Vu Fa203 as a nitridation aid. 
@Star&, Berlin, m ern any; Grade s l  Si3N4. 
eSjtai&, Wadin, Germany; Grads LG10N Si3N4. 
Ube Industries, Japan; Grade E-1 0 Si3N4, 
OMolycorpp, While Plains. New YQ&; Grade 5205, > 99.9% h 2 Q 3 .  
hMolycoip, White Plains, New Yo&; Grade: 5600, > 99.9% Y203. 

larger quantities. t* 



55 

40 - 
n 

.p 
3 
c 30- 

0 

L 20- 

\ 

f: 
- m 
a, 
.- 
c 

2 
3 10- m 
U 

0- 

ORNL-DWG 92-11913 

T .?" .c 

-. .. . 

I 

Fig. 9. Raw material cost comparisons between 
RBSN (TM-136 and TM-137) and materials fabricated 
with high-purity silicon nitride powders (TM-133 and 
TM-132). TM-136 and TM-137 are nominally Si3N4- 
1 1 % La203-3% AS203 and used different grades of 
silicon and additive powders; TM-133 is nominally 
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is nominally Si3N4-8% Y203-3% AI203 and used 
high-purity starting silicon nitride and additive powders. 
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Fig. 11. Relaxation behavim af RBSN darling sintering 
in the 2.45-GHz cavity. Composition is nominally Si+l4-11 % 
La283-3% Al2Q3. 
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phases with the silicon r1itride.7~8 The result is that liquid formation is inhibited and 
doesn't occur with the RBSN until the higher temperatures are reached. 

microwave sintered at 1800°C to be - 480 MPa and relatively constant up to 880°C 
(Fig. 12). At temperatures > 80OoC, some reduction in flexural strength was 
observed. Large standard deviations were associated with the strength 
measurements. Examination of fracture surfaces showed these materials to 
contain agglomerates introduced into the samples during aging of the slurries. 
Elimination of these defects would tend to increase the average strengths. 

Oxidation testing of the materials microwave sintered at 1800°C showed 
increased weight gains as compared to materials fabricated with hi 
powders (Fig. 13). 

Mechanical property testing showed the flexural strength of the materials 

Cooperative Research and Development Agreements 

Three Cooperative Research and Development Agreements (CRADAs) have 
been started in the area of microwave processing of silicon nitride. The first 
CRADA is with Garrett Ceramic Components/Allied-Signal and will anneal 
specimens of silicon nitride with high additive contents (> 5 %). Compositions 
include AS-44, GN-10, and AS-700. In a second CRADA with ~ o ~ o n ,  
microwave anneal silicon nitride having additive contents less than 5%. Most of the 
work will be involved with NT-154 with a range of a-phase contents. Norton is also 
involved in the third CRADA where RBSN will be fabricated in the microwave. The 
results will be directly compared to their materials fabricated by c o n v ~ n t ~ o ~ a ~  
heating. 

Specimens of AS-44 silicon nitride from Garrett Ceramic Components/ 
Allied-Signal have been annealed. Conditions used were 1600 to 1 800OC for 
times of 2 to 10 h. The samples have been machined into test specimens and are 
currently being tested for mechanical properties. Initial results showed only minor 
changes due to the microwave annealing. 

Samples of Norton NT-154 with high a-phase contents have been annealed 
in the last reporting period. The conditions are reported in a following section. 

Samples of Norton RBSN have been fabricated. The status of the work is 
reported in a following section. 

1. Y. Tajima, K. Urashima, M. Watanabe, and Y. Matsuo, "Fracture Toughness 
and Microstructural Evaluation of Silicon Nitride Ceramics,* pp. 1034-1 041 in 
Ceramic Transactions, Ceramic Powder Science, / I ,  B., ed. G. L. Messing, 
E. R. Fuller, Jr., and H. Hausner. American Ceramic Society, Westerville, Ohio, 
1988. 

2. G. Wiitting, B. Kanka, and G. Ziegler, "Microstructural Development, 
Microstructural Characterization and Relation to Mechanical Properties of 
Dense Silicon Nitride," pp. 83-96 in Non-Oxide Technical and Engineering 
Ceramics, ed. S. Hampshire, Elsevier Applied Science, London, 1986. 
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Proceedings of the International Symposium on Ceramic Components for 
Engines, KTK Science Publishers, Tokyo, Japan, 1984. 
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Ceramics," Ceram. Eng. Sci. Roc. 12(7-8), pp. 1327-1344 (1991). 

7. H. Kleebe and G. Ziegler, "Influence of Crystalline Secondary Phases on the 
Densification Behavior of Reaction-Bonded Silicon Nitride During 
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of dlestoneg 

All milestones are on schedule. 

None. 
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Development of ~icrowave..Brocessiniq- of Si1 i con  Nitride 
Components for Advanced Heat-.--.Enqine W~3glieat;iogs Reaction 
~ _ . . _  Bonded and Sint-ered Reactj-on Bqnded Silicon Nitrid! 
C. A. Willkens (Saint-Gabain/Nortsn Industrial Ceramics 
Corporation) 

objective/Scope 

Microwave processing offers potential advantages, such 
as decreased nitriding and sintering times, nitriding of 
larger cross-sections and unique microstructures, as compared 
to traditional sintering techniques. This CRWDA project wi 11 
apply Microwave processing technology developed at O W L  to 
unfired reaction bonded silicon nitride (RBSN) and sintered 
reaction bonded silicon nitride (SRRSN) naterials processed 
a t  NRDC. Powder compacts produced at NRDC will be brought tm 
ORNL for microwave nitriding and sintering studies, The 
properties of microwave nitrided and/or sintered silicon 
nitride will be directly compared against same lot mater ia l s  
traditionally llfil-edll at NMDC. 

Technical Prsqress 

Baseline tiles of RBSN precursor (unnitrided) have been 
fabricated. The tiles were prssintered and surface ground in 
order to provide strength ts surv ive  t r anspor t  to O W L  far 
microwave nitriding. A similar set o f  tiles w i l l  be ni t rPdcd  
in a standard cycle at NRDC. A secmrsd i t e r a t i a n ,  having a 
higher density, is being processed. 

Pressureless sintered silicon nitride compositions, 
previously made at NRDC using the conventional powder process 
route, were reviewed for potential transfer to the SRBSN 
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process. Several compositions (A,  €3 and C) were chosen for 
screening evaluation. The unmodified RBSN nitriding cycle 
resulted in relatively low alpha content for the pressureless 
SRBSN compositions, necessitating adjustment of the nitride 
cycle. The modified nitride cycle resulted in an acceptable 
alpha content. A standard pressureless sinter cycle resulted 
in >97% density for Compositions A and 8. Composition C did 
not densify well, and this has been attributed to a low as- 
nitrided oxygen content. A modification to Composition C to 
compensate for the low oxygen is in process. Composition B 
appears to be suitable for further study and, if mechanical 
properties are acceptable, the remaining as-nitrided tiles 
will be sent to O W L  for microwave sintering. 

Status of Milestones 

On Schedule 

Publications 

None 
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-. DeveLo?3ment g.f Microwaxe Proces~inq of Silicon Nitride 
Components for- Advanced-Mgat Enair13 A p p l  icggions Microwave 
Annealinc4 S..&N4 '- 4 Wt% Y,?, 
R. L. Yeckley (Saink-GohaiII/NOrtQn Industrial Ceramics 
Corporation) 

-. objective1 Scope 

The purpose of the annealing trials is ta improve the 
fracture toughness and creep resistance of HIP silicon 
nitride with 4 %  yttria by promoting growth of elongated 
grains. 

._____I___ Technical Proqress 

BLPixng of Silicon N i t r i d e  - Twenty slip east silicon 
nitride tile were densified by glass encapsulation MIPing. 
The H I P  condi t i -ons  achieved high density while retaining high 
alpha contents. The high alpha contents may be necessary for 
grain growth to occur during microwave annealing of silicon 
nitrides with low additive contents. 

Annealing Trials - The annealing trials have been 
cornpleked. Two tile were annealed at each microwave 
c o n d i t i o n  i n  Table 1. T h e  tile were buried i n  silicon 
nitride powder during the annealing trials. %he NIP silicon 
nitride d i d  not coup1.e well below 13_OO°C. Because of the 
poor coupling, deviations of 50°C oeeurred dur ing  t h e  heating 
cycle of t h e  first annealing trial. In subsequent runs, the 
microwave power was set at 1!5!)0 watts u n t i l  the samples 
reached 3 0 0 ° C -  T h e n  power was increased to 2 0 0 0  watts 
u n t i l t h e  s a 1 ~ p 1 . e ~  reached 1150'C. Above 1150°c9 the furl?(ace W ~ S  
computer controlled. Figure 1 shows the time-temperature- 
power curves for microwave anneal NM3. The improved coupling 
above 110oOc is evident by the reduced power requi red  to 
continue the heating cycle and maintain t h e  soak temperature. 
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Table 1. Microwave Annealing Conditions. 

Trial 

MW1 

m 2  

Mw3 

Mw4 

MW5 

MW6 

MW7 

Temperature 
(C") 

1738 

1507 

1650 

173% 

1650 

1773 

1562 

Status of Milestones 

On Schedule 

Time 
(hr) 

0.5 

6.7 

5.25 

1.4 

10 

6.7 

1.4 

Publications 

None 
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Cost Effective Sinterinq of Silicon Nitride Ceramics (SIU-C) 
D. E. Wittmer (Associate Professor, Southern Illinois University 
at Carbondale, Carbondale, 11 62901 

0 biective/Scope 

The purpose of this work is to investigate the potential of cost effective 
sintering of Si,N, through the development of continuous sintering techniques 
and the use of lower cost Si,N, powders and sintering aids. 

Technical Hiahliclhts 

The project research goals for Phase I are divided into 4 major tasks: 

Task 1. Conduct economic comparisons of continuous sintering with 
batch sintering. 

Task 2. Assess the effects of heating rate on densification, 
microstructure and properties. 

Task 3. Determine feasibility of using lower cost Si,N, powders. 

Task 4. Determine feasibility of using alternate materials and furnace 
design to improve loading and throughput. 

Task 5. Final Report. 

Task 1. Conduct economic comparisons of continuous 
sintering with batch sintering. 

A simple economic model was developed through the use of a 
spreadsheet program to allow for comparative analyses of the costs involved 
with continuous sintering and batch sintering. The size of the belt and belt 
speed control the throughput for continuous sintering, while the size of the 
furnace chamber and sintering cycle time (loading, sintering, cooling, and 
unloading) control the throughput for the batch furnace. Some assumptions in 
the cost modelling are based on requiring several batch furnaces to match the 
throughput for the belt furnace; where the capital cost of the batch furnaces is 
directly related to the number of furnaces, but the capital cost of the belt 
furnace is related to the size of the hot zone. In other words, the cost of 
doubling the length of the hot zone for the belt furnace may only increase the 



capital cost of the belt furnace by 40%. Similar assumptions were made for 
increasing the furnace capacity by improvements in belt design or materials. 
Assurnptisns were made of a 98% yield for the belt furn ce compared with 
90% and 70% yields from the batch furnace. The prelim 
economic model are given in Table I .  

results from this 

Table I .  Results of Econarnic Comparisons for Continuous and 
Batch Sintering 

Batch Furnace 
Per Part Cost/Per Kg Cost __. 

$9.98/$99.86 (90%) 

$9.98/$99.88 (90%) 
$1 2.83/$128.33 (70%) 

$1 2.83/$128.33 (70%) 

$9.98/$49.80 (90%) 
$1 2.83/$9 28.33 (70%) 

$9.98/$99.88 (98%) 
$1 2.83/$128.33 (78%) -.- 

These results demonstrate that sintering cost can be reduced significantly for 
the belt furnace ($13.48/kg to $3.18/kg), but would remain constant for the 
batch furnace ($99.80/kg (@ 90% and $128.33/kg @ 70%). Additional 
refinement of this model is warranted to better reflect the true cost of sintering 
based on scaling of Furnace and throughput, material costs, and overhead 
rates. 

Task 2. A heating rate on 
d ructure and pro 

Several batches of Si N containing sintering aids were processed by 
turbomilling and pressure casting. The techniques used were developed as 
part of subcontract 19X-SA796C, WBS Element 1 . I .  1.6 lrnproved Processing 
of Ceramics Composites (SIU-C), and the details have been reported in 
previous reports. The Si,N, compositions and formulations prepared included: 

3 f  

~A4Y13--4 wt.% A1,B, (Ceralox), 13 wT.% Y,Q, (Starck) and 83 wt.% Si3N, 
(2 batches using Starck LC-10 and Ube E-IO) 
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oA4Y13--4 wt.% A1203 (Ceralox), 13 wt.% Y20, (Starck) and 83 wt,% Si,N, 
(Ube E-10) containing 5 wt. % O-Si3N4 seed. 

0A4Y6--4 wt.% A1203. (Ceralox), 6 wt.% Y203 (Starck) and 90 wt.% Sip,  
(3 batches using Starck LC-10, Starck LC-12SX and Ube E-IO) 

oA4L6--4 wt.% A1203 (Ceralox), 6 Wa.% La,03 (Molycorp) and 90 wt,% Si,N, 
(3 batches using Starck LC-lo, Starck LC-12SX and Ube E-IO) 

eA2Y8--2 wt.% AI,O, (Ceralox), 8 wt.% Y203 (Starck) and 90 wt.% Si,N, 
(3 batches using Starck LC-40, Starck LC-12SX and Ube 510) 

eA6L8--2 wt.% A1,Q3 (Ceralox), 8 wt.% La2Q, (Molycorp) and 90 wt.% Si,N, 
(3 batches using Starck LC-10, Starck LC-12SX and Ube E-10) 

oA4Y6L7-4 wt.% AI2O3 (Ceralox), 6 wt.% Y,O, (Starck) 7 W.% La,03 (Molycorp) 
and 83 wt.% Si,N4 (Ube E-IO) 

During this reporting period, several Si3N, formulations were sintered in 
the belt furnace at 1675, 1750, 1775, 180Q, and 1850°C for 90 min. with poor to 
excellent density results. Compositions sintered at 1800°C and above were 
severely decomposed and reacted with the Mo boat material. This was 

decomposition. At lower temperatures most of the compositions sintered with 
very good to excellent results. In order to eliminated cracking due to thermal 
shock, it was necessary to run the belt furnace with the first hot-zone off for 
compositions with lower sintering aid additions. 

Some disks were selected from those runs which produced high sintered 
densities. These disks were machined into standard test bars or the faces were 
machined parallel to determine the extent of surface reactions. Table II shows 
the results from density measurements and flexural testing. Specimens for 
fracture toughness measurements and microstructural evaluations are presently 
being prepared. 

Also as part of this task, several samples of Norton Co. NT-451, provided 
by Norton/TRW, Salem, NH, were successfully sintered to greater than the 
target density in separate belt furnace runs. The effect of continuous sintering 
on the microstructure and properties is being examined by Norton/TRW. 

due to the lack of N, over-pressure to retard the Si,N, 
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Table I!. Density and Flexural Strength Results for Some 
Selected Sintering Trials 

This task was initiated through the use of 3 commercially available Si3N, 
powders as part of Task 2. These 3 Si3N, powders have a range of purity and 
cost, with the LC-10 being the lower cost and purity and Ube %-IO being the 
higher in cost and purity. Formulations prepared from both L G l O  and E-10 
were sintered to high densities in the belt furnace, however those prepared from 



69 

the E-10 Si,N, had somewhat higher densities for the same sintering conditions. 
Another source of Si,N, having low purity and cost from Performance 

Ceramics, Peninsula, OH is presently being evaluated in the A4Y13 formulation. 
The concept of using lower purity and cost rare earth oxide sintering aids is 
also being explored. This work should be continued. 

Task 4. Determine feasibility of using alternate materials and 
furnace design to improve loading and throughput. 

Initially the use of alternate construction materials and design of the belt 
were investigated to improve the loading and part throughput. The impact of 
improving the loading and throughput on the per part cost were incorporated as 
part of the input in the economic modelling in Task 1. A change in the belt 
design was tested which allowed for at least double the load capacity of the 
previous design. In addition, alternate setter and crucible materials were 
investigated as a means of improving heating uniformity and reducing the 
reactions between the Si3N, parts and the setter. These modifications were 
tested successfully in Task 2. 

major issue in determining both the load capacity and operating costs for a 
continuous sintering furnace. Several options have been considered whic 
need to be addressed by further research. 

compositions with reduced sintering aids, additional funding was requested for 
the following tasks: 1) refine economic model and design for a chosen furnace, 
2) continue the evaluation of sintering parameters on properties of selected 
Si3N, composition, 3) continue evaluation of low cost Si3N, powders. 

II would involve the design, construction and testing of a pilot scale 
with improved load bearing capacity for specific heat engine component, 3) 
sintering of parts provided by industrial partner(s) and 4) continued evaluation 
of sintering parameters on properties of selected Si,N, composition, and Phase 
Ill would involve conducting pilot scale production of heat engine components, 
and the assessment of properties, production yields and manufacturing costs 
related to continuous sintering of actual heat engine component(s). 

Also, the construction materials for the furnace elements and belt are a 

Due to the demonstrated potential of continuous sintering for 

Given the success of this additional research, it is anticipated that Phase 

Status of Milestones 

1. Conduct economic comparisons of continuous Completed 
sintering with batch sintering. 

2. Assess the effects of heating rate on On Schedule 



densification, microstructure and properties. 

3. Determine feasibility of using lower cost On Schedule 
Si,N, powders. 

4. Determine feasibility of using alternate materials CQmpIeted 
and furnace design to improve load and throughput. 

5. Final Report On Schedule 

D. E. Wittmer, T. E. Paulsan and B. Dsshi, Southern Illinois University 
Carbondale, iL and C. W. Miller, Jr., Centorr Furnaces/Vacuurn Industries, Inc., 
Nashua, NH, "Improved Processing and Cost Effective Sintering of 
Si,N, ,I' DOE3 Contractor's Coordination Meeting, October 27-31, 1991, 
Dearborn, MI. 

D. E. Witttmer,D. E., Paulsar-r, 7. E. and Miller, @. W. Jr., "Continuous Sintering 
of Si,N, in a Cantrolled Atmosphere Bell Fu-nace," Ceramic Enqineerina and- 
Science Proce-edks (to be published in 93 [9-10] (1992). 

Presentations 

D. E. Wiltmet, 7". E. P;zuls~i-~ and D. Dsshi, Southern Illinois University 
Carbondale, IL and C. W. Miller, Jr., Gentorr Furnaces/Vacuum Industries, Inc., 
Nashua, NH, "Improved Processing and Cost Effective Sintering af Si,N, ," 
Contractor's Coordination Meeting, October 27-31, 1991, Dearborn, MI. 

D. E. Wittrner, T. E. Paulson, and C.W. Miller, Jr., "Continuous Sintering 
of Si3N, in a Controlled Atmosphere Belt Furnace," Presented at the 16th Annual 
Conference on Cornpasites and Advanced Ceramics, Cocoa Beach, FL, 
Jan. 9-10, 1992. 
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--. ScaLability Demonstration Proqram for Silicon Nitride by the 
SullivanTMPracess for advanced Ceramics - Thomas M. Sullivan 
(Sullivan iilining Corporation) 

The purpose of this effort is to demonstrate the scalability 
o f  the SullivanT" Process for making silicon nitride; to develop 
unique high and low temperature versions of silicon nitride; to 
determine the net-shape capability of the process; and to 
characterize the microstructural, mechanical, tribological, and 
physical properties af the SullivanrM PTQC~SS silicon nitride. 

A u t o m o b i l  e e n g h e s  and yas turbines have many components that 
will perform bet ter  if made from ceramics. However, ceramics must 

a n u f a c t u r a b l e  in very high val-umes for costs comparable to 
~ c e d  steel a s s e m b l  ies .. 'The econsmi c impact of ceramic 

engines components to the United Sta tes  will be substantial I energy 
savings will be economically important, and emissions to the 
eiivir~nment will be reduced. 

Chrysler Corporation has been develaping an experimental 
ceramic cam follower since 1984. Ckrysler originally discussed the 
application with twenty-one domestic and foreign SQUTC~S of high 
performance ceramics I and received pro forma cost analyses and 
PE-OC~SS capabil ity assessments from eighteen of these suppliers. 
Tern s~urces sent sample rollers for evaluation. Chrysler concluded 
that nPSulli.van Mining Corporation was the only source to supply 
silic~on nitride material which met our (ChrysLer) requirements for  
mechanical performance, high volume process capability, and pro 
forma cost in automotive volumes.'? The Sullivanm Process rollers 
were made using bench top laboratory equipment Advantages must 
now be demonstrated on a n  expanded Laboratory scale and pilot 
scale. 
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Sullivan'" Process capability shall be demonstrated on a 
commercial scale f o r  both a low temperature and a high temperature 
silicon nitride. Work shall include construction o f  a pilot scale 
system, mass flow calculation, and cost analysis. Kigh and low 
temperature silicon nitride processing shall be optimized. Process 
capability f o r  net shapi.ng shall be evaluated with respect to 
terisile bars- Material shall be examined by NDE methods and be 
evaluated a t  the High Temperature Materials Laboratory. 

__I.- Technical Proqress 

MQR.Bar Castin.3 - The minimum c o n t e n t  of catalyst derivatives are 
an t ic ipa ted  t o  result in minimum high tempesaturr creep. ~t was 
therefore decided to use the minimum amount of catcnlyst for high 
temperature silicon nitride. Changes i n  catalyst content and! type, 
however, not only modify the thermal profile at high temperature, 
but alter the low temperature casting o f  t i n e  material a s  w-11.  

A stati s t i e a l  Design of Experiments ( D O E )  developcd by 
Chrysler Corporation using R S \ l  Discover software (SBN Software 
Products Division, Bolt, Brranek, and Netmanf Tnc., Cambridge, MA) 
was used to define the parameters fo r  casting. This DOE s c ~ f t w  
emphasizes t h e  importance of interact ions bet...reen f a c t o r s .  The 
matrix that was developed had sixteen factors  and six interactions. 
Two values were selected for each fac tor .  Factors  inclilded 
reactant viscosity, reactant  rate, catalyst material, entrainer 
concentration, critical temperature, critical pressure, critical 
time, drain rate, curing temperature, curing rate, control gas 
pressure I maximum heating rate, maximu;n temperature I soak time, 
step down temperature, and time at t h e  step down temperature. 

Results of the experiments indicated that casting t empera tures  
beyond T +- 5OC w e r e  detrimental to part farmation. Lower ramp 
rates were beneficial as corrlpared to the low temperature silicon 
nitride composition. Eight bars were finally cast in Run #91112205 
w i t h  acceptable shape, density, and precision using the selected 
high temperature composition. Parks were made withim 0.001 inch s f  
the met shape. 

-I____ Low-temp M i c r o s ~ & - u e t u r e  .Refinement -Refining the microstructure o f  
silicon nitride composition for low temperature focused on a 
uniform distribution of constituents and process control . 
Controlling the solvolysis of undesirable concentrates like iron 
compounds at temperatures b e l o w  solidification enab les  t h e  removal 
of many impurities in the solvent. Changes in temperature of less 
t h a n  1OC can have order-of-magnitude impacts on sslvolysis. 
Refining microstructure is, therefore, in large measure, a matter 
o f  refining process con t ro l .  

Process equipment: was r u n  after incorporating changes in 
metering valve location and adjustment, pre-heating and post-  
heating valves and outlet lines, tunj-ng electrical regulators, 
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adjusting valve actuators, and changing the operating program. 
TWenty-fQUr process system runs were conducted. Many runs were 
aborted because a f  excessive pressure gradients. Process 
iteration, however, identified a particular combination of process 
control program and equipment configuration which results in the 
optimum level of control. Unfortunately, changes in the material 
produced were mini.ma1 in comparison to previously produced 
material .) 

Heat-Cycle Acicular Micros t . ruc ture  - Changing the heat cycle to 
develop a pronounced acicular microstructure was tried in Run 
#91102404. At T, - 250°C f o r  28 minu tes ,  whisker-like grains were 
formed in areas of low density. Efforts to form acicular grain 
shapes in dense parts was  unsuccessful using high temperature heat 
treatment. 

Acicular grains appear t a  be farmed by a vapor-liquid-solid 
mechanism which is most pronounced in areas  with high 
concentrations of catalyst derivatives. since c a t a l y s t  derivatives 
represent a particularly sma 1-1 weight f rackion ~f a part I formation 
of significant acicular grain shape content by means of heat cycle 
alone without mechanical pressure or 1 arge additive levels appears 
unlike 1 y . 
High TemDerature _Micrsstructy-g.e Ref inement  - An acicular grai IP 
shape is particularly advantageous for high temperature 
applications. I,ow oxynitride levels a r ~  a concomitant of t he  
SullivanT" Process and conducive ta low creep in the 1450-1550'C 

eliminate any Ziegler catalyst derivatives to reduce eree 
form an acicular grain shape by chemical. means tasing inorganic 
polymers 

temperature region of interest. It was therefore decided to 

Acicular grains were easily and ccsnomicaPly formed in a two 
stage process in which 1) grains were formed from silanes, and 2) 
were densified by s u p e r c r i - t i c a l  p r ~ ~ c ~ ~ i n g .  Analysis of the 

Absorption Analysis (NAA) indicated a 5.5 wt- % oxygen level. 
Since only 1.1 wt. % of the oxygen could be attributed to oxygen in 
the silane, the system was checked again leaks, A 
was found. The run was replicated. 
conducted to verify the oxygen level. 

material by EDS indicated large amounts of oxyqen. Neutron 

supercritical ammonia solutions abstract oxygen from metal or 
ceramic surfaces. Abstracted oxygen is added to silicon nitride 
while the material is in an intermediate, highly reactive 8tgetterBv 
state. 

The chemicals used f o r  making acicular grain shape silicon 
nitride are very aggressive. Stainless steel and corrosion 
resistant alloys such as Hastelloy C are dissolved in a matter of 
minutes, A variety of alloy and metals were tested in Order to 
identify optimum materials of construction. Coupons made from 
three different transition metals were found to be compatible. 
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Molds for making bars are being made from t w o  of t h e  transition 
metals, though obtaining material to make molds turned became 
protracted, determining t h e  materials of cons k r u e t i o n  
experimentally on a small scale was important before finally 
committing to milch larger scale equipment. 

-....__I.____ 14" Process Svstem - Detai.Sed bluepri.nts for fi-nisking the 1 4 f 9  
pressure vessel were completed and distributed for quotation. The 
vessel will be I - ined  w i t h  a corrosion resistant transition metal to 
permit combining the two step process used to make acicular grain 
shaped cerami-cs in a single step. 

The 14#l process system will incorporate a cryogenic system to 
remove moisture from t h e  metal surfaces o f  the interior. This i s  
particularly impar t an t  because of t h e  very large surface area of 
multiple c a v i t y  molds and the hygroscopi c: n a t u r e  o f  the chemical 
process. Special double seal designs will a l so  be used to maintain 
the integrity o f  the  seal during supercritical conditions. 

A n  automated system i s  being designed to install and remove 
gang molds f r o m  the pressure vessel. The sys t em will jnclude 
t r a c k s  t h a t  index w i t h  the mold connectians inside the autoclave. 
Mold connections will be made outside k h e  pressure vessel. 

Components arc bej nrj acyui  red and assembled i n  preparation for 
the arrival of long  lead t i m e  componeqts. 'l'he basic cryogenic 
system has been acquired and is in the process of being assembled. 

__ Status .... of Milestones 

C r i t i - c a l  milestones are on schedule. 
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1 .I .4 Processing of Monolithics 

~~~v~~ Prscessinq 
V. K. Pujari, D, M. Tracey, M. R. Foley, A. K. Garg, N.I. Paille, 
P. J. Pelletier, L.C, Sales, C, A. Wilikens, R. L. Yeckle (Norton Company) 

0 B J ECTl VE/SCO P E 

The goals of the program are to develop and demonstrate significant 
improvements in processing methods, process controls, and 
nondestructive evaluation (N E) which can be commercially implemented 
to produce h j ~ ~ " r e ~ ~ ~ ~ i ~ ~ t y  sili on nitride components for advanced heat 
engine applications at temperatures to 1370°C. Achievement of these 
goals shall be sought by: - The use of silicon nitride - 4% yttria composition which is 

consolidated by glass e 
- ration of baseli al process route 

injection molding. 
ation of tensile test bars by colloidal techniques - 

injection mol ing a n d  col l~ ida i  consolidation. 

fractographic analysis. 

and process parameters. 

in process m ~ ~ ~ ~ d s  and controiis. 

~ identification f  ti^^^^ fla opulations through NDE and 

- Correlation of measure tensile strength with flaw populations 

- ~ i ~ ~ ~ ~ ~ ~ a t ~ o n  of these flaws through innovative improvements 

The ~ u ~ n t ~ ~ a t ~ v e  program goals are: 1) mean RT tensile strength of 
bull modulus of 28, 2 m e a n  1370°C fast fracture tensile 
Pa, and 3) mean 123 "6: tensile stress rupture life of 188 

900 MPa and 

TECHNICAL PROGRESS 

The technical progress against the major tasks 
~ t a t ~ ~ ~ n t  of work is summarized in the following. Th 

ial Selection and ~ h a r a c t e r i ~ a t j ~ ~ ;  2) 
ss Control; 3) Development and Appli 

Testing and Microstructural Evaluation; 5) Reporting; 6) Quality 
Assurance. 

Process optimization efforts continued during the reporting period 

atesial Processing and 
tion of NDE; 4) Property 

to  t h e  Stage I t  experimental plan which involves processing 16 
of buttowhead tensile bars. The iterations serve as factorial 
experiments based on control variables established in Stage I) of 

the Program. The outcomes of successive iterations relative to targeted 
mechanical properties are used to establish the optimum control variable 
combinations/levels for the final process demonstration of Stage I l l  (511 /92 
- 9/34)/92). Current technical highlights are as f o l l ~ w s :  
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Development and scaleup of the aquee~us based powder processing 
methodology has been completed for production of NCX-5102 
silicon nitride slurry used in the closed loop cailoidal consolidation 
facility. S P C  has been implemented far chemical and physical 
property control. SOP (Standard Operating Procedures) and control 
charts involving all key parameters have been estabiished for the 
aqueous powder processing. 

0 Iron contamination has been eliminated from the powder processing 
and colloidal consolidation equipment through judicious selection of 
construction material and refinement of the filtration process. 
Casting iteration data verified the suceessfu! elimination of iron 
inclusions from the powder processing and casting equipment. 

Programmed pressure profile casting methodology has been 
completed using an automated, nwlti-station casting apparatus 
configured for rapid and efficient casting batches. A developmenta8 
in-process feedback control system based upon ultrasonic 
monitoring has been demonstrated far assuring precision green 
parts and high yields. 

An optimized HIP densifieation process has been developed and 
implemented as SOP for tensile bar iterations. The process provides 
an excellent toughness, fins-grainhigh aspect ratio microstructure. 
Furthermore, the process has been refined to provide high loadings 
and excellent yields. 

Various NDE methods (WT, UT, @T, NMR, LBP, XRD) were 
successfuIiy utilized in the above developments and have been 
incorporated in process control SOP. Recommendations on NDE for 
detection of flaws below 58 prn were made (in accordance to a 
12/31/91 milestone). These included microradiography with 
geometric enlargement, radiograph high resolution digital display 
and computed x-ray rnicrotomoyraphy. 

e A tensile testing calibration study was conducted using a set of 
strain gaged buttonhead tensile specimens which established the 
range of bending imposed with the SOP. Strain gage data indicate 
an acceptable level of bending a8 fracture using the straight 
c a I I et/" S u pe r G r i p I' s y s t e rn . 

0 Experiments involving heat treatments after HIP'ing (crystallization) 
and after machining (oxidation) were conducted. The post-W1 P 
crystaBliaation was found to significantly enhance the 1370°C fast 
fracture strength. The post-machining oxidation treatment was 
found to enhance both the room and elevated temperature tensile 
strengths. 
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TASK 1 

to established standard operating procedures (SOP). Statistical Process 
Control (SPC) charts are being developed for all key process parameters 
during Stage I I  for overall process monitoring purposes. 

MATE RIAL SELECT1 ON AND CHARACTE RI ZATl 0 N 

Materials at each stage of processing are being analyzed according 

TASK 2 

i> Powder Processing 

MATERIALS PROCESSING AND PROCESS CONTROL. 

The iron inclusion failure origins first observed in Iteration 
tensile rods increased in fr 
eliminate these failure orig 
process including adding a 
separation step to remove 
powder prior to being miile 
microfocus x-ray radiograp 
powder to have significant 
(10) out of 15 samples (38 
or two high density inclusi 
materials of construction for the proces 
and changed t o  non-metal 
significant decrease in me 
microfocus x-ray and the 
failure origins during tensile 

The particle size of the s i lk  

the three grades of Ube silicon nitride po 
varied by as much as 93% in order to achieve a consistent milled 
average particle size. 

sting, as discussed in Task 4. 
as received from u 
e was found to hav 

Lot E silicon nitride pa 

variation to necessitate considerable adju 
parameters from previous lots. Figure 1 e surface area of 

n ~~~~~~~ 

ifling time has 

Figure 1 : Ube Si,N, Surface Area 
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Table 1: Process Control Charts 

I Packing Density (ClP'd) 1 
Five batches (C026-6;030) were prepared for colloidal 

consolidation studies during the period. Additional control charts 
were initiated as shown by Table 1 in response to  a significant 
decrease in cast density for batch C030. The  lower cast density 
resulted in unacceptable warpage during HIP'ing. The low cast 
density is attributed to a narrower particle size distribution, even 
thaugh the average particle size was within specification. This 
resulted in a lower packing density as measured on CIP'd control 
samples (Figure 2). The narmw particle size distribution was 
caused by variation in the starting blbe silicon nitride powder particle 
size distribution for Lot E as compared to prior lots. Efforts to 
compensate by adjusting the milling parameters (solids content, 
time) were only partly successful in re-establishing the milled 
particle size distribution and packing density. Therefore, the Lot E 
silicon nitride power will be replaced. 

3 .  

2. 

1. 

1. 

-.  

Figure 2: CIP'd Packing Density (g /cc )  
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ii) Colloidal Consolidation 

Seven (7) casting iterations were performed during the 
reporting period. The first four of these (XXX, X, Y, and Z )  served 
to monitor progress in the milling and casting equipment 
modification efforts. These modifications were developed in 
response to NDE and fractography data on the nature of the 
strength impairing defects associated with these unit operations. 
The last three iterations (AA, AB, and AC) were cast to provide 
samples for concurrent studies in HIP’ing and machining. 

incremental modifications were made on the pressure cast 
operating procedure and the new casting machine so as to achieve 
more reproducible cast pieces. These modifications have taken the 
form of: 1) more uniform slurry flow, 2) tighter control on pressure 
profile reproductions from one cast to the next, 3) better mold 
treatment and handling procedures, 4) elimination of ail metallic 
components to eliminate metal inclusions in the cast part, and 5)  
modifications in the design of the equipment to reduce the incidence 
of voids. One of the most significant changes made was to 
automate the pressure application which results in duplication of the 
pressure profile throughout the casting campaign. The effect of 
these changes may be quantified by the successively smaller 
confidence intervals shown in Figure 3. The figure shows the 
99.73% confidence intervals (3-sigma) on the average weight of the 
as-cast tensile rods. Figure 4 shows the relationship between the 
as-cast weight and the pre-sintered weight of the tensile rods for 
iterations Y ,  Z and AA. The pre-sintered weights very closely follow 
the as-cast rod weights with an extremely high degree of correlation 
(r2 > 0.95). Any deviation from the regression line can be explained 
by a proportional deviation in rod length measured at the pre- 
sintered stage (r2 increase to .99). As ail rods were cast in the 
same size cavity, the difference in pre-sintered lengths is the result 
of differing amounts of ceramic powder cast in the mold. Since the 
density differences of the dried cast pieces are negligible (standard 
deviation 4 0.3%), this implies that controlling as-cast weights of the 
tensile rods will result in control of dimensional variation in the end 
product. Effort is under way to further reduce the observed 
variations in the as-cast weight. Exceptions to this trend reflect 
variations in the casting time, for various batches. For example 
Iteration Y represents different casting times which resulted in parts 
which were not fully cast and therefore of varying weights. This 
problem can be addressed by the use of in-situ monitoring of 
casting which will be covered in the section on Development and 
Application of NDE, Task 3. 
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BATCH # 

Figure 3: 

100 

95 

80 

75 

Figure 4: 

Confidence Intervals on ~ s - @ a s t  Tensiie ~ s d  weights 

The effect of different lots of raw materials, (e.9. B and E) is 
evident when comparing molding batches AA with Batches AB' and 
AC. The lower solids content slips made  with Lat E powder gave 
more variability. The AS' as distinct from AB indicates a mold 
design variation which also results in increased variability. 

iii) Hot Isostatic Processinq 

Reproducible densification behavior during HIP with 
c o n s i s t e n t  toughness  is at7 impartant requirement for a t t a in ing  
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stated strength and Weibul Modulus objectives. The tensile strength 
depends both on the flaw size and the toughness as described by 
well known Griffith’s equation. 

Therefore, a change in toughness value will result in shifting 
of the strength distribution. As a result a HIP experimental matrix 
was designed to examine the correlation of toughness with HIP 
parameters and microstructure. 

The first step of the matrix was to densify the tile at HIP 
conditions which achieved full density while retaining a high 
percentage of alpha silicon nitride. Subsequently the tiles were 
sintered at one of three temperatures, three soak times and one of 
two pressures. The first HIP step allowed investigation of pressures 
and temperatures that were sufficient to density the material but 
may affect grain development during the a to (3 transformation. 

The range of times and temperatures selected resulted in 
significant microstructural variation. The resultant average grain 
size ranged from 0.5 microns to 1.68 microns. 

These changes in microstructure due to the variation in above 
parameters resulted in difference in fracture toughness. Within the 
range studied, the pressure was found to have insignificant effect on 
the microstructure. 

Generally, the toughness of silicon nitride is dependent on the 
I3 silicon nitride aspect ratio as shown in Figure 5. The micrographs 
in Figure 5 compare a high toughness microstructure with that of a 
low toughness microstructure. The high toughness material has a 
finer grain size with higher aspect ratio grains. Because of this 
dependence, the apparent aspect ratio measured from micrographs 
was correlated to toughness values. The measurements were taken 
from 2.5KX micrographs similar to those shown in Figure 5. Lines 
were randomly drawn across the photomicrograph. Rectangular 
grains touching the lines were measured. 

The average aspect ratios for high and low toughness 
microstructures were measured to be 10 and 4 respectively. The 
aspect ratio was correlated with toughness by determining a aspect 
frequency, The aspect frequency is the number of grains with an 
aspect ratio greater than 4 divided by the length of lines transversed 
on the micrographs. The plot in Figure 6 shows a very strong 
dependence of toughness on the aspect frequency. 

C029 an C030) were conducted using the two step process and the 
measured toughness values are shown in Table 2. Each toughness 
value in Table 2 is an average of 5 separate measurements on each 
tile. Slightly lower K,, for batch GO30 tiles is suspected to be due to 
the excessive crystallization of the intergranular phase. As shown 
in Table 2, two stage HIP process results in higher a-phase content 
in the microstructure. Higher a-content is expected to improve 
hardness as measured by Knoop or Vicker indenter. Hardness and 
strength values are currently being measured on these tiles and will 
be reported in the next report. 

Five HIP runs (using tiles cast from milled powder batches 
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K = 6.26 MPa m1/2 K = 5.75 MPa mll2 

Figure 5: The finer microstructure (left) has a toughness of 6.26 
MPadm. The coarser microstructure has a toughness 
of 5.75 MPadm. The coarser structure was densified 
at a higher temperature with the same soak time. 

Aspect Frequency (grainu'micron) 

Figure 6: Toughness exhibits a strong dependence on aspect 
frequency . 
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C030 

C030 

Table 2: Summary of Fracture Toughness Values from 
the Two Stage HIP Cycle. 

~~~~ 

d 5.7 - 
e 6.4 - 

~~ // Batch I HIP 

C030 
C030 

11 C030 I d 

e 6.2 - 
e 6.2 - 

a - Si,N, /I 
MPa ml’* I % 

6.4 22.6 
6.43 21.5 
6.24 - 

iv) Process Control 

Process control procedures and charts have been 
continuously revised and updated during Stage I1 of the program. 
This has been done so as to: 
1) reduce the set of charts to those which can most efficiently 

discriminate between product which does and does not meet 
specification, 

2) tighten control limits (by increasing the sample size) where 
specifications do not allow for deviation (low process 
capability index Cpk), 

3) loosen control limits (by decreasing sample size) where 
specification limits were broad compared to control limits, 

4) consolidate multiple control charts/decision criteria into go/no- 
go charts. 

Control charts have been written into Standard Operating 
Procedures (SOP) which will be followed in Stage Ill of the program. 
One of the go/no-go charts used in the pressure casting unit 
operation is shown in Figure 7. Cast thickness squared is plotted 
versus time in this chart and the slope is compared to an UCL which 
serves as a pass/fail test. Each slurry batch is evaluated by this 
casting rate test prior to NSF bar iteration casting by the following 
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UCL 

2 9  

0 

procedure: 
A fixed volume of slip is cast at constant pressure on an 
established porous material. 
The thickness of the cast is monitored at fixed time 
increments. 
Thickness2 vs. time of cast is plotted for the slurry. 
The slope of the line is estimated using linear regression. 
If  the slope of the line is found to be greater than 

* 

* 
* 
* 
* 

0 

specificahon, the slip is rejected. 

600 

PASS CASTING QC 

I 1 I I I 

""1 
/// //T' 4 0 0 1  FAIL CASTING QC 

200 1 ////A 

0 2 0  4 0  

C 2 8  

TIME 

Figure 7: Puck-casting QC for Slurry 

The importance of this casting rate measure is shown by 
examining the effect of the slope with respect to the total indicated 
run-out (TIR), Figure 8. TIR is a measure of the amount of warpage 
or bending of the tensile rod and determines the yield during the 
densification stage, as the greater the runout, the less likely it is to 
obtain a machinable rod. Runout also has a bearing on the tensile 
strength, as it determines the amount of removal of the relatively 
low density reaction layer during the machining process, Figure 9. 
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TASK 3: DEVELOPMENT AND APPLICATION OF NDE 

Mi crof ocus X- r av Rad io qr a0 h y 

Specimens from all stages of processing have been examined 

i) 

by MFX radiography in order to monitor and control the process. 
This includes all steps from the starting powder to the final 
machined NSF bar. The machined NSF bars are also examined for 
strength impairing flaws far correlation with fractographic analysis 
data and the development of a strengthlWeibul1 prediction model. 

a) MFX of As-Received Si,N, Pawder 

Lot E Ube powder was evaluated for the presence of 
inclusions. Three samples of each powder size (ElO, E05, 
E03) were examined. No indic tions of iron inclusions were 
found in the nine samples examined. 

Earlier, Lot D Ube powder was examined by MFX X-ray. 
A total of fifteen 30 g samples were tested for the presence of 
metallic inclusions from the E03 powder size. Ten samples 
were found to have high density inclusions, as mentioned in 
Task 2. 

b) MFX of Colloidal Suspensions 

During the reporting period, four colloidal suspensions 
(C027, C028, CQ29, C030) were evaluated for the presence 
of agglomerates and inclusions, The evaluations were 
performed during the period that the casting operation was 
being conducted so that unessential aging issues were 
avoided. No indications of these two types of defects were 
found in the 6 samples evaluated for slips CO27-CO29. Two 
agglomerates were detected in one of the 6030 samples. 
The sensitivity limit in these evaluations was 25prn. 

c) Strenqth-Flaw Correlation 

A number of NSF bars from Iterations TI V and X failed 
from inclusions during tensile testing, corresponding to the 
metallic contamination that has previously been discussed. 
Radiographs of those specimens which failed in the gauge 
length were used to establish a possible relationship between 
inclusion size and NSF bar strength. Fracture mechanics 
suggests the relationship 

(1) 
KK a f = c - -  
& 
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where the constant c represents the geometrical features of 
the defect with dominant dimension a. In this case, a is taken 
as one-half the largest inclusion dimension perpendicular ts  
the tensile axis which is ~ ~ p ~ r ~ ~ ~  in the radiograph. A penny 
shaped crack would have a value sf 8.89 for the canstant c .  

value of u, was computed for each specimen using equation 
as compared to the actual test s t r e n g t h .  A value 
was used for M,, in this computation, The value 
be the best choice far the canstant c was t ha t  

value which gave a regression line which best approximated 
the predicted = actual line, Figure 10. As can be seen, 
altheaergh these is considerable scatter in the data, t h e  

session line! with c =? 0.65 corresponds alrnast exactly to 
the 45" line in this plot. The value of 8.65 suggests that t h e  
effect of an inclusion in Si,N, is niwe s e v e r e  than a penny 
shaped crack 04 equivalent dimension. 

Given the flaw size from the radisgraph, a predicted 
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Figure 10: Predicted vs. Actual Tensile Strength 

d.  Iteration Data 

Presintered NSF bars from iterations S, 

JO 

T, Us V. X, Y, Z . . .  
and AA were radiographed at 9x in the gauge area. MFX was 
used to estabiish casting controls as they relate to air 
entrapment and the resultant void defects. Figure 11, which 
represents the ## voids for each presintered sample of Batch 
Y ,  illustrates how MFX is used to monitor the casting process. 
Significant improvement has been realized as can be seen in 
the plot of # voids/sarnple for iterations V through AA. After 
the  installation of the automated casting unit which 
commenced at Batch X, Figure 12 shows the great 
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Figure 12: Microfscus X-ray Flaw Detection of Voids in Green 
Tensile Rods 
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improvement in void frequency from a level of 3.5 to I .5 
voids/sample. The 1.5 voids/sample Bevel of Iterations X ,  Y 
and Z has been reduced to a .5 level for the I T I Q ~ ~  recent 
iteration AA. 

were evaluated at lox  in the gage 
period. The number of HIP’ed bar 
above were 65, 19, 52, and 77 res 
flaw populations for iterations T-Z 
the form of # ~ ~ c ~ u ~ i ~ ~ s ~ ~ a m ~ ~ ~  an 
After Batch T was proces 
discovered in t 
contamination 
the metallic components. At that point, r ~ ~ ~ a ~ ~ ~ ~ n ~  
components were redesigned with organic materials to 
circumvent the ablen. As can be seen in the graph, the 
metallic conta ation has been decrcas d drasticafly. 
Whereas more than 50% of Iteration T ro s were found to 
contain metallic inclusions, only 7% of Iteration Z samples 
were found to have these defects. The final sources of 
contamination were addressed at the end of Iteration Z. The 
major flaw population that has now been identified in the last 
two iterations by both LDP and MFX is microporosity. The 
microporosity is present in small clusters of zL 20pm. Figure 
14 is a photograph of a HIP’ed rod after LDP testing. The 
white areas on the surface of the sample are the clusters of 
porosity. 

HIP’ed tensile specimens from Iterations V, X, V an 
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Figure 13: Microfocus X-ray Flaw Detection of Inclusions in HIP’ed 
Rods 



Figure 14: HlP'ed Rod After LDP Testing 

e. NDE/SEM Identification of Flaw 

As-cast tensile rods from a recent batch were MFX to 
monitor the casting process. One rod was found to have high 
density inclusions right at the surface. The areas containing 
the flaw were mapped using the radiograph and examined 
using SEM/EDS. Figure 15 shows the results of EDS analysis 
and it suggests that the high density areas are calcium and 
sulfur. From this data, it was concluded that calcium sulfate 
debris, the mold material, had leached out into the slip of the 
mold cavity. The combination of using NDE/SEM together is 
very useful in identifying flaws in order to solve process 
problems. The identification of these CASO, particles in 
tensile rods was an isolated case and atypical of the process. 

Figure 15: SEM/EDS Map of Fractured Origin 
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i i) Ultrasonics (Precision Acoustics Devices, Inc.) 

Examination of Surface Cracks 

A technique to detect surface flaws 150 pm and below 
has been developed and verified using indented cylindrical 
specimens. Indentation loads of 40 kg, 30 kg, and 20 kg were 
used to generate controlled surface flaws for UT examination. 

As shown in Figure 16, a 100 MHz transducer was 
employed and appropriately focussed below the surface 
(instead of at the surface) to eliminate the longitudinal wave 
component of the signal. The signal thus received is mainly 
due to the surface wave interaction with the median crack. A 
typical UT (C-scan) image obtained from a 20 kg indented 
specimen is shown in Figure 16. The width of the trailing 
edge of the scan represents the width of the median crack as 
shown. The leading edge of the signal is caused by the 
interaction between multiple reflections 
received from the crack surface. 

Eased upon the strength of the signal, it is anticipated 
that a sub surface flaw in the vicinity of 40 pm may be 
detected. Efforts are now underway to utilize this technique 
to examine finish machined NSF bars prior to testing. 

I 
Ut Transducer ' 

Tensi le  Bar 

vlcker * s Indento t ion 

I --7 

Figure 16: Ultrasonic Examination of Surface Crack (20 kg 
Indented Specimen) 
a. Schematic Drawing Showing Test Configuration 
b. C-Scan of 150 pm Indented Surface Flaw 
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Materials 

Water 

Slip 
(70W% solids) 

b) Ultrasonic Monitorinq of the Castina Process 

UT PROPERTIES 

Velocity (m/sec) Attenuation 
(d b/mm) 

1500 0.0 

1385 0.154 

Ultrasonic Characterization of the Ceramic Suspension 

The ultrasonic impedances of a column of ceramic 
suspension and the saturated cast body were established for 
baseline data needed in the process monitoring. The liquid 
column measured 25 mm in diameter x 198 mm high. Two 1.5 
MHz UT transducers, (one at each end of the liquid column or 
cast body) were placed to measure time of flight and signal 
amplitude (attenuation). The measured values of the 
transmission velocity and the attenuation for the ceramic 
suspension and the cast body are compiled in Table 3. 

Table 3: Ultrasonic Characteristics of Casting Systems 

I 0.094 1516 
~~ 

Cast Green 
Saturated Bar 

As expected, the attenuation in the ceramic suspension 
is greater than that measured in pure water. The cast body 
on the other hand measures velocity similar to that in water as 
all its pores are fully saturated. For a similar reason the 
impedance in the cast body is also lower than that measured 
in the suspension. The ultrasonic characteristics of the slurry 
and the cast body established from these experiments are 
used to interpret the wave forms during in-situ monitoring of 
the casting process. 

In-Situ Monitorina of the Filtration Process 

Casting experiments were performed in a two piece 
plaster mold. The mold cavity shape was that of a button 
head tensile bar. Figure 17 shows a schematic drawing of the 
mold cavity along with the location of the UT transducers. 
Two transducers (1.5 MHz), one at each end of the mold 
cavity, were placed such that their active faces were flush 
with the end of the cast tensile bar button heads. The 
transducers were fixtured in the mold to a) assure positive 
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contact with the cast bar throughout the experimentation and 
b) prevent being pushed out of the mold under the applied 
suspension pressure. The mold cavity was fed from two gates 
located at the two ends of the bar near the button heads. 

The mold cavity was pressurized with the suspension at 
0.14 MPa (20 psi) and the casting process was monitored by 
the attenuation of the ultrasonic signal. The ultrasonic signal 
was transmitted from one end and received at the other end of 
the mold cavity. Both the amplitude and the time of flight 
were monitored throughout the experimentation using a 
personal computer. A computer algorithm was designed to 
acquire maximum signal amplitude and the corresponding 
time of flight at regular time intervals. 

Through transmission 
a. Amplitude 

b. Time of flight 

9 

Amplitude 
(mv) 

2 

UT TRANSDUCER 
Cornplefion 
nl Casling 

144  

137 

130 

Time of 
Flight 

(pm-sec) 

0 5 10 15 28 
Casting Time (minutes) 

Figure 17: In-Situ Monitoring of Tensile Bar Casting by Ultrasonic 
Imaging 

The amplitude and the corresponding time af flight for 
the transmission through the cast layer as a function of 
casting time are also plotted in Figure 17. It can be seen 
from Figure 17 that as the casting proceeds, the cast layer 
thickness increases causing t h e  received signal amplitude to  
increase while simultaneously time of flight to decrease. This 
trend continues until the completion of the casting process. 
At this point the amplitude and the time of flight achieve their 
highest and lowest values respectively. This may be 
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The results have been reproduced for various applied 
pressures and suspension concentrations thus providing a 
simple and yet effective way to monitor and control the 
casting process, 

ComDarison of Castinq Rate Prediction From Ultrasonic and 
P hvsi cal Measurements 

The measured cast thickness vs, time data is plotted in 
Figure 19 alongside the UT amplitude data from Figure 17. 
Both these data correspond to the casting experiments 
performed at a fixed applied pressure of 0.14 MPa (28 psi). 
The casting kinetics data from physical measurement, (curve 
A, Figure 19) and that obtained from ultrasonic evaluation 
(curve €3, Figure 19) seem to be in a reasonably good 

reement suggesting that the UT amplitude could be utilized 
a feedback signal to adjust the applied pressure and hence 

control the casting rate. A system may be designed 
incorporating the above knowledge base to develop intelligent 

rocessing methodology. 
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Figure 19: 

iii) 

Comparison of Casting Rate Prediction from Ultrasonic 
(5) and Physical Measurement (A) 

NMR SpectroscoDv - Araanne National Laboratorv 

Standard NMR methods of analysis were developed to 
evaluate the aging effects of freshly prepared batch milled slurries 
with surfactant. The results of two of the NMR methods (i.e. T, and 
T, measurements) were reported earlier (July-August 1991). A third 
standard NMR method designed to monitor the adsorption of the 
surfactant in Si,N, slurried with heavy water, D,O, has been 
developed. Optimization of this method to monitor adsorption of the 



96 

aqueous ammonium polyacrylate is currently underway. Initiation af 
a study designed to monitor the adsorption of surfactant in a Si,N, 
slurry (containing 37.5 wt% solids), prepared by milling the powder 
in D,O, will follow immediately. 

The method development involved standardization of 
integrated signal intensity from methyl protons in a standard solution 
of the surfactant a ainst the signal from an analytically prepared 
aqueous NMR reference standard which was chosen to be 3 - 
(Trimethylsilyl) propianic-2,2,3,3-d4 acid, sodium salt (TSP). 

Two primary considerations were t h e  focus in the 
development of this method. The first was identification of a proton 
NMR resonance suitably distant from other spectral lines, and with 
sufficient relative intensity, for quantitation of the surfactant 
concentration in D20 solution. The signal from the methyl group, 
appearing as a doublei, in the surfactant was chosen far this 
surfactant. at 2% conc~?ntration in D,O. This signal with chemical 
shift 6 = 1.14 ppm is well removed from the reference signal 6 = 0.0 
ppm, other signals arising from the surfactant 6 = 3.5 - 3.9 ppm, and 
especially from the residual H,O signal at ca. 4.86 ppm. 

The second consideration was the generation of a calibration 
line for quantitation of t h e  surfactant in D28 soirrtion. The ratio of 
the integrated signal intensities of methyl protons to TSP reference 
protons was determined as a function of concentration (0.08-2.8 
wt%) in D,Q. These data are platted in Figure 20. A good linear 
correlation was found (slope = 1.48, y-intercept = 0.83, correlation 
coefficient = 0.99997); and the maximum experimental error (1 0%) 
was found at the lowest concentration (0.08%), where the signal-ts- 
noise ratio was the poorest. This errar can be reduced in future 
determinations by extending the signal averaging with a concomitant 
i n c r e as e in s i g n a i4 o - n ai s e, 

SURFACTANT CONC. (wr 96) 

Figure 26: Calibration Line for NMR Signal lntensity vs. Non- 
Aqueous Surfactant Concentration in @,O Sclubican. 
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The optimization of this method applied to quantitation of the 
aqueous ammonium polyacrylate concentration in 0,O is currently 
underway. The same NMR method used to generate the calibration 
lines will be used to monitor the adsorption of surfactant in a SI,N, 
slurry (containing 37.5 wt% solids), prepared by milling the powder 
in D,O. The first study will determine adsorption as a function of 
time, and the second study will determine adsorption as a function 
of initial surfactant concentration. Both studies will employ samples 
of supernatant liquid obtained by centrifugation of the slurry so that 
the NMR experimental conditions will be identical with those used in 
generating the calibration lines. 

iv) Milestone on Detection of flaws Below 50 cim 

Three approaches have been evaluated to effectively detect 
flaws in the size range below 50 Vrn in 6 mm diameter SI,N, 
samples. Two involve film micro-radiography and t he  other is 
computed x-ray microtomography. Geometric enlargement (to SOX) 
is a standard option of the microfocus system that is being uti!ized 
in this processing improvement program. An enlargement of 10X is 
SOP for HIP’ed bars and this provides a field of view which includes 
the gage length of the bars. This SOP provides a factor of 10 
improvement over the 200 pm resolution which is customary in 
visual radiographic analysis. Thus 20 pm resolution over a 40 mm 
height is routinely attainable. 

evaluated with reference to the subject milestone. This technology 
addresses the need for automation in the analysis of film and also 
improved detection probability. Image processing of digital 
representations at high resolution have been found to provide 
dramatic advantage over the traditional visual film reading 
evaluation. A commercially available system which provides a 
2560x2048 pixel, 12-bit display of a laser-scanner (50 pm spot 
size/l2-bit) digital image has been found to provide the necessary 
resolution with the use of on-screen zooming and gray level 
windowing. 

The computed microtomography technique has been 
evaluated using a commercially available turnkey laboratory system. 
The manufacturer claims a 25 pm resolution. A HIP’ed tensile bar 
processed with 20 pm FeAl seeds was used to evaluate the system. 
Tomographs were generated which indicated microstructural 
features of a size representative of the seeds, indicating the 
potential for sub 50 pm flaw detection. It is clear however that 
considerable effort and expense would generally be required to 
evaluate the entire gage length of an NSF bar, due to the 
exceedingly small slice thickness which is required at this flaw size 
range. On the other hand, evaluations to establish typical 
microstructural patterns could be profitably pursued since then only 
a limited number of slices would be necessary, 

State-of-the-art radiograph film digitization systems have been 
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TASK 4: PROPERTY TESTING AND MICROST 
EVALUATION 

i> Effects of Heat Treatment on Tensile Strenqth 

Iteration V specimens were used to evaluate t h e  effects of 
post-HIP and post-machining heat treatments on room and elevated 
temperature tensile strength. The past-HI P treatment is conducted 
prior to machining to crystallize the secondary phases present after 
densification. The post-mackining treatment is performed to anneal 
and oxidize (blunt) surface and near surface flaws caused by the 
grinding process. A total of 63 room temperature and 13 elevated 
temperature (1 370°C) tensile tests were conducted on specimens 
which comprised the 2x2 experimental matrix. 

The mean tensile strength values for the room temperature 
tests are summarized in Figure 21. A 10% strength improvement 
can be associated with the oxidation treatment (731-888 MPa). The 
data suggest that crystallization has an insignificant effect on the 
room temperature strength (774-765 MPa). While the oxidation 
treatment appears to have a significant effect an t h e  character of 
the surface flaw papullation, apparently crystallization does not 
influence the room temperature strength limitin volume defects. 
There is a small interaction of the two treatments which is also 
displayed in Figure 21. 

xlji 850 

RT 
Tensile 
Strength @lo- 
(MPa) 

Figure 21 : Mean Room Temperature Tensile Stength as a Function 
of Heat Treatment Condition 

The elevated temperature strength data are summarized in 
Figure 22. Each treatment can be seen to have a significant 
positive effect on the 1370°C tensile strength. Crystallization 
accounted far an 18% strength enhancement (393-462 MPa), while 
oxidation separately provided a. 16% increase in strength (396-460 
MPa). The interaction of the two treatments on high temperature 
strength is also plotted in Figure 22. 
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i i) 

The average strength improved by 9% (743-811 MPa) at room 
temperature and a very significant 38% (347-480 MPa) at 1378°C 
when specimens were processed with both the post-HIP and post- 

atments, These results clearly suggest that the 
included as SOP to ssure achievement of 

room temperature and 50 NtPa 1370°C strength 

NONE XTAL OXlD BOTH 

pd8, . t+iP cFgsiai!iratim V A L $  Past Macnining Oedalion (0x0) 

Figure 22: Mean Elevated Temperature Tensile Strength as a 
Function of Heat Treatment Condition 

Room Temgerature Tensile Testina of Iterations XXX, X .  Y and Z 

Room temperature tensile tests were performed on a total of 
135 s p ~ ~ ~ ~ ~ ~ ~  from Iterations XXX, X, Y and Z. Iteration XXX 

ere from 1 densification run, Iteration X and Y 
2 densification runs each and iteration Z 
three densification runs. Results are 

summarized in Table 4. The mean strength shows significant 
improvement from Iteration XXX to Iteration Z .  AI! bars were formed 
using the new casting machine but starting with lteration Y a new 
filter was installed in the closed loop system to minimize inclusions. 
The W~~~~~~ distributions are plotted in Figure 23. The Weibull 
Modulus for each iteration was approximately equal to 9. However, 
as shown in Figure 23, one can see the strength improvement from 
Iteration XXX to Z. The Weibull moduli are lower than those found 
in previous Iterations (e.g. 13 for Iteration N) due to the control 
variable levels set for these particular designed experiments. 
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Table 4: Stage I I  RT Tensile Strength Data: 
Iterations xxx - z 

l-1- 
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Figure 23: Weibuil Analysis  for Stage I I  
Batches XXX, X, Y and Z 
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Optical and SEM fractography were performed on all 
specimens and the results are summarized in Table 5 .  There is a 
significant shift from valume failures to surfae 
elimination of iron c o n t a m ~ n ~ t i ~ n  from lteaatia 
Z. The flaw type "G", glass impurity, was found to be related to our 
post-machining heat treatment and st 
eliminate this source of failures. The 
related to machining. The other signi 
micraporosity, occurs in the volume and may be refatsd 
step densification process. Examples of specific flaw ty 
discussed below. 

have been taken to 
dominate flaw origin is now 
rat flaw type "A/P", zones af 

iii) Iteration Z Heat Treatment Tensile Strenqth Results 

The majority of Iteration Z specimens (32 of 47) inte 
RT fast fracture testing was given a post-m hining heat t 
Previous tests from Iteration V demonstrat a ~ ~ ~ n ~ f ~ ~ ~ ~ t  (1Q%) 
improvement in strength related to this oxi ion heat treatment. To 
verify this effect, a group of 15 lterafi ~~~~~~~~ were tested in 
an as-rnachined state. The results sh trend as found 

to be 834 MPa, 7% lower than the 891 MPa mean stren 
oxidized Iteration Z specimens. 

Table 5: Stage tI Fractography Summary: atches xxx - z 

for iteration V. The mean strength of ns was found 

v = volume 
S = surface 

I = iron inclusions 
A/P = agglomerates and/or microporosity 
M = machining damage 
G = glass impurity at surface 
U = unknown 

iv) iteration Z 1370°C Tensile Strength Results 

Tensile tests were performed on 14 specimens from Iteration 
Z at 1370°C in air. No heat treatments were performed prior to 



102 

testing. The mean strength was 3 5 7 ' ~  22 MPa with a characteristic 

results show no iron contamination and all failures occurred at the 
surface apparently at sites of machining damage. 

th of 367 MPa and a Weibull Modulus of 19, Fractography 

v) Strain Gasins of TensiilgSpecirnens 

Specimens from Iterations XXX, X and Y were strain gaged 
prior ta testing, to study bending during testing and to determine 
what, if any, effect bending has on strength and reliability data. 
Each specimen had four gages mounted around the center of the 
gage section and located every 98". The amount of bending is 
calculated per ASPM Standard E 602 = I ,  Reference 1, in the 
following manner: 

and g,, g2, g3, and g4 are the strain gage readings in units of strain. 

A Daytrsnic System 10 DataPAC was used to monitor and 
record the strain and load data. Iteration XXX tensile specimens 
were strained gaged and the load-bend data was recorded without 
any realignment. The % bending at failure was < 5.5% for all but 24 
sf 2% specimens with one at 12.5%. This shows that overall the test 
system is in very good alignment. 

(predetermined randomly) from Iteration X were to be realigned if 
As part of the experiment 50% of the specimens 
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the % bending at a preload of 1500 Ibs. was > 10%. The 
realignment involves unloading the specimen, twisting the grip/coliet 
load train assembly and reloading the specimen. Load- 
displacement curves have a ”knee” in the curve at about 1250 Ibs 
where the copper collets deform into the buttonhead radius. 
Therefore the preload was chosen to be higher than 1250 Ibs to 
monitor the “preload” bending. If after two preloads the % bending 
was not below I O % ,  the specimen was tested to failure. 

Figure 24 shows representative load-bend curves for 
specimens with no realignment while Figure 25 show curves for 
three specimens that were realigned (only four specimens required 
realignment). A typical curve shows an increase in bending during 
initial load up but as the collets seat themselves the bending begins 
to decrease. The figures show that the range of % bending at the 
preload level (1500 Ibs) is 4 to 16%, and in all cases the bending at 
failure is ~6%. For two of the specimens for which realignment took 
place, the best % bending achieved at the preload was 12% (Figure 
25), but still resulted in low (2%) bending at failure. However, as 
shown in Figure 26, and consistent with the decreasing bending 
level after preload, there appears to be a trend that the higher 
strength specimens experience a lower % bending at failure. Also 
noteworthy is that the specimens that had a realignment performed 
have a lower % bending at failure than those without a realignment. 

In an attempt to determine the effect bending has on the 
Weibull Modulus, 23 specimens from Iteration Y (out of 45) were 
strain gaged and tested to failure. The average and maximum 
strains were recorded for each specimen. Two Weibull Moduli were 
calculated. The first modulus was determined from the standard 
fracture stress of each specimen (ioad/area) and was equal to 
10.04. A second or predicted fracture stress was determined as the 
product of the maximum strain times Young’s Modulus (310 GPa). A 
Wei bull analysis was performed using the predicted strengths giving 
a value of 10.27. For practical purposes the difference (2.2%) is 
negligible. It is therefore concluded that 100% strain gaging is not 
required for our purposes. However, a periodic sampling using 
strain gaged specimens to check load train alignment will be 
conducted. 
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Figure 24 : 

Figure 25 : 
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vi) Staqe II Tensile Strength Data Summary 

The Stage I1 experimental plan involves 16 NSF bar iterations 
with 10 control variables and one MLP iteration. The iteration 
schedule spans the 15 month period 2/1/91 to 4/30/92. Tensile data 
have been obtained for specimens from iterations N through Z. 
These data are summarized in Figure 27. The doublets for Batches 
V and Z are from the oxidation treatment experiments while for 0 
the 3 values correspond to the 3 machining procedures employed. 
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Figure 27: 

vii) 

Mean Tensile Strengths from Stage II Iterations 

Censored WeibuII Statistics for Staqe II 

Extensive optical and SEM fractogsaphy have shown several 
types of failure origins (e.g. metallic inclusions, agglomerates, 
machining damage) throughout Stage 1 1 .  Figure 28 shows a tensile 
strength distribution for all specimens tested in Stage 1 1 .  Within that 
distribution, no less than 8 flaw types have been observed, namely, 
iron inclusions, agglomerates, porosity, glass impurities, several 
types of machining damage and unknown flaws. Censored Weibull 
distributions were generated for each specific flaw type and are 
shown on Figure 29. Weibull Moduli range from 6 for inclusions to 
24 for machining damage relative to Iteration "0". All sources of 
flaws have been identified with many already eliminated or 
minimized, as shown above for Iteration Z. Figures 30-33 show 
micrographs of some of the flaw types analyzed. Included are major 



machining damage, standard rnachining damage, Si-rich glass 
regions and zone of rnicraporasity. It is apparent from Iteration Z 
data that surface flaws related to machining are the major strength 
and reliability limiting defects. The remaining Stage II experiments 
are concentrating on machining effects. 
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Figure 29: Weibull Plot of Strength Data for Stage ! I :  Censored 
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Figure 

... 1- 

30a: SEM of the failure origin of specimen V-28 fractured at R 
(a, = 685 MPa) showing severe machining damage (Type 

T 
MD), 

Figure 30b: SEM of the failure origin of specimen 2-13 fractured at RT (a, 
= 731 MPa) showing severe machining damage (Type MD). 



Figure 31 a: SEM of the failure origin of specimen 0-1 6 fractured at RT 
(a, = 884 MPa) showing a 5 pm wide machining groove surrounded 
by a 45 pm semi-circular sub-surface crack (Type MO). 

Figure 31 b: SEM of the failure origin of specimen 0-37 fractured at RT 
(a, = 894 MPa) showing a 10 pm wide machining groove surrounded 
by a 25 pm semi-circular sub-surface crack (Type MO). 



Figure 

' C  I 

32a; SEM of specimen T-a fractureo at RT (af = 0d2 MPa) s 
a glass impurity from oxidation (Type G). 

,bowing 

Figure 32b: SEM specimen Y-57 fractured at RT (a, = 921 MPa) showing a 
glass impurity (Type G). 



Figure 33a: SEM of specimen 2-12 fractured at RT (a, = 1025 
MPa) showing a volume defect containing 
microvoids (Type V). 

Figure 33b: SEM of specimen 2-33 fractured at RT (a, = 1040 
MPa) showing a volume defect containing 
microvoids (Type V). 
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viii) Strenqth-Flaw Correlation 

A limited amount of fractography data was quantitatively 
analyzed during the reporting period to establish relationships 
between strength and flaw size. Data for specimens which failed 
from agglomerates in the baseline pressure casting iteration ,are 
plotted in Figure 34. Strength is plotted as a function of l /da, 
following the fracture mechanics equation (1) which was discussed 
in Task 3. There were seven agglomerate failure origins in the 
iteration ranging in size (radius) from a = 15 to 50 pm. The plot 
illustrates the strength variation (roughly 400-1 000 Mpa) which 
corresponds to this agglomerate size range. The predicted 
strength-flaw size relationshi suggested by the penny shaped crack 
model, using K,, - 4.67 MPa $" m (average for the 7 specimens), falls 
above the regression line. This suggests that agglomerates have a 
more detrimental effect on strength than penny shaped cracks. 

A similar representation of strength-flaw data is plotted in 
Figure 35 for Iteration 0 machining damage related surface flaw 
failures. The maximum depth of the surface flaw (not the surface 
length) is plotted as the dimension a. There is excellent agreement 
between the regression line and the semi-circular surface crack 
fracture mechanics prediction, (c = 1.1 1 , Reference 2). This 
prediction was developed using the iteration average K,, value of 
5.35 MPadm. The prediction following from the long surface crack 
model (c = 1.55) can be seen to fall significantly below the actual 
data. 
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Figure 34: Strength - Flaw Correlation 
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Status of Milestones 

All Milestones are on schedule. Milestone #1 '1 41 16, (evaluate other 
promising NDE technologies for detection of flaws below 50 pm and 
recommend implementation to processing steps) completed on schedule 
on 12/31/91. 
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Engineering Ceramic Division Best Poster Award. 
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Improved Processing 
S. D. Nunn and 0. 0. Omatete (Oak Ridge National Laboratory) 

Obiective/scope 

To determine and develop the reliability of 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 is on silicon 
nitride. Issues of practically; 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. 

Technical hiahlights 

I. Silicon Nitride Gelcasting 

Repair of the gas-pressure sintering furnace has been completed. However, 
thermocouple life continues to be a problem for firing runs involving moderately long 
times (up to 2 h) at high temperatures. 

Silicon-nitride samples containing 8.4 wt % La,O, and 2 wt % AI,O, were gelcast to 
evaluate the effects of using an alternative rare-earth sintering aid in the gelcasting 
process. The composition is comparable in terms of mol. % additive to 6 wt. % Y,O, 
and 2 wt % AI,O,. The gelcasting slurry contained 50 vol % ceramic powder and was 
very fluid before the addition of the cross-linking and accelerating agents. 

Samples of the gelcast material were sintered for 4 h at 1750 or at 1850" C under 
6.2 MPa (2 atm) overpressure of nitrogen. The sintered densities were 95.2% and 
96.6%, respectively. The material fired at 1850" C formed some free silicon metal on 
the surface. 

Additional samples were fired using a two-step, gas-pressure sintering cycle. The 
firing conditions were 2 h at 1850" C under 0.4 MPa N, pressure followed by 2 h at 
either 1900 or 1950" C under 2 MPa (300 psi) N, pressure. The sample fired to 
1900°C had a density of 99.2% and a weight loss of 1.6%. The sample fired to 
1950" C had a lower sintered density of 98.7%, probably due to decomposition as 
indicated by the higher weight loss of 2.68%. 

Examination of sliced sections of the fired samples showed the presence of large 
flaws that appear to be the result of localized non-uniform shrinkage during 
densification. This was probably caused by spot gelation during the addition of the 
cross-linker and accelerator to the slurry, which resulted in inhomogeneities in the 
cast parts. The processing procedure is being examined to try to eliminate this type 
of flaw. 
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II. Alternate Gelcasting Systems 

Experiments are continuing with alternate gelcasting systems other than those based 
on the polymerization of acrylamide. Several systems have been examined. We had 
shown earlier that the monofunctional (one double bond) monomers, acrylic acid and 
methacrylic acid, combined with the multifunctional (at least two double bonds) 
cross-linking monomers, diallylamine and triallylamine, produced usable gels. 
However, the ionic nature of the acidic monofunctional monomers limited the solids 
loading attainable in the system. Further search has shown that a system using 
methacrylamide (MAM) monomer and poly(ethy1ene glycol) dimethacrylate (PEGDMA) 
as the crossliner is very promising for gel casting. Parts have been successfully cast 
and sintered in this new system. The chemistry is being studied in order to define 
more precisely its compatibility with both alumina and silicon-nitride ceramics. 

Ill. Alumina Gelcast Specimen Testing 

A set of specimens was tensile tested. The results of these tests show relatively low 
tensile strengths and considerable variability, the average strength being 192 * 
66 MPa. As previously reported for other samples, the low strengths resulted from 
the presence of large pores that act as critical flaws. The pores were formed by air 
bubbles that were trapped during casting of the slurry. 

IV. Collaborative Research Agreement Between Garrett Ceramic Components (GCC) and 
Oak Ridge National Laboratory (ORNL) [CRA-89-0021. 

The objective of this work is for GCC and ORNL to perform a collaborative research 
program to examine the gelcasting process for fabrication of ceramic components 
using GCC’s GN-10 silicon-nitride material. This program will investigate whether the 
process exhibits advantages over slipcasting, pressure slip casting, or injection 
molding in terms of the resultant material properties, part quality, and shape-forming 
ability. The applicability of the process to GN-10 complex-shaped parts, such as 
turbocharger rotors and advanced gas turbine rotors, will be examined. 

A. ORNL Technical Progress 

Twenty-two square-cross-section bars cut from a gelcast silicon-nitride plate have 
been tested for uniaxial tensile strength. The plate, which wa fabricated of GCC 
GN-10 material, was cast at ORNL and then glass-encapsulation hot-isostatically 
pressed (HIPed) by GCC. The test bars had a nominal 6 by 6 mm cross section 
and were chamfered before being mounted in the grips for tensile testing. The 
material had an average fracture strength of 334.3 MPa (48.5 ksi) with a standard 
deviation of 31.3 MPa (4.5 ksi). The calculated Weibull modulus was 11 .O for this 
group of samples. A Weibull plot for this material is shown in Fig. 1. 

Optical examination of the fracture surfaces indicated that the fracture origins 
were at internal process-related flaws. These appear to be primary pores that 
were filled by the sintering aid glass during HIPing. This resulted in inclusion 
particles that acted as critical flaws. Five of the 22 specimens were selected for 



116 

ORNL-DWG 92-1 1874 
Weibull Modulus Determination 

GN02069 1 

h 

h 
n 

&I 
I 

W 
\ 

W 

r( 

r( 

E 

E 
- 
W 

I 

100 1000 

Fracture Stress, MPa 

Fig. 1.  Weibull plot of the fracture stress 
determined in tensile testing of gelcast and HlPed 
GN-10 silicon nitride. The average fracture strength 
was 334.3 * 31.3 MPa and the calculated Weibull 
modulus was 11 -0. 

scanning electron microscopy/energy-dispersive spectroscopy (SEM/EBS) 
analysis of the fracture surfaces. An example of the type of flaw that was 
observed in the samples is shown in the SEM micrographs in Fig. 2. 

The EDS analysis (Fig. 3) showed that the inclusions contained silicon, yttrium, 
and oxygen which would indicate formation of one of the yttrium silicate phases 
in the Y-Si-0-N system, The results were similar far all of the samples that were 
examined. No nitrogen was detectable in the inclusions. The source of the trace 
amount of calcium in the EDS spectrum is unknown at this time. The parkicks 
had a coarse, crystalline appearance [as shown in Fig. 2(b)] and probably formed 
when the sintering aid liquid was forced into open pores in the sample during the 
HlPing operation. 

Preliminary examination of gelcast silicon-nitride turbocharger rotors by computed 
X-ray tomography was described in the act. - Nov. 1991 bimonthly report under 
W.B.S. Element 3.5 (Nondestructive Evaluation Development) and showed the 
potential benefit of this technique for screening out parts that contain defects. 
Numerous flaws were detected in the rotors. Evaluation of the results is 
continuing, including plans to correlate detected flaws in the images with actual 
flaws in the sectioned parts. 
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Fig. 2. SEM micrographs of a typical fracture 
origin found in the tensile-tested specimens of gelcast 
and HlPed GN-10 silicon nitride: (a) lowmagnification 
view showing the critical flaw and the surrounding 
fracture mirror and (b) higher magnification view showing 
the inclusion particle, which acted as the critical flaw. 
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Fig. 3. Typical EDS spectra collected from the fracture 
surfaces of the tensile-tested specimens of gelcast and HlPed 
GN-10 silicon nitride: (a) bulk analysis of the sample showing 
the silicon and nitrogen peaks and (b) spectrum of an inclusion 
particle showing the presence of silicon, yttrium, oxygen, and a 
trace amount of calcium. 
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6. Technical Progress Summary From GCC for This Period 

Room- and high-temperature 4-pt. flexure testing were conducted on silicon- 
nitride samples that were gelcast at ORNL with GN-10 composition powder 
provided by GCC. The gelcast plates were densified by glass-encapsulation 
HlPing at GCC. Samples for fracture testing were machined from the HlPed 
plates. 

At all of the test temperatures (room temperature, 2200°F, and 2500"F), the 
strengths of the ORNL gelcast specimens were low when compared to standard 
slip-cast GN-10, as shown by the values listed in Table 1 .  The Weibull modulus: 
(maximum likelihood method) for the room-temperature test samples is shown in 
the table and plotted in Fig. 4. ORNL has suggested that the lower strengths 
may be attributed to defects that result from trapped air bubbles in the gelcast 
plates. Fractography of the room-temperature test samples revealed that the 
failure origins were primarily at agglomerates and/or internal porosity. 

Table 1. GCC fourpoint flexure test results 

Fracture Standard 
Number of strength deviation Weibull 

Sample ID Description samples MPa (ksi) MPa (ksi) modulus 

Room Temperature 
GN081490 ORNL gelcast 15 692.9 (1 00.5) 80.7 (1 1.7) 9.6 

GN-10 STD Typical GN-10 896 (130) 20 
91 A-007A GCC gelcast 15 852.2 (123.6) 53.8 (7.8) 27 

GN-112990 ORNL gelcast 15 545.4 (79.1) 71.7 (10.4) 9.1 

S910032-4 Slip-cast control 10 902.6 (130.9) 64.1 (9.3) 21 

1204°C (2200°F) 
GN081490 ORNL gelcast 3 537.1 (77.9) 9.7 (1.4) 
GN112990 ORNL gelcast 4 442.7 (64.2) 26.9 (3.9) 
GN-10 STD Typical GN-10 690 (1 00) 
91 A-007A GCC gelcast 3 558.5 (81.0) 31.7 (4.6) 
S910032-4 Slip-cast control 2 565.4 (82.0) 9.7 (1.4) 

1371°C (2500°F) 
GN081490 ORNL gelcast 3 353.0 (51.2) 20.7 (3.0) 
GN112990 ORNL gelcast 4 342.0 (49.6) 26.9 (3.9) 
GN-10 STD Typical GN-10 483 (70) 
91A-007A GCC gelcast 3 412.3 (59.8) 6.9 (2.2) 
S9100324 Slip-cast control 2 394.4 (57.2) 11 .O (1.6) 
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Fig. 4. Weibull plot of the modulus of rupture test 
data. Samples GN112990 and GN081490 were gelcast at ORNL 
and HlPed at GCC. Sample 91A-OQ7A was gelcast and WlPed 
by GCC. Sample S910032-4 was slip cast and HIPed by GCC. 

GCC also conducted mechanical testing at room and high temperature on 
samples fabricated in-house. GN-18 composition test bars, which were gelcast at 
GCC, were processed through mechanical testing along with slip-east bars that 
were used as a control group. Strengths of the GCC gelcast and the control test 
bars were neariy identical at all of the test temperatures as shown by the data En 
Table 1. However, the high-temperature strengths of both groups of samples 
were lower than the typical GN-10 slip-casl data. The high-temperature test 
fixture is being evaluated as a possible explanation for this discrepancy. 

The data from the GCC gelcast !material reinforced the concept of the technology 
transfer, i.e., with ORNL’s technology and GCC’s processing experience, a 
potentially viable process can be developed for producing complex-shape 

C. Activities Planned by GCC During Next Reporting Period 

This activity was designed to report the technical progress during the course of 
development of the acrylarnide gelcasting system for use with the Garrett GN-10 
silicon-nitride composition. This stage of the collaborative research agreement 
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has been completed. Due to the changes anticipated for continuing work on the 
current Cooperative Research and Development Agreement (CRADA), this activity 
will be modified as necessary. 

Status of milestones 

Milestone 11 4207 is now overdue. R. A. Strehlow is completing work on a draft 
report of work completed under the collaborative research agreement with Garrett. 

Publications and presentations 

None. 
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(University of California, Sant 

We are trying to increase the und astanding of the role of 
interparticle ceramics. The effects of 
electrolyte a the rheological properties 
of dispersions, t tisn, and the 

the resulting bsdies 
will be compared to each otl-aerr and Ps existing models of 
interparticle farces (i.e. DLVO theory). 

Technical orogresS; 

We are formulatin ssing paradigm. The current 
paradigm is based an ies with long-range repulsive 
forces. We propose th e repulsive forces 
produce better slurries s. Unlike long-range 
repulsive forces which seg reg ati er n , s ha rt-rang e 
repulsive forces preve ation by permitting 
particles to weakly aggloinerate without surface/surface contact. 
We are examining two silicon nitride systems with short-range 

tafsive forces: one aqus~us and the other non-aqueous. 
This shsrt-ran e repulsive force can be tailartxi to create a 

shear-thinning slurr where particles can be separated and mixed 
at high shear rates and the mixing frozen in place when n~ shear is 

. The green bodies formed from thsss weakly 
are plastic when saturated and dry without 

We are exploring two approaches to farmirig these short 
using salts in a UBOUS systems; and using short range forces: 

hydrocarbons in non-aqueous systsms. 

Alumina slurries have shown impraved processing when salt 
is added(1) and we have attempted to determine if this effect 
occurs in silicon nitride. In alumina, the viscosity of the slurry is 

the green body remains 
ith little effect on the gree density. In silicon nitride, 

by the ~~~~t~~~ of salt whit 

we see something si ilas to the alumina; however, the effect is 
not nearly as pronounce 1 The viscosity of slurries increases 
substantially, but the density of green bodies decreases 
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significantly and the green bodies are not plastic. 
To circumvent this problem we are modifying the surface of 

silicon nitride powder by hydrolyzing aluminum isopropoxide to 
form a surface coating following the work of Liden et a/. (2) With 
this surface coating which doubles as a sintering aid, we expect 
more alum i na-like behavior. 

Sample Preparation. 
Dried silicon nitride powder and aluminum isopropoxide 

dissolved in dry hexane are mixed together in a flask. The alkoxide 
reacts with the hydroxyl groups on the silicon nitride surface. 
After a short time for reaction, the powder is then washed by 
repeated centrifugation and additions of fresh hexane, and finally 
dried. 

Results. 
Zeta potential measurements indicate an isoelectric point of 

pH-9 for the reacted silicon nitride powder similar to the 
isoelectric point of alumina which is pH-8. 
with the behavior of unmodified silicon nitride which has an 
isoelectric point of pH-5, see figure 1. 

This is comparable 

Figure 1 
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PH 

Figure 1. Zeta potential from electrophoretic mobility measurements for as- 
recieved and alumina-treated silicon nitride powder. 

Sedigraph experiments showed that alumina modification did 
not promote agglomeration, Le., the reaction procedure did not 
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change the partide size distribution of the silicon nit 
Ts study the packirrg density, we dispersed the rnodifi 
water at pH 4 and filter presse 
Because the densities of these ellsts were lower than expect 
we made zeta potential measurements on washed samples of t 

these slurries into pellets. 

powder which sho d that the isselectri 
entical to that af modified silicon nitr 

To prevent this washi off of the alumina “layer,” we 
heated the difiad silicon nitride powder to 600 C (no hold time). 
This improv behavior of modified silicon nitride. 
Packing densit nts on filter ressed bodies made from 
the heat-treated, modified silicon nitride slurry dis ersed at pH 4 
showed densities of 63Oh compared to 58% for filt 
mad from an unmodified silicaw nitrids at pW 2. The packing 
density of bodies made from heated-treated, modified silico 
nitride showed similar improvement. For example, a modifie 
silicon nitride slurry with 2 M NW4Cl at pH4 produced bodies with a 
green density of 5@/0, compared t~ 51”h for unmodified silicon 
nitride with 8.5 M NHqCl at pH 2. 

pressed bodies 

The packing density OF modified silicon nitride slurries is 
ry encouraging. 
icon nitride fa confirm these results. We ex 

We are currently producing more rnndified 

packing density of salt added slurries will de 
concentration. 
determine the effect. sf the salt on the interparticle forces. 

Methodical experirnssats are currently under way to 

nge sf mole@ular wei 
ing With the surface. 

these roacted particles is similar to that obsewed earlier. 
have examined 
additional batch E E3 powder. All batches show the same 
effect: greatly r viscosities and increased densities 
relative to the non-alkylated, as-received material. However the 
extent of the effect varies dram batch to batch. 

We 
eraies of the ~~~~~~t~~ surface on a two 

hysisorbed sarrrples were prepared 
ht sctadecansl to silicon nitride pad 
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Dodecane was added to this mixture in a 4:l volume ratio and these 
mixtures shaken for 1 day and then tumbled for 2 more to permit 
the system to equilibrate. 

with excess oetadecanol for 2 h at 200°C as previously described. 
The excess octadecanol was washed from the powder by repeated 
centrifugation and addition of isopropanol. After 4 washings, the 
isopropanol remaining in the centrifugate was evaporated to leave 
a dry powder. This dried powder was then mixed with dodecane in 
the 4:l ratio to produce a 20 vol% slurry which was shaken for 
24 h. 

filtration. A 25 mm diameter press was filled with about 12 cc of 
the slurry (enough to produce a pellet around 1 cm tali) and 
pressed using a simple hydraulic press. Initially, the press moved 
quite freely as liquid was forced through the filter. 
press stopped moving, the pressure was raised to 500 kg load (ca. 
100 MPa pressure) and held for 10 minutes. 

had been pressed to permit them to age, others were tested 
immediately on removal. The chemisorbed were all tested 
immediately because aging did not appear to be significant for the 
aged, physisorbed samples. 

axial strain in a relatively quick ramp (1 mm/min) and then 
holding the strain constant while monitoring the load with a 
personal computer. 
of the strain. Some of the samples were subjected to repeated 
I oad i ng s . 

The chemisorbed sample was prepared by reacting the powder 

These slurries were used to form pellets by pressure 

When the 

Some of the physisorbed samples were held 1 day after they 

The samples were tested in compression by applying an 2% 

This computer also controlled the application 

Results, 

The! 0.2% and 1.0% physisorbed slurries were both very lumpy 
with a clear supernatent always present. The 5.0°Aphysisorbed and 
chemisorbed slurries resembled a thick cream and had no clear 
supernatent unless they had stood for some time (minutes). All of 
the pellets were easily removed from the pressure filtration die 
and had a nice surface finish. The volume fraction of silicon 
nitride in the pellets was determined from the formula: 

(Ptota l  - p l iqu id )  

(P(Si3N4) - Pliquid) 
F(Si3N4) = 
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where ptatal is exp rimeastally d tervt-sined from the pellet 
and p(Si3N4) is the density of silicon nitri (3.2g/m!) and piiquid 
is the density of dsdec ne (6.749g/rnl). A11 of the physisg3rbed had 
a padicle volume fract n of 8.45, while the  ~~~~~~~~~~~~ were 
slightly higher at 0.49, 

the amount of  an^^ added to the physis~rbed samples 
decreased the peak stress and the !ang-time %trass (figure 2a). 
The chemisorbed s mpie was similar ta the 5% physisorbed 

ure 2b). For the sampSes which had 
multiple step-strain plications, the first stepstrain was 
consistently lower than skabse LB en t step - s t r2 i 11 a p p I i cat i o rr s 
( f igure 2c). 

The stepstrain tests on the pellets showed that increasing 

&cuss ion. 
The Bow density of these pellets was probably due ta the 

quick pressing procedure used. We have psadilced samples with 
very high densities (60 val%), these were pressed very slaavly. 
The results here are interreal8y consistent and will be extended to 
higher density pellets in the future. 

The stepstrain experiments show that the physisor 
alcohol works nearly as well as the chrernissrbed alcohol if the 
concentration is high is is similar ta rheology results reported 
earlier). Aging of the ysisarbed samples under sealed conditions 
did not have a large effect on the physi 
pellets. These samples were not expss 
saw during our rheological studies, moisture may have a strang 
effect an physisarbsd samples. 

I properties of the 
to moisture and, as we 

We have demonstrated that shsri-range repulsion can be 
achieved with silicon nitride in both aqueous and nan-aqueous 
systems. 
plasticity of reen bodies. 

Th se short-range forces increase the density 
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Figure 2. Rheology of green bodies: 
( a )  amount of physisorbed material. 
( b ) 
( c ) 

comparison of a physisorbed with a chemisorbed. sample 
repeate pressings for chemisorbed samples 
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1 1 446 1 Survey rheological characteristics of slurries 
produced under a variety of pH/slectroiyte 
conditions. Develop methodologies for 
character iza t ia n ST s I LS pry r he0 log ical 
properties and greerr body mechanical 

Status report on testing procedures and 
preliminary results. 

conditions on green body properties including 
processing rates, mechanical properties, and 
density. 

properties. 

11 4402 

1 14403 Determine effect af pH/e5ecr;troJyfe 

erk 

ok 

ok 

11 44-04 Status report on green body properties and 
processing relationships. 

interactions (surface modification). 
1 14405 Explarc other means to modify interparticle ok 

1 14406 Status report on psbymea effects. 1 May 92 
114407 Examine flaw populatians in sintered bodies. 1 Oct 92 
1 14408 Final report an colloidal processing 1 Now 92 

P LI $I i c a t i m  

T. Mrarnsr, F.F. Langc, and D. Pearson, "Callaidai Processing of Silicon 
Nitride: Rheology of Alkylated Powders" to be published. 

Erik P. Luther, Thomas M. Kramesr, Fred F. Lange and Dale 5. Pearson, 
"Developmsnt of Shori Range Repulsive Potentials in Aqueous Calloidal 
Processing rrf Silicon Nitride" to be published. 

( 1  ) B.V. Velamakanni, J.C. Chang, F.F. Lange, D.S. Pearson, "New Method for 
Efficisnt Colloidal Particle Packing via Modulation of Repulsive Lubricating 
Hydration Farces", Lanymuir 8 ,  p.1323 (1 990). 

E. Liden, L. Bsrgstrom, M Psrsson and W. Carlsson, "Surface Modification of 
Siiicon Nitride! and Silicon Carbide", accepted by J. Europ. Cerarn. Soc. 

( 2 )  
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1.2 CERAMIC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

FABRICATION OF Sic-AlN COMPOSiTES 
G. E. Hilmas and TIT. Y. Tien 
(The University of Michigan) 

The goal of this project is to obtain dense Sic-AlN composites containing A1N- 

pslytypoid phases(s) as a dispersed second phase. A1N-polytypoids (8H, 15R, 12H, 

21W 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 for this study to optimize densification at high 

temperatures. 

Technical P r o w  

1 .o bTIRODUCTIQN 

The transformation of p-Sic (3C) at high temperature to one or more of the a-Sic 

polytypes (2H, 4H, SHY 15R, etc.) has been investigated extensively with the results 

showing that the transformation and the resulting a-polytype formed is strongly 

dependent on the polytypic make-up of the starting S i c  powder, the sintering 

temperature, and the amount and type of additives used [1,2]. Small additions of Al, B, 

and C or Be0  p-Sic (3C) have predominantly resulted in transformation to the 4H- 

polytype of a-SiC [3]. While small additions of only B and C to P-SiC have produced 

transformations to the 6H-plytype [4]. Strongly affected by the present research is the 

finding by several authors that p-Sic (3C) pderentially transforms to a-Sic (2H) in the 

presence of A1N (2H). This can occur over a broad range of Sic-A1N mixtures, in the 

range of 3.5 to 100 weight percent AlN, accompanied by an extensive 2H solid-solution 

above 2050 "C [5,6]. 

Often overlooked in the study of S ic  is the difficulty in readily determining the 

overall Sic-polytype phase content from bulk analytical methods like X-ray diffraction. 

The multitude of possible transformations, the presence of many of the polytypes during 
high temperature forming and ultimately the overlap of their diffraction peaks makes 

quantification rigorous. The accepted method to accomplish this goal has been to utilize 

the experimentally calculated and measured single-crystal data, and thus quantified x-ray 

intensity equations of R u s h  et ai. [7]. Unfortunately, their results do not allow for the 

presence of the ZH-polytype of a-Sic which is present in our material. But, the 
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cdculations are relatively straightforward, pmmittirag the 2R-pdytype to be added to their 

results. 

The atomic positions for the 2H-piytype of S i c  (space goiap - P63nmc) were 

obtained fpom Wyckoff is]. In line wi:h the calculations of Rlnska ea al., atomic 

scattering factors were calculated using Si2+ and C2- which were calculated by linear 

extraplatiioin from tabulated daa  for Si0, Si3+ and C?, C2+ 191. The x-ray intensities arc 

then calculated from the fdowing quation: 

where In is the intensity normalized to the unit cell wczlulme-V, rn is the multiplicity, F is 

the structure factor and LP is the Earenaz-polarization factor. Tabic 1 shows the factors 

and resultant x-ray intensities for the 2H-plytype for the reflections in the range of 3.266 

to 0.217 nm. These intensities were then momdized to the strongest diffraction liiie or 

1100 for pure 3C-Sic. Table 2 outlines the final qlmsrions for qumrifying h e  amount of 

Sic-polytypes utilizing the new calculated data for 2H-Sic' axid the calculated and 

measured data for 15M, 6H, 4H and 3C from Rash et 511,. 

2.0 E r n E R I r n W A L  

2. Z X-ray Diffraction 

In ordcr to fully understand the formation of S ic  polytypcs it is necessary to 

follow the solid-state wansfomation among the polytypes dajring the hot-pressing cycle. 

SiC:AIN:A1203 compositions BS90, BS80, BS70, BS60 and BS50 were prepared by 

hot-pressing at 1780, 1800, 1900, and 2000 "@ for 1 hour hold times md 2100 "C for 

times s f  1,2 and 5 hours (See Table 3 for the starting compositions). 'I'he samples were 

then ground into 3mm x 3 m  x l0mm bars and crushed into a fin5 powder using a 

vibratory WC ball an mortar. These powder samples were then evaluated by x-ray 

diffraction. A 60 q n i  motor was added to the x-ray stags: to rotatc the samples. Along 

with using a fine powder, the rotation of thc sample helps to eliminate any disparity 

between calculated and observed x-rzy intensities due to both extinction and preened 

orientation. The range scannd was 32" to 45" 28, and the 1c)w rpm rnotos required scan 

rates to k slowed to l'/minute, 

2.2 Analytical Electron Microscopy 

TEM specimerss wcre pmpared fiom compositions in this series that were hot- 

pressed for 1, 2,  and 5 hours at 2100 "C. Analytical electron microscopy was then 

performed to more accurately deternine he  grain shape, grain morphology and chemical 
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Table 1. Calculated X-ray Intensities for the 2H-Polytype of a-Si&: 

h k l  d(nm) F (F/V) m L.P.  1, 
1 0 0  0.2669 14.21 0.3436 6 21-24) 15.016 

0 0 2  0.2515 20.88 0.5049 6 18S6 9.46 1 

1 0 1  0.2357 12.38 0.2993 12 16.00 17.204 

Table 2. Equations for Calculating Sic-Polytypes X-ray Peak Intensities 

15Rt 6Ht 4Ht 2 H  3Ct Peak d(nm) 

3.2a -4- 9.9c + 39.46 = A  0.266 

11.2a + 19.4b = B  0.263 

26.0a + 38% = c  0.257 
0.25 1 31.la + 59.2b + 25.k + 24.M + 100.0e = D 

18.lb + 3 4 . 1 ~  + 45.ld = E  0.235 

2.4a + 6.5b + 13.le = F 0.217 * Calculated and measured data iaken b m  refixem [TI. 

Table 3. Compositions of P-SiC:AIN:A1203 Series 

Sample Volume % Volume 8 
Code B-SiC 3AIN: 1Al TO -a 

BS50 
BS60 
BS70 
BS80 
BS90 

50 

60 
70 
80 
90 

50 

40 

30 

20 
10 
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content of the grains for each ~ o m p ~ ~ i t i i o ~ ~ .  The specimens were ultrasonically cut into 3 

mm discs from 1 r m  thick sections of the hot-pressed billets. The discs were then 

mechanically ground md psalishd down to a final thickness of 1 pm, dimpled to a 20 
pin center thickness and i ~ n  milled to electron minsparency using 6 kV Ast ions. This 

reps% is a suf~llrraay of preliminary AEM results for a_U of the compositions. 

3.0 RESULTS AND I)ISCUSSION 

3.1 X-ray DZfraceion 

The data for the BS series samples is shown graphically in t?gures 1 - 5. For 

each co~nposition, (A) represents an overall plot of volume% Sic-polytype versus hot- 

pressing tempemure, including 2 and 5 hours at 2100 "@; and (B) represents changes in 

the Sic-plytype phase csritent with time, plotted in n7inutes at 21 "C. The data clearly 

shows that the transfcmnatiori to the high temperature Sic-polytype is compositionally 

Figure 1 shows composition S90 ~amsfomsitig almost exclusively to the 61%- 
plytype: in the rmge of 1900 - 2 100 'c' with only slight mounts of the 2H-polytype. In 
figurc 2, the BSXO composition also transformed to the 6H-polytype, but with an 

intermediate development of the 1SR-polyiype which achieved a maximum of -20 vol.% 

at 1900 "C before Izehg consuxned to form 6H. The amount of the 6H pslytype actually 

decreased slightly for longer iimes at 2180 "@. The RS70 composition, figure 3, seems 

to be in strong competition betweefn forming the 2M- and 6W-polytypes. While the 

sample still retains some 3C-Sic3 after 5 hours at 2100 only the amount of 2H- 

p~lytype is inmasing for times longer than 1 how at 2100 "C. Compositions BS4Q and 

BS50 me similar, both transforming more rapidly to the 211-polytype. Bath 

compositions exhibit an inaemediate developincat of a 613-polytype with a maximum 

wcuning at 20 "C for 63360 and 1800 "C for BS50. The 6II-pslytype is subsequently 

cons~imd to fonn ~ m r e  of the 2H-plytype at higher ternperattzres. Appreciable amomts 

of the 4H-poiytype xe starting to form along with 2M a b v e  2000 "C, only to be slowly 

consumed along with more 3@-Sic to form the 2H-polytype. 

The results of this investigation emphasize the composition and additive 

dependence to the palytypism in the S i c  matrix phase, For compositions BS90 and 

BS80, having 10 - 20 vol.% 3AlN:lA1203, the preferred Sic-polytype is 6E-I. Larger 

additions of 30 - 50 vel.% 3AlN:lA1203 resulted in competition between forming the 

611- aid the 21X-polytype9 with the 2H-polytype predominating at higher temperatures, 

longer times, and an increasing percentage of AIN and M2Q3 additives. 

dependent. 
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Figure 1. Composition BS90: (A) Plot of Volume% Sic-Polytype vs. Hot- 
pressing Temperam for 1 hour hold times up to 2100 'C, and 2100 'C for 2 and 
5 hours. (€3) Plot of Volume% Sic-Polytypes vs. T i  at 2100 'C in minutes. 
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Figure 3. Composition BS70: (A) Plot of Volume% Sic-Polytype vs. Hot- 
pressing Temperam for 1 hour hold times up to 2100 'C, and 2100 'C  for 2 and 
5 hours. (B) Plot of Volume% Sic-Polytypes vs. Time at 2100 *C in minutes. 
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Figamre 4. Composition BS60: (A) Plot of Volume% Sic-Polytype vs. Hot- 
pressing Temperam fOr 1 hour hold times up to 2100 “C, and 21100 ‘C far 2 and 
5 hC9’WS. (B) Plot O f  \JQlUme% SiC-POl s vs, Time at 2100 ‘C in nminutes. 
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Figure 5. Composition BS50: (A) Plot of Volume% Sic-Polytype vs. Hot- 
pressing Temperam for 1 hour hold times up to 2100 "C, and 2100 "C for 2 and 
5 hours. (€3) Plot of Volume% Sic-Polytypes vs. Time at 2100 'C in minutes. 
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3.2 Analytical Electron Microscopy 

Figure 6 shows a bright-field image of the general microsmcture of composition 

BS90 which has transformed almost exclusively to the 6H-polytype. This 6H SiC- 

polytype has grown into an elongated "platelet-like" mo hology with a grain size 

ranging from -2 to 20 pm in length. Figure 7 is a bright-field image of the general 

microstructure of the BS80 composition which has also transform pfim;9%ily to the 6N- 

polytype. Although not close to the size of the 6H-grahs in the BS90 cornposition, these 

grains have also grown elongated and range in length from -1 to 5 prn It should be 

noted that both the BS90 and BS80 compositions also contain 2H Sic-pslytype grains, 

-15 and 30 vol.%, respectively according eo XRD results. 'fiese grains are quiaxed and 

typically <1 pm in size. The microstructure of the BS78 composition, figure 8, shows a 

majority of equiaxed 2H-golytype grains with -28 vole% of elongated 6H-polytype 

grains. The 2H grains range in diameter from 0 2  to 2 pm, while the 613 grains are 1 to 4 
prn in length. Compositions BS60 and BSS0 are similar, both transforming almost 

exclusively to the 2M-polytype. Figure 9, from the BS60 composition, is a 

representative bright-field image of the eneral microstructure of th compositions. 

These equiaxed 2H-polytype grains range from 0.2 to 2 pm in diameter. Some P-SiC 

(3C) grains are also found in all five of the compositions which remain as untmnsformcd 

or partially transformed from the starting powder. 

There is not enough room in a re rt like this to detail all of the analytical results 

from all of the compositions. To sunnmarize, a bright-field image of a of 6H-polytype 

grain from the BS80 composition is shown in figure 10 along with a selected area 

diffraction pattern and an ED§ spectrum showing that the gaitin contains Si, Al, 0 and C. 

This 6H-grain is representative of all 6H-gahs in both the S90 md BS88 compositions 

in that they all contain A1 and 0. There are no pure (Si and C, only) 61-I-polytype p i n s  

in these compositions. A bright-field image of a 211-polytype grain from the BS60 

composition is shown in figure 111 along with a selected area diffraction pattern and an 

EDS spectrum showing a grain content of Si, AI, N, and C:. This grain is representative 

of the 2W-grains present in d l  five of the compositions, All of the 2H-polytype gains  

are a 21-1 solid-solution, there xire na pure 2H-grains (Si and C ,  only). In terns of grain 

boundary phase content, there is no presence of a grain boundany phase at the two-grain 

interfaces at the limits of the resolution of the equip ent k i n g  used (-10 A). These is a 

crystalline grain boundary phase which can be found in all of the composits'ons located ;at 

some threegrain and multi-grain junctions as shown in figwe 12 with an EBS spectrum 

(taken from composition BSSO). EDS shows that the phase is high in A1 and 0 with 
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Figwe 6. "EM image of the mimtructure of composition BS90. Figure 7. "EM image of the microstructun of composition BSSO. 
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Figure 9. "EM image of a representative microstructure of 
compositions BS60 and BS50 (from composition BS60). 

Figure 8. "EM image of the micmtructure of composition BS70. 
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Figure 10. TEM image, selected am difhction pa- and an EDS spectrum fnm an elongated 6H-polytype grain (Taken from 

compositim BSSO). 
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Figure 12. TEM image and an EDS spectnun fnnn the grain - U b  ww uu.-p~ll -id rndti-grain jwms in 
all five of the compositions (Taken from composition BSSO). 
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some Si and maybe some N. This phase remains unidentified by selected area electron 

diffraction and EDS. 

On Schedule. 

None. 

References 
[l] S. S. Shinozaki and K. R. Kinsman, "Evolution of Microstructure in 
Polycrystalline Silicon Carbide," Proceedings of Crystalline Ceramics, edited by Hayne 
Palmer m, R. F. Davis and T. M. Hare, pp. 641,1978. 

[2] Y. Tajima and W. D. Kingery, "Solid solubility of Aluminum and Boron in Silicon 
Carbide," Comm. Am. Ceram. SOC., 65 [2], C27-C29 (1982). 

[3] S. S. Shinozaki, J. Hangas, K. Maeda and A. Soeta, "Enhanced Formation of 4H 
Polytype in Silicon Carbide Materials," Proceedings of the Silicon Carbide 1987 
Symposium held in Columbus, OH, August 1987, edited by J. D. Cawley and C. E. 
Semler (The American Ceramic Society), pp. 113-121,1989. 

[4] R. M. Williams, B. N. Juterbock, C. R. Peters and T. J. Whalen, "Forming and 
Sintering Behavior of B- and C-Doped a- and B-Sic," Comm. Am. Ceram. SOC., 67 

[SI R. Ruh and A. Zangvil, "Composition and Properties of Hot-Pressed Sic-AIN 
Solid Sohtions," J. Am. C e r m .  SOC., 65 [5] 260-265 (1982). 

[4], C62-C64 (1984). 

[a W. Rafaniello, "Fabrication and Characterization of Silicon Carbide Alloys: The 
Silicon Carbide-Aluminum Nitride System"; A PhD dissertation, The University of Utah, 
June, 1984. 

[7] J. Ruska, L. J. Gauckler , J. Lorenz and H. U. Rexer, "The Quantitative 
Calculation of S i c  Polytypes from Measurements of X-ray Diffraction Peak Intensities," 
J. Mat. Sci., 14, 2013-2017 (1979). 

[8] 

[9] 
MacGillavry and G. D. Rieck (Kynmoch Press, Birmingham), pp. 202-203,1962. 

R. Wyckoff, "Crystal Structures," Vol. 1 , 2nd edition (Interscience, New York), 
pp. 113-120, 1963. 

"International Tables for X-ray Crystallography," Vol. 3, edited by C. H. 



145 

Optimization of Silicon Nitride Ceramics 
K. R. Lai and T. Y. Tien (Department of Materials Science and 
Engineering, The University of Michigan) 

Obiectivehcooe 

To develop processing methods to  optimize strength, fracture 
toughness and creep resistance of monolithic silicon nitride ceramics. 
Silicon nitride ceramics with acicular grains will have higher strength and 
toughness and better creep resistance. The fiber-like structure can be 
obtained by sintering the silicon nitride ceramics at  high temperature 
under a nitrogen over-pressure. The mechanical properties can further be 
improved by controlling the composition and grain boundary phase(s). The 
major goal of this project is to  develop monolithic silicon nitride ceramics 
with optimum mechanical properties and to  understand their 
mechanisms. 

Technical progress 

It was reported in the literature that silicon nitride powders with 
high a content are prepared versus those with a low a content and are 
being used as starting materials. It was believed that the acicular P-Si3N4 
grains grow only on the preexisting p nuclei. To verify this concept, starting 
powder with different P-Si3N4 contents were used as starting materials. 

Fine P-Si3N4 powder was obtained by converting the Ube SN-E10 
powder (p = 5%) to 100% P phase by heating the powder at  190OOC for 1 hr 
under 20 atxn N2 pressure. XRD results (Fig. 1) show only P-Si3N4 phase 
present in the fine powder. Powder agglomerates were then attrition milled 
for 2 hours using iso-propyl alcohol and high purity Si3N4 grinding media. 
A diluted suspension (c 0.4%) was placed in a beaker of iso-propyl alcohol. 
After settling, the upper part of the suspension was removed with a pipette 
to obtain P-Si3N4 powder with a particle size < 0.6 pm. The settling time t 
and sedimentation height h were determined according to Stoke's law.[3] 

P-Si3N4 powder was then added to  the SN-El0 t o  prepare powder 
mixtures with different fractions of P-Si3N4. 10 wt% Y3&012 was added as 
a sintering aid. Powder compacts were then sintered at  1 8 O O O C  under 10 
atm N2 pressure. Grain size was determined using the disintegration 
me tho d. 

Fig. 2 shows microstructures of monoliths sintered from the 
powders consisting of various P contents. Grain sizes and morphologies for 
these specimens are almost the same. The measured grain lengths and 
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Fig. 1 Only P-Si3N4 phase presents in powder mixture of Ube SN-E10 
after being converted at 19OOoC for 1 hr. under 20 atm N2 
pr e s sur e. 



Fig. 2 Microstructures of P-Si3N4 Ceramics sintered from powders 
consisting various p contents. Specimens were sinterea a t  
18QQOC for 1 hr. under 10 atm Ma pressure. 
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widths of the specimens are shown in Fig. 3. The growth exponents 
approximately equal 3 and 5 for length and width directions, respectively. 

Grain length, width and aspect ratio can be further illustrated in 
Fig. 4. It is very clear that the grain size and aspect ratio appear to  be 
nearly invariant despite the change in p content in the powder mixtures. 
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Status of milestones 

On Schedule. 

Publications 

None. 
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Fig. 3 Grain growth of P-Si3N4 grains in ceramics sintered from 
powders consisting various contents. 
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Fig. 4 An alternative figure shows the invariance of aspect ratio, 
grain length and width among the Si3N4 ceramics sintered 
from powders consisting various contents. 
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Silicon Nitride w i r h  Elonnated Grain Mic-$pstructures Exhibitine Hiyh 
Fracture Toufihncss - J. Pollinger and H .  Yeh (Garrett Ceramic Components), 
C-W. Li and J .  Yainarais (Allied-Signal Research & Technology) 

- Obie c t ive / s c OD e 

The objective of this program is to develop compositions and 
processes to obtain high fracture toughness and strength f o r  silicon 
nitride (S i3N4)  based ceramic materials through microstructure control. 
Resu1t:ing microstructures will have elongated grains that will promote 
crack bridging and deflection toughening mechanisms. These types o f  
materials, known as in-situ reinforced (ISR) Si3N4, are intended f o r  
application in advanced heat engine components. A significant amount oE 
the improved mechanical properties must be retained to elevated 
temperatures. The properties should not substantially degrade over time 
and would thus allow the material to survive stress under extended 
exposures at high and moderate temperatures in oxidizing environments. 
The mechanical property goals of the program are listed below: 

Modulus of Rupture at 25OC* 
1200°C* 
140O0C* 

Stress Rupture at ~OOOOC# 
1200°C# 

Weibull Modulus+ 
Fracture Toughness, KIc at room 
Maximum LJse Temperature 

900 MPa (130 ksi) 
630 MPa (90 ksi) 
490 MPa (70 ksi) 
630 MPa (90 ksi) 
490 MPa (70 k s i )  
20 

140OoC 
temperature** IO MPajm 

The technical effort is divided into two stages. The first stage 
shall be a refinement stage (Tasks 1 and 2), and sha1.l focus on the 
effects and interactions of the chemical composition and thermal 
processing variables on microstructure, mechanical behavior, and 
oxidation resistance, In parallel, the effects of green processing on 
the required amount of sintering aids, room temperature strength, Weibull 
statistics, and critical flaws shall be assessed. The goal for this 
stage shall be to identify conditions which improve the baseline material 
and to map composi t ion-process ing-proper ty  relationships. The second 
stage shall be an optimization stage (Tasks 3 ,  4 and 5) and shall focus 
on the development of XSR Si3N4 with optimized microstructure and 
properties which meet or exceed the property goals and on the 
establishment of composition-processing-property correlations. In 
addition, a simulated engine component shall be fabricated in order to 
demonstrate process feasibility. 

_. 
*Four point flexure using Department of Defense MIL-STD-1942 (size B) 

#Stress at which sample shall survive 100 h at 1000°C. 

+As determined by maximum likelihood method. 

test specification. 

**Measured by Chevron notch method. 
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The technical .  e f f o r t  w a s  i n i t i a t e d  i n  February 1 9 9 2 .  Only Task 1 - 
Composition and Process  Development w a s  conducted i n  t h i s  report i -ng 
pe r iod .  

Technical. p rog res s  

TASK 1 - Composition and Process Devel-opment 

The o b j e c t i v e  of t h i s  t a s k  i s  t o  determine t h e  r e l a t i o n s h i p s  among 
the  v a r i a b l e s  t h a t  c o n t r o l  t he  mic ros t ruc tu ra l  development i n  the  
proposed TSR Si3N4 compositions.  
o f  t h e  b a s e l i n e  m a t e r i a l  (AS-800) and processes  which have a l r eady  been 
developed a t  Al l i ed -S igna l  p r i o r  t o  t h e  s t a r t  o f  t h i s  program. The 
AS-800 Si3N4 b a s e l i n e  compasi t i  on i s  composed of three s i n t e r i n g  a i d s  
(des igna ted  S A 1 ,  S A 2 ,  SA3) and a g r a i n  growth modi f ie r  ( G G M ) ;  and it  w a s  
formed by a c o l d  i s o s t a t i c  p re s s ing  process  and then  d e n s i f i e d  by a 
b a s e l i n e  m u l t i - s t a g e  gas pressure  thermal p rocess .  In  t h i s  report-irrg 
p e r i o d ,  the b a s e l i n e  s i n t e r i n g  a i d s  con ten t s  were kep t  unchanged while  
t he  thermal process ing  parameters and t h e  GGM conten t  were v a r i e d .  
e f f e c t s  of  t h e  v a r i a t i o n s  i n  thermal process  and GGM conten t  were 
monitored by mechanical p r o p e r t i e s .  A l l  s a m p l e s  were formed by a 
b a s e l i n e  s l i p  c a s t i n g  process  us ing  a b a s e l i n e  Si3N4 ( R S N ) .  
wi th  the  thermal  process ing  and GGM v a r i a t i o n  experiments ~ a p a r a l l e l  
green forming process ing  refinement e f f o r t  was a1 s o  conducted. 

The focus  i s  d i r e c t e d  t o  the ref inement  

The 

I n  p a r a l l e l  

(A) Composition and Thermal Processing Refinement 

o E f f e c t s  of Thermal Processing on P r o p e r t i e s  

The p r o p e r t i e s  o f  t he  material .  (AS800-l), whi-ch has  b a s e l i n e  
composition and w a s  s i n t e r e d  under the  b a s e l i n e  thermal schedule ,  
a r e  shown i n  the f i r s t  row of Table 1. The s t r e n g t h  o f  t h i s  matierial 
a t  room temperature  ( R . T . )  i s  804 MPa ( 1 1 6 . 6  k s i )  wi th  a Weibull modulus 
(m) of  1 9 .  The Weibull modulus w a s  c a l c u l a t e d  usi.ng t e s t  b a r s  which 
f a i l e d  a t  a l a r g e  s i l i c o n  n i t r i d e  g r a i n  (I out  o f  2 1  t e s t  b a r s  f a i l e d  a t  
machining- type f l a w s  and have been excluded from the  Weibull 
co r re l a t i -on ) .  Although l a r g e  s i l i c o n  n i t r i d e  g ra ins  were t h e  predominant 
f r a c t u r e  o r i g i n s ,  i t  should be noted t h a t  t he  large gra ins  a r e  b e n e f i c i a l  
t o  t h e  long-crack  toughness of t he  matc?rial. I n  order  t o  o b t a i n  a 
ba lance  between enhancing the  s t r e n g t h  without  degrading the  toughness ~ 

t he  s i z e  and populati-on of these  s t r e n g t h  l i m i t i n g  l a r g e  g r a i n s  should be 
reduced and the  popula t ion  o f  the  medium s i z e  g ra ins  should be increased .  
I n  o rde r  t o  achieve a good understanding o f  t he  micros t ruc ture /proper ty  
r e l a t i o n s h i p  the  f r a c t u r e  o r i g i n s  w i l l  be c l o s e l y  monitored arid the  
f a i l u r e s  due t o  green process ing  and machining f l a w s  w i l l  be  excluded 
from the  a n a l y s i s .  

The e f f e c t s  o f  changes i n  the  thermal process ing  schedule was 
i n v e s t i g a t e d .  The base l ine  schedule has two holding s t a g e s ,  des igna ted  
intermedi-ate and h igh  temperature hold  s t a g e s .  The i n i t i a l  i n v e s t i g a t i o n  
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None 

T l0C/t ~h 

(T1+lOO)°C/tlh 

w a s  focussed on the e f f e c t  of introducing an i n i t i a l  stage h o l d ,  a t  a 
lower temperature, p r io r  t o  the intermediate temperature hold.  The 
e f f e c t s  of t h i s  change on material  propert ies ,  comparing with AS80CP-1, 
are i l l u s t r a t e d  i n  Table 1. A l l  three mater ia ls  l i s t e d  i n  Table 1 have 
the same composition and were processed iden t i ca l ly ,  except fo r  the 
i n i t i a l  hold step. The data  show that the  d%ffeKences on f a s t - f r ac tu re  
s t rength among the three samples are  small, but  there i s  a defi-nite 
improvement i n  s t rength from A S S Q O - 1  t o  A S 8 0 0 - 3 .  ASSQO-3 shows a t i gh te r  
s t rength  d i s t r ibu t ion  and b e t t e r  elevated temperature s t rength compared 
t o  A S 8 0 0 - 2 .  For a l l  three materials the predsmtraant f a s t - f r ac tu re  

_I___.. -.. . .-I_ 

884i51 573+53 525t.30 
m=19 ( 3 )  ( 3 )  
(n=20) 

791+3 644+47 521+17 

(n=15) 

821+41 604+36 536t8 

m=24.5 ( 3 )  

l__l_.ll 

m=23 4 (2) (2) 
(n=1S 1 

I_ . ._ 

or ig ins  a t  

Material. 

AS800-1 

AS 800-2 

AS800-3 

a l l  temperatures a re  a large s i l i c o n  nirrride grain 

TABLE 1 
Effec t  of Change i n  Thermal Cycle 

Strength, HPa I R.T. l1OO0C 1208°C 130oOc 

m: Weibull modulus. n: No. of t e s t  bars used t o  calculate  m. 

Additionally,  the inclusion of the i n i t i a l  hold has an impact on 
the shor t  crack toughness, as  indicated by indentation strength da ta ,  
Fig.  1. The indentation load used ranged from 2 t o  10 N ( the  as-indented 
crack size f o r  a 2 N load was about 1 5  p, and f o r  a 10 N load i t :  was 
about 40 pm). The data  show that the short-crack-growth resis tance of 
the  AS800-1 i s  the lowest and AS800-3 the highest .  The. higher short- 
crack toughness o f  AS880-2 and AS800-3 suggests t h a t ,  as  a r e s u l t  of the 
i n i t i a l  hold,  these t w o  materials contain a l a rge r  population o f  smaller 
B-Si3N4 grains  than t h a t  of  AS880-1, which r e s u l t s  i n  improved short-  
crack toughness. 

o Effects  of Grain Growth Modifier on Strength and Toughness 

The e f f e c t s  of reducing the GGM loading on s t rength and toughness 
were examined. Material A S 8 0 0 - 4  was prepared with 4 3  w t 8  l e s s  GGM than 
the  base l ine ,  and was s in te red  using the s a m e  thermal. schedule as the one 
used f o r  AS800-3. I ts  average room-temperature s t rength ( t en  bars  with 
large grains as f rac ture  or ig ins)  i s  752+48 MPa, 9% lower than t h a t  of 
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AS800-3.  Compared to AS800-3, the average size of  the large-grain 
fracture origins f o r  AS800-4 is noticeably larger. The larger grain size 
is attributed to the lower amount o f  GGM in AS800-4 than in AS800-3.  The 
coarser microstructure of AS800-4 would result in improved long-crack 
toughness, Indeed, the measured indentation strength at 9 8  N (about 
120 pm crack size) is 3547 MPa, compared to 368 MPa f o r  AS800-3 f o r  
AS800-4. 

1008 I - __g_l___. 1 

b 
1 I 

A 

I 

____a__ : --I 

1 2 3 4 5  
Indentation Laed (N) 

Figure 1. Room Temperature Short-crack Toughness o f  ISR Si3N4 as 
Indicated by the Ketained Strength After Indentation. 

o Long- Term P r o p e r  1: i e s  

The oxidation resistance o f  the AS800 materials were evaluated at 
1300 and 1000°C us ing  machined MOR bars .  
oxidation room-temperature 4-pt bend strength results after oxidation at 
130O0C/1O0 h/air are shown in Table 7. The data for AS800-1, 2, and 3 ,  
show that the samples (AS800-2, AS800-3 vs. AS800-1) which were sintered 
with an initial hold had less weight gain. The data also suggest that 
the lower level o f  GGM (sample AS800-4) leads to better oxidation 
resistance at 13OO0C. An old slip-cast samylt? (SN312) o f  the AS800 
general composition sintered with the schedule similar to the one used 

The weight gain and post- 
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€or AS800-2  had the lowest weight gain but it had ehe highest s t rength 
drop,  Table 2 .  The drop i n  s t rength aft;er fAe oxidation may b e  clue t o  
both the oxidation and the c rys t a l l i za t ion  of  the grain boundary phase a t  
13OcB"C 

TABLE 2 
1300°C Oxidation Results 

-. . . . . 

Material 

AS8BTO- 3 

AS 800 -2 

AS800-3  

AS80e)-4 

-k SLG: surface 

0.33 
(3.37 

0.38 
0 . 2 5  

Average 
Strength 
Loas ( % )  

12 

Fracture 
B r i g i n *  

SOP 
VP 

13 SLG 
VI 

___l_l.__ 

I I 

large grafri. SOP: surface oxidation product ~ 

VP: volume pare.  VI: volume inclusion. 

The  lCaOO°C/lOO h / a i r  oxidation r e s u l t s  a re  shown i n  Table 3 .  The 
data show tha t  SN322 has the m o s t  severe oxidation and s t rength  loss, 
compared to the other three materials.  The difference i n  oxidation 
resis tance between these materials .is believed due t o  d i f f e ren t  levels a f  
one of the  sintering a id  addi t ives ,  w i t h  the basel ine composition having 
a higher amount of this component. In addition, higher temperature f o r  
the i n i t i a l  hold, i . e . ,  materials AS800-3 and AS800-4 versus AS808-2,  
appears  to improve the mater ia l ' s  oxidation resis tance a t  lQ0O'C. 

Only a limFted number of  stress rupture (4-p t )  tests w e r e  
performed i n  this reporting period, and tAey were a11 for ASSOO-2 a t  
1000°C. Under 490 MPa (70  ksi) one bar f a i l e d  i n  0 . 2 5  hour. A second 
bar w a s  t e s t ed  at 448 MPa (65 ksi) and it survived more than 100 hotars. 
This second bar w a s  t k n e a i  tes ted a t  490 MPa (70  k s i )  and it survived more 
than  100 hours. 
deformation. Another AS8Q0-2 bar was t e s t ed  a t  120Q°C under a 490 MPa 
load, and it was i n t a c t  a f t e r  more than 150 hours w i t h  a steady s t a t e  

Neither Bar t es ted  a t  lQQO°C showed any creep 



creep rate of  1.0 x IQ-'. 
identical t o  that of SN312 were tested under the same 1200°C/490 MPa 
condition; b o t h  bars survived 100 hours with an average steady state 
creep rate about 5 x IO-". 
to their lower concentration o f  the sintering aid component discussed 
above. 

Previously, two tesd; bars with composition 

Their lower creep rates presumably are due 

~ 

Material 

AS800-2 

WS800-3 

ASBOO-4 

SN312 

TABLE 3~ 
1000°C Oxidation Kesults 

~~ ~~ ~~ ~ 

1000°C/lOQ hour/bir 
...... ........ ....___ ......... 

Strength Average Fracture 
S t r e n g t h  O r i g i n  
Loss ( % )  

......... ........ ..____ __ _____ ..... 

SEG 

SLG 
.- 

I _____- 
Weight Ox i da t  ion  

G a i n  Thickness ( p m )  ( m a )  
(rng/cm2 

0.15 10-20 793 
0.12 

0.03 5 
0.04 

0.09 8 

0.18 50-70 449 
0.20 574 

....... ...... ___-_.... 

SLG 
SLG 

........ ....... .......... ~ ......____ 

723- SEG 
__.- ..... .......... ..... 

.......... ..... ...... __ L 

( B )  Green Forming Refinement 

The objective of this effort is to explore potential AS800 mat-erial 
property improvcments through refinement o f  the green forming process I 

which includes slip preparation, pressure slip casting, drying, and 
presintering. The potential [or improving green microstructures to 
reduce the amount o f  sintering aids required for densification and grain 
growth and thus improve high temperature properties shall a l s o  be 
investigated. The slip casting process developed should have the 
potential o f  casting large complex shaped components 

Based on the past experience at Allied-Signal, the green forming 
behavior and the properties o f  the densified ISR Si3N, materials are very 
sensitive t.0 the properties o f  the raw materials. Thus, in order t o  
maintain consistency and reproducibility, a sufficient quantity o f  raw 
materials, including Si3NI+ (baseline) and GGM powders,  of the same grades 
as those used in the other efforts (presented in (A)  were acquired. 
Characterization of the powders by zeta potential vs. pH and zeta 
potential vs. dispersant concentration curves were performed. The 
results indicated that the GGM powder i s  compatible with the pIQ and 
dispersant used in the A S 8 0 0  slip casting process, Two hatches o f  
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baseline AS800 composition s l i p  were prepared w i n g  the baseli-t-re s l i p  
p r e p a r a t i o n  procedrdre ~ Green p l a t e s  approximate1.y 2'' by 3'q by 0.6 ' '  with 
no v i s u a l l y  detectable cracks or d i s t o r t i n n  w e r e  successfu l ly  cast €row. 
both ba tches ,  The p l a t e s  were ca l c ined  using the base l ine  ealcinat%en 
cycle f o r  ISR Si3Nl+,  and the calcined p l a t e s  d id .  not show any v i s i b l e  
c racks  o r  d i s to r t i . on .  The average dens i ty  of  the calci .ned p l a t e s  is  1.93 
g / c c  (58% theore t i ca l ) .  These p l a t e s  are to be sintered us ing  r.he 
b a s e l i n e  cycle f o r  p rape r ty  and micros t ruc tu re  evaluation to pravid.e a 
b a s e l i n e  f o r  the subsequent green process  refinement exyer.i.arx~.ts I 

Sta tus  of milestones 

Work i s  progress ing  CUI schedule. 

Pub l i ca t ions  

None. 
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S. D. Nunn, P. A. Menchhofer, C. A. Walls, and K. Roetz 
National Labo rato t-y ) 

Initially, this work involve 
reinforced ceramic c 

erization of sic whis 

t of the efforts involving SIC w I mullite, silicon nitride, 
sialon have been completed. In add of whisker-growth processes 

were initiated to improve the 
their flaw sizes and, thereby, 
composites. Currently, in situ acicular grain growth is being investigated to improve 
fracture toughness of si lics n- nitride mate rials, 

es of Si6 whiskers by reducing 
anicail properlies of the 

hening of Silicon Nitride bg Microstructure ~ e ~ e ~ o ~ m e n t  

Microstructure Development During Hot Pressing - A series of silicon-nitride 
materials to assess the role of additive chemistry on ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ f l  growth, 
fracture toughness, and hig h-temperature properties has been fabricated and 
machined into best specimens, The compositions, kot-pressing conditions, 
mechanical properties and phase compositions have been previously reported. 
The mechanical properties are reported under WBS 3.2.1.3 of the present progress 
repol". Oxidation tests of the matetkils are currently being performed at 1 QOQ"C, 
and those results are summarized in Figs. 1 and 2, Pr us results had shown 
severe oxidatisn problems with siiicsn nitrides having rare - earl h additive 
contents at tern eratures of 800OC. Further testing of these mate 
t e ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~  o 769°C indicate that the materials also exhibit ox 
even at these relatively low ternperatur 

glass phase in silicon-nitride systems have 1 
siIicon-nitride systems. 1-3 Samples have be 
crystallization with arid without applied pressure h s been done to determ 
volume decreases associated with the crystallizati n processes affect the 
changes. The effect can the strength and toughness is summarized in Table 1. As 
shown, no real differences could be seen between crystallization done with or 
without applied pressure. 

Numerous studies have shown that the silicon-nitride powder used in 
fabrication is an extremely important vari $le in the microstructural development 
and final properties of the rnaterials.4-le To examine these effects, two series of 
hot-pressed samples were fabricated with various silicon-nitride powders (Table 2). 
The samples contained either 6% Y203-2% AI203 or 4% Y2O3 as sintering 
additives, Flexural-strength measurements far the specimens with 6% Y2Q3-2% 
AI203 additives show a large variation, bath at room temperature and at elevated 

as shswn in F 
Mechanical property reductions sociated with t stallization of the 

been observed in numerous 
abrieated in the hat press where 
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Fig. 1. Summary of weight changes during 
oxidation of silicon-nitride compositions at 1000°C. 
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Fig. 2. Summary of weight changes 
during oxidation of silicon-nitride cornpssi- 
tions at 1000°C. 
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9 

0 200 480 600 800 
Time (hours) 

Fig. 3. Summary of weight changes during oxidatisn 
of silicon-nitride compositions at 908°C. 

Table 1. Summary of results on mechanical property changes 
d u ri n g cry s t a 1 I i zat i o n of g rai n - ba u n d a ry phases . C o m posit i o n 

of materials was Si3N4.-6% Y2)3-2% ,41203. Mot pressed 
at 1800°C far 90 min. and 24 MPa pressure. 

Crystallizalian Process Parameters Flexural Strength Fracture 
(MP4 Tough n BSS # 

KI, (MPaJm) 

As-f abricated. 5.83 t- 6.1 5 
1 20Q°C/4 h without applied pressure. 5.74 t- 0.1 1 
120OaC/4 h with 24 MPa applied 677+94 5.73 0.25 
pressure. 

681 * 4 10 
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Table 2. Characteristics of silicon-nitride pow 
fabrication of hot-pressed samples. ~ a n u ~ a ~ ~ ~ ~ ~ ~ ~  

reported vaiues. 

Manu- Grade Mean Surface a- 
facturer particle area content Content impurity 

size ( m 2 m  (Yo) (W%) c ~ n t e ~ t  
(Pm> (eapm) 

19 be E-1 0 --- 1 4.7 >95% 1.4 <300 
Starck LC-12SX 0.41 19.1 97.5 2.06 <208 
Denka 9FW 0.80 10.9 92.1 0-98 e0.W 
Denka P21C3 0.80 11 94.4 1.3 
Tosoh TS-8 --- 15 93 1.5 
Tosoh TS-10 --- 14.6 7 1.3 
Tosoh TS-1QY --- 9.6 9 8.8 

Walues in wt %. 

temperature (Table 3). Fracture surfaces are currently 
determine the types of flaws to explain 
silicon-nitride powders are also being tested and will 
reports. 

Microstructure D ~ v ~ ~ o ~ ~ ~ n t  Demri 
Boundary Phase Compositions - As re 
fabricated by hot pressing with 1 to 12% 
and 1 to 8% Si02 additives to take adva 
temperature properties exhibited by these material 
the samples fabricated to date are shown in Fig. 4. Testing of the ~ ~ c ~ a n ~ ~ a ~  
properties revealed that the SiQ2 additions were n t well d~sperse~ and resulted in 
low strength as shown in Table 4. Microstructures of these materials have been 
reported previously. 

Microstructure Development During Gas-Pressure Sint 
sintering (GPS) is one technique used to grow elongated grai 
obtain high-toughness silicon nitrides with refractory gr~~n-bou 
samples have been fabricated at ORNL and the results repsr-ie 
GPS furnace, which had not been operational since August 1994, was ~~~~~~~ put 
back into service during the present reporting period. Several furnace runs were 
made, and the results are reported below. 

Microstructure Development During Gas-Pressure Sintering Of R 
Grain-Boundary Phase Compositions - As reported above, materials wi 
silicates as the grain-boundary phase can exhibit good, ~ ~ ~ h - t e ~ ~ @ r ~ ~ ~ ~ @  
properties. In addition to those fabricated by hot pressing, samples were formed by 
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Table 3. Summaw of results on flexural strength t 
materials fabricated with different statain 

6% YzQ3-2% N2Q3 and were hot p 

th - four-point bend 

1200°C 
Powd e r so u rce t e m pe rat u re 

- 38 t 2 
- 37 I 3 

Denka 9FW 968 -t- 150 - 310 k 18 
Desaka P21C3 1014 f 48 433 f 42 442 f 8 
Tosoh TS-8 598 & 27 519 I- 164 -- 
Tosah 1"s-18 798 -1- 2 781 f 18 - 
Tsssh TS-1OY $34 -4.5 472 f 34 - 

0.1 0 

0.08 

0.06 

0.04 

8.82 

9.00 
0.00 0.02 0.04 0.06 0.08 0.10 

uivalent % Me QY, La, Nd,..) 

Fig. 4. Corner of Si3N&i02-YN-Y203 phase dia 
mples in current study. 

taken into account in 
showing relative composition of 
Silica associated with silicon nit 
calculating total equivalent oxygen. 
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Table 4. Flexural strength of silicon-nitride compositions with refractory grain- 
boundary phases. Poor dispersion of the Si02 addition resulted in the low 

st re n g t h s. 

Additive Compo sit i o n 25°C 1200°C 1400°C 

Flexural Strength (MPa) 

4% V2O3-8% Si02 848 f 80 627 f 97 472 f 70 

8% La203-7% Yb2O3- 872f22 749 f 29 614 k 71 
4"/0 Si02 

8"h Y2O3-4YO Si02 635+_157 --- -- 

either slip casting or cold isostatic pressing and fired in the gas-pressure-sintering 
furnace. The results on densification behavior are summarized in Table 5. All of 
the samples contained from 2.5 to 2.8 equivalent % rare-earth sintering aid, while 
the initial oxygen content vaned between 4.3 to 7.7 equivalent Yo. The effect of the 
oxygen content on the densification behavior is shown in Fig. 5. 

Because of the good densification exhibited by the materials with the high- 
oxygen contents, sintering was also examined at 1 atrn nitrogen pressure at 
temperatures from 1750 to 1850°C. As shown in Table 6, high densities were 
achieved in all these samples. 

into, modulus of rupture (MOR) bars for mechanical property testing. Initial 
examination of fracture surfaces revealed significant grain growth in the gas- 
pressure-sintered materials. 

Microstructure Development During Gas-Pressure Sintering Of Alternate 
Grain-Boundary Phase Compositions - A series of samples with alternate grain- 
boundary phases have been fabricated by turbomilling and slurry casting. The 
grain-boundary phases include the rare-earth oxide and nitride apatites. The 
grain-boundary phases anticipated in the current samples include a wide range of 
stable apatites of composition Sr2Y8(Si04)602, Ba2Y8(Si04)602, and 
sr2La8(si04)602. Sintering in the gas-pressure-sintering furnace was performed, 
and the results on densification are summarized in Table 7. The samples 
contained from 2.3 to 2.7 equivalent Yo metal-oxide sintering aid, while the initial 
oxygen content varied between 4.1 to 7.7 equivalent %. As with the samples with 
the grain-boundary phases based on rare-earth silicates, there is a correlation 
between the oxygen content and the densification behavior as shown in Fig. 6. 

Because of the good densification exhibited by the materials with the high- 
oxygen contents, sintering was also examined at 1 atm nitrogen pressure at 

The specimens that had densities > 95 % T.D. are currently being machined 
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Table 5. Summaw of results an densification of ~as-pressplr@-siratered silicon- 
nitride compositions with rare-earth silicates as the ~~~~~-~~~~~~~ phases 

1 $50/1300a 
Nominal Bulk 1850/1958b 

NO. composition (g/cc) (% T. D.) (g/ec) (% T.U.) 
Sample additive deflsity Density Bulk density Density 

sc-205 
sc-220 

SC-289 

sc-276 

sc-277 

SC281 

SC-282 

SC-283 

2.37 
2.43 

2.86 

3.1 3 

3.28 

3.24 

3.27 

3.32 

71. 2.28 
73.7 --^ 

87.8 3.00 

93.9 3.22 

98.5 3.22 

99.7 3.27 

99" 1 3.28 

99.5 3.33 

92.0 

96.6 

96.7 

100 

99.5 

99.8 

50°C for 2 h under 50 psi nitrogen pressure and then 1900°C 

*Sintered at 1850°C far 2 h under 50 psi nitrogen pressure and then 1950°C 
far 2 h under 300 psi nitrogen pressure- 

far 2 h under 300 psi nitrogen pressure. 

temperatures from 1759 to 1 85OoC. As shown in 
achieved in these samples with t ption o f t  

These specimens are current machine 
property testing. Initial examination af fracture surfaces revealed significant grain 
growth in the gas-paessure-siwtered materials. 

high densitiie 

onnell, P. Y. Tien, and M. Ruhle, "Controlled Crystallization of the 
Amorphous Phase in Silicon Nitride Ceramics," J. Am. Cerarn. Soe. 
70(7), 469-65 (1 987). 
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Fig. 5. Correlation between densification be- 
havio r of g as-pressu re-si nte red si Ikon-ni t ride 
compositions with rare-earth silicates as the 
grain-boundary phases and equivalent oxygen 
content. 

Table 6. Summary of results on densification of ~ i l ~ c ~ ~ - ~ ~ ~ r ~ d ~  c o ~ p o s ~ t i o ~ s  with 
rare-earth silicates as the grain-boundary phases sintered at 1 atm nitrogen 

175Qa 18QOb 1850C 
Nominal Bulk Bulk Bulk 

Sample additive density Density density Density density Density 
No. composition (gkc )  (510 T.D.) (g/ec) ("A T.D.) (g/cc) ("/. T O )  

SC-281 8% Y2O3-4% 3.1 0 95.4 3.19 90.1 3.21 98.9 

SC-282 3% Y203- 3.21 97.2 3.22 97.7 3.20 99.4 

SC-283 11 YO La2O3- 3.30 98.8 3.31 99.0 3.32 99.5 

Si02 

5% La2O3- 
4% Si02 

4% Si02 

aSintered at 1750°C for 4 h under 15 psi nitrogen pressure. 
eintered at 1800°C for 4 h under 15 psi nitrogen pressure. 
CSintered at 1850°C for 4 h under 15 psi nitrogen pressure. 



Table 7. Summa of results on den 
t i  i t ri de eo m po sit ns with rase-earth 

1850/1990a 
i na! Bulk 

Sample ive densify Density 
Ns. composition (gee) (% T. 65.) 

SC-253 

sc-261 

sc-262 

SC-263 

SC-264 

SC-290 

sc-291 

SC-293 

2.38 

3.66 

3.26 

2.32 

2.76 

3.34 

3,02 

3.26 

72.6 -- -- 
91.3 3.00 89.6 

95.5 3.1 2 93.2 

69.3 2.41 72.0 

82.3 -- -- 

99.1 3.34 99.1 

91.9 3.06 93.1 

99.6 3.2 100 

aSintered at 1850°C for 2 h under 50 psi nitro en pressure and then 

$Sintered at 1850% far 2 h under 5Cl psi nitrogen pressure and then 
1980°C for 2 h under 380 psi nitrogen pressure. 

1950°C tor 2 h under 386 psi nitrogen pressure. 
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Fig. 6. Correlation between densification be- 
havior of gas-pressure-sintered silicon-nitride 
compositions with rare-earth apatites as the 
grain-boundary phases and equivalent oxygen 
content . 

Table 8. Summary of results on densification of silicon-nitride compositions with 
rare-earth apatites as the grain-boundary phases sintered at 1 atm nitrogen 

1750a 1800b 1850C 
Nominal Bulk Bulk Bulk 

Sample additive density Density density Density density Density 
No. composition (g/cc) (% T.D.) (g/cc) (YO T.D.) (g/cc) (% T.D.) 

SC-290 11 YO La203 3.31 98.2 3.34 99.2 3.35 99.4 
2% SrQ 
3% Si02 

3% BaQ- 
3% Si02 

2% SrO- 
3% Si02 

SC-291 8% Y2O3- 2.55 77.6 2.81 85.4 2.67 81.3 

SC-293 8% Y2O3- 3.20 97.9 3.23 98.9 3.21 98.2 

=Sintered at 1750°C for 4 h under 15 psi nitrogen pressure. 
bSintered at 1800% for 4 h under 15 psi nitrogen pressure. 
Sintered at 1850OC for 4 h under 15 psi nitrogen pressure. 
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1.3 THERMAL AND WEAR COATINGS 

F a b r i c a t i o n  qad.-Testinq o f  Corrosioj:Resistant C o a t i n s s  
0. P. Stinton, J. C .  McLaughlin, and D. W .  Graham (Oak Ridge 
Nati onal Laboratory) 

Objecti ve/scope 

Sodium corrosion o f  S i c  and Si,N, components in gas turbine engines is 
a potentially serious problem. The outer surfaces o f  Sic and Si,N, parts 
oxidize at high temperatures to form an SiO, layer that inhibits further 
oxidation. However, sodium that is present in high-temperature coinbustion 
atmospheres reacts with the Si0 layer, such that it is no longer 
protective. The objective of t k i s  program is to develop a coating that 
will protect the underlying Sic or Si$, froni sodium corrosion and provide 
simultaneous axidation protection. To evaluate the behavior o f  potential 
materials such as stabilized ZrO or HfO,, ?io,, A I  O,*?iO,, and Ta,Q, in 
sodium-containing atmospheres, t h e  corrosion resistance of hot-pressed 
samples o f  these materials will first be evaluated. A chemical vapor 
deposition (CVD) process will be developed for the application o f  the most 
promising coatings. The effect of the combustion environment upori coating 
characteristics, such as microstructure, strength, adherence, and other 
properties, wi 11 then be eval uated. 

Technical proqres 

l h e  development o f  oxide coatings t o  protect Sic or Si,N, heat, engine 
components from sodium corrosion continued this period. Protective 
coatings being investigated in this evaluation include Ta,O and ZrTi0, 
because their 1oLg coefficients of  t h e r m a l  expansion match tiat o f  sic or 
Si$, and because o f  their likely good corrosion resistance. Coatings o f  
la 0, with varying morphologies have been produced by CVD onto Si,N, GN-10 
sutsiratrs obtained from Garrett. To investigate t h e  effects o f  process 
parameters on coating morphology, an initial set of experiments was sta- 
tistically designed to study deposition temperature, deposition pressure, 
and reactant f low rates. After completion o f  the se t  of 16 experimental 
runs, t h e  coatings were evaluated for weight gain, coating thickness, grain 
size, morphology, and microstructure. Many o f  the deposits were o f  very 
low density and consisted o f  powder deposited on the substrate surface. 
statistica! evaluation revealed that the densest coatings were deposited at 
low pressures 42 kPaj, high temperatures (12SO0Cj, and low concentrations 
o f  TaC1, ( h  2%). 

A second, statistically designed experiment was planned to better 
investigate low pressure ( 2  kPa) deposition at high temperatures (1200 to 
1300"C), low TaC1, concentrations (1  to 3%) and high oxygen Concentrations 
(16 t o  20%). The design calls for  eight runs plus a centerpojnt that is 
duplicated f o r  a total o f  10 runs. The eight points form a 2 factorial 
design. All coatings from the statistically designed experiment were 
characterized using optical microscopy and scanning electron microscopy. 
Coatings deposited at 1300°C contained large, columnar grains. 

voids present (Figs. 1 and 2). Coatings deposited at 1200°C also contained 

A 

Unfortunately, the large columns did not grow together and left large 
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9201641 
I 

Fig. 1. Optical micrograph illustrating the 
dense, adherent coatings deposited at 13OOOC. 

columnar grains; however, the columns were smaller with much smaller voids 
between columns (Figs. 3 and 4). The effect of reactant (TaC1 ) concentra- 
tion was less evident, however, and higher concentrations (a Sk) appeared 
to produce less dense, powdery deposits. 
coating morphology will be required to produce continuous coatings that are 
impemable to sodium-containing gases. 

Further optimization o f  the 
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3 

Fig. 2. Scanning electron micrograph 
illustrating the large, columnar grains 
produced by the 13OO0C deposition 
temperature. 
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I -  
Fig. 3. Optical micrograph illustrating the 

reduced grain size o f  deposits produced at lower  temperature^^.,^^^=^""-^.-- x ;, - "W-  L* -&L, i, , . . q=:,pn - _ -  - 
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26845 

Fig. 4. Scanning electron micro- 
graph illustrating the reduced amount o f  
porosity present in coatings deposited at 
1200" c. 
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PeveloDrnent of Adherent Ceramic Coat inus to Reduce C o n u t  St ress Da maae o f CeramiG 
- S. Wayne, D. O'Neil, and J.H. Selverian (GTE Laboratories Incorporated) 

Ob iect ive/ScoDe 

The objective of this program is to develop oxidation-resistant, high toughness, adherent 
coatings for silicon-based ceramics for use in an advanced gas turbine engine. These coatings 
will be deposited by chemical vapor deposition (CVD) onto reaction bonded Si3N4 (RBSN), 
sintered Sic (SSC), and hot pressed Si3N4 (HSN). The coating will be designed to provide the 
best mix of mechanical, thermal and chemical properties for the application. 

Technical H iahliahts 

The propagation of a crack through the A1203+Zr02 composite coating on a silicon nitride 
substrate was modelled. Results suggest that as a vertical crack propagates through the coating it 
is only partially deflected by the interface. Therefore, improvements in the toughness of the 
interface are expected to have a small influence on these types of cracks. 

ComDuter Simulation of Crack ProDaaation 

This semiannual describes modeling work performed on sections (ii) and (iii) of the new 
milestone added to this contract in June,1991. Section (i) of this new milestone has been 
completed, and was described in the August, 1991 bimonthly for the contract. We describe here 
the model and results for numerical simulation of a single-pass scratch test, and crack propagation 
due an initial flaw. 

Sinale Lave r with Interface - lffnifnial Vertical Flaw 
Studies were performed on a single-layer coating of A1203+Zr02 on a substrate of silicon 

nitride. Subsequent sections will describe results for a multi-layer coated substrate. Loads were 
imposed on the body in the form of residual thermal stress, and mechanical loads resulting from 
solid body contact with friction. The finite element model allows automatic changes in mesh 
topology due to crack growth, and a bimaterial fracture model which takes into account the 
different fracture toughnesses of the coating, interface, and substrate when the cracks are at or 
near the interface. Results indicate that, subject to these loads, a vertical flaw in the coating 
propagates approximately downward until the coating-substrate interface region. Once the crack 
has entered the interface, it moves away from the contact loads along the interface a distance of 
approximately half the coating thickness, after which it continues in a direction nearly normal to the 
net direction of the applied load. Since the crack did not continue along the interface, 
improvements in the interface bond strength would not have significantly influenced the crack 
growth direction. 

Geometrv 
A finite element mesh was created to simulate the cross-section of a wide sample (plane- 

strain) of a single layer coated substrate. Coating thickness was 2 microns, substrate thickness 
was arbitrary, and assigned a value of 58 microns. 

The plane of the mesh is shown in Figure 1. For the single layer analysis the AIN interlayer 
was not used. The model was simply A1203+Zr02 on a Si3N4 substrate. The width of the model 
was 60 microns. A set of boundary markers exists between the elements which describe the 
coating and those that define the substrate. These boundary markers locate the bimaterial 
fracture boundary. During remeshing, this boundary must lie on element boundaries to keep the 
interface coherent. The model initially was crack-free. A vertical flaw 0.5 microns long was 
positioned 1 micron from the mechanical load. As the crack propagated, the model was 
automatically remeshed to take into account the change in surface, the bimaterial interface, and 
the stress concentration at the crack tip. Eight noded quadratic elements were used for the 
original mesh. Mesh changes were mapped with 6 noded triangular elements, and the crack tip 
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Figure 1. Schematic of the finite element mesh relative to microstructural cross section. 
Direction and positioning of scratch test indenter is shown. 

was modeled with 6 noded singularity elements. When the crack tip was at or near the bimaterial 
interface, singularity elements were not used. For each crack increment, the next propagation 
direction was predicted by using a maximum energy release rate criterion, which is also applicable 
in the region of the interface. The energy release rate was calculated by comparing the energy 
released by the system for candidate directions in each of the materials in the vicinity of the crack 
tip. Once a direction was found, the crack length was increased a small amount and the calculation 
repeated. This procedure was continued until no significant change in the direction of crack 
propagation was seen. 

Boundarv Co ndit io nS 
Thermal loads were applied to the entire body by including a temperature change of 

-lOOO°C into the analysis. This temperature is typical of temperatures used in the CVD process for 
this material system. It was assumed that the coating was applied to the substrate in the CVD 
chamber in a stress-free state and that stresses were generated upon cooling by thermal 
expansion mismatch between the coating and the substrate. A mechanical load was also applied 
to the coating. The mechanical loads represents the load applied by solid body contact. The load 
was distributed over a 1 micron region; the shape of the distribution was parabolic. The 
magnitude of the maximum value of the distribution was scaled such that the stress results were 
normalized from zero to one. The coefficient of friction used was 0.5, resulting in the same form of 
the distribution of cnear stress on the surface of the coating. Figure 2 is a schematic of the 
boundary conditions. As previously mentioned, the AIN interlayer, while shown in Figure 1, was 
not used in the single layer analysis. On the lower edge of the model, the central node of the 
edge was pinned, and all other nodes on the edge were constrained in the vertical direction. 
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Figure 2. Schematic of the boundary conditions used in the fracture simulation. Coefficient of 
friction was 0.5. The value of 'p' (the maximum magnitude of the load distribution) was 
assigned a value such that the stress results are normalized. 

Material Properties 
The coating material was A1203+Zr02 and the substrate was silicon nitride. Both materials 

were modeled as elastic in both thermal and mechanical properties. Material properlies were 
assigned to the coating, substrate and interface. Elastic and thermal propeaies for the coating 
and substrate are shown in Table 1. The interface energy release rate as a function of mode- 
mixity is shown in Figure 3. 

Crack Proeaaat ion Stud ieS 
The crack propagation occurred over 14 crack increments, after which the direction of 

crack growth remained constant. Since the crack crossed the  bimaterial interface, the binlaterial 
interface fracture model was used for several crack growth steps. Other crack growth steps used 
linear elastic fracture mechanics theory solved using finite element methods. This bimaterial 
fracture model has been implemented into a finite element framework, and the key concept in the 
numerical scheme is that the crack is predicted to propagate in the direction of maximum energy 
release rate. This energy release rate is analogous to that described for homogeneous fracture 
theory. The difference is that there may be several candidate directions where the energy release 
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Table 1. Material properties used for substrates and coating layers. 

Material Young's 
Modulus 

@Pa) 

A1203 
AIN 
Intedace 
Sic 
A1203+ZrO2 
Si3N4 

390 
340 
320 
207 
380 
29 6 

I I 

300 

250 

200 

150 

100 

50 

0 

Poisson's I Fracture 
Ratio Toughness 

(MPaG) 

Thermal Expansion 
Coeff. (/"C) x 1 O-s 

0.22 
0.24 
0.255 
0.22 
0.22 
0.27 

1 .0 

5.0 
3.5 

7.8 
4.9 
3.8 
4.3 
9.4 
2.7 

I I 

0 15 30 45 60 75 90 

Phase Angle (Degrees) 

Figure 3. Energy release rate for the interface as a function of mode mixity. A mode-mixity of 
0.0 describes pure mode I loading at the crack tip, and a rnode-mixity of 90 (degrees) 
describes pure mode II loading at the crack tip. 

rate is a maximum. All candidate directions for all materials must be considered and compared. 
The method was developed to apply in cases where the crack tip is in or near a bimaterial interface. 
Figure 4 shows the finite element mesh prior to crack growth. The upper four elements comprise 
the coating region. Elements below the upper four comprise the substrate. An enlargement of 
the initial vertical flaw, showing the original and deformed shape of the coated system is shown in 
Figure 5. Note that the deformed shape was a result of the thermal, normal and shear loads on the 
structure. Figure 6 illustrates the direction of crack growth prior to crossing the bimaterial 
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Figure 4. Initial (uncracked) mesh used in the fracture siniulation study. The lop four elements 
are the A1203tZr02 coating material. 

Figure 5. Initial vertical flaw, 0.5 microns long (1/4 coating thickness). 
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Figure 6. Deformed shape and crack growth direction prior to crossing the bimaterial interface. 

interface. The crack has begun a slight turn away from the applied mechanical loading. Figure 7 
shows the deformed shape for the final crack increment. Note that the crack did not remain in the 
interface, as it would for a material with a lower range of interface fracture toughnesses (lower GI, 
curve), and also that the final crack direction is approximately normal to the applied mechanical 
loading direction. The fracture modeling of coated systems continues in the next section with a 
two-layered coated substrate; under the same thermal and mechanical loads. 

Simulations of a single-layer fracture were reported in the previous section. Here we 
describe the model and results for numerical simulation of a single-pass scratch test of a substrate 
with two coating layers, and crack propagation due to an initial verlical flaw. 

!2!xmwY 
The finite element mesh was created to simulate the cross-section of a wide sample 

(plane-strain) of a double-layer coated substrate. Coating thicknesses were 2 microns, substrate 
thickness was arbitrary, and assigned a value of 58 microns. The plane of the mesh is shown in 
Figure 1. The boundary conditions are those shown in Figure 2. 

Material Properties 
The top-layer coating material was A1203+Zr02, the second (middle) coating layer as AIN, 

and the substrate was silicon nitride. All materials were modeled as elastic in both thermal and 
mechanical properties. Material properties were assigned to the coatings, substrate and interface. 
The interface energy release rate as a function of mode-rnixity for both material interfaces is shown 
in Figure 8 .  

Crack Propaa . ation Stud ia 
The crack propagation occurred over 27 crack increments, after which the direction of 

crack growth remained constant; along the AIN-substrate interface. Since the crack crossed both 
bimaterial interfaces, the bimaterial interface fracture model was used for several crack growth 
steps. Other crack growth steps used linear elastic fracture mechanics theory which was solved 
using finite element methods. 
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Figure 7. Deformed shape and crack path in final increment. 
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Figure 8. Energy release rate for both interfaces as a function of mode mixity. A mode-mixity of 
0.0 describes pure mode I loading at the crack tip, and a mode-mixity of 90 (degrees) 
describes pure mode I! loading at the crack tip. 

Figure 9 shows the finite element prior to crack growth. The upper four elements (in the 
vertical direction) comprised the top-layer (A1203 tZr02) .  The next four elements in the vertical 
direction comprised the second layer (AIN). Elements below the upper eight modeled the 
substrate. A zoom of the initial vertical flaw, showing the original and deformed shape of the 
coated system is shown in Figure 10. Note that the deformed shape was a result of the thermal, 
normal and shear loads on the structure. 

Figure 1 1 illustrates the direction of crack growth as the crack entered the first material 
interface. The A12Q3iZrO2 layer would no longer provide oxidation resistance. The crack has 
begun a slight turn away from the applied mechanical loading at this stage in the crack history. 

Figure 12 s!.ows the deformed shape for the final crack increment. Note that the crack did 
not remain in the top interface, but continued through the middle AIN layer to the silicon nitride 
substrate. These results indicate that both coating layers have been completely fractured. A 
solution to this type of failure could be to design the first material interface (increased toughness) 
such that the crack would nat penetrate into the second coating layer. 

Results indicated that, subject to these loads, a vertical flaw in the coating propagated 
approximately downward until the first coating-substrate interlace region. Once the crack entered 
this first interface, it traveled for a distance of about 20% of the coating thickness, then changed 
direction and advanced into the second coating material. While traversing both coating layers, the 
crack traveled in a direction nearly normal to the net direction of the applied load. Since the crack 
continued to the substrate surface, it was anticipated that the surface would be exposed to outer 
gaseous conditions. 

The fracture modeling of coated systems continues with a two-layered coated substrate 
with initial horizontal flaws; under the same thermal and mechanical loads. 

. .  Multilaver Analvsis - Initial HorkZ9tal Flaly 
Two analyses have been performed. The first had the initial horizontal flaw positioned at 

the middle of the second coating layer. In this case, the crack did not cross any of the material 
interfaces during crack growth. Figures 1 and 2 show the model arid boundary conditions prior to 
crack growth. With regard io the mesh the upper four elements (in the vertical direction) 
comprised the A1203iZr02 layer coating. The next four element in the vertical direction 
comprised the second layer (AIN) coating region. Elements below the upper eight modeled the 
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Figure 9. Initial (uncracked) mesh used in the fracture simulation study. The top four elements 
are the AI203+ZrO2 coating material. The next four were the AIN coating material. 
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Figure 10. Initial vertical flaw, 0.5 microns long (1/4 coating thickness). Solid lines are deformed 
geometry (thermal and mechanical loads). Dashed lines are undeformed geometry. 
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Figure 11. Deformed shape and crack growth direction as the crack encountered the top 
bimaterial interface. 
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Figure 12. Deformed shape and ciack path in final increment. The crack has propagated through 
both coating layers. 
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substrate. A zoom of the initial horizontal flaw, showing the original and deformed shape of the 
coated system is shown in Figure 13. Note that the deformed shape was a result of the thermal, 
normal and shear loads on the structure. Figure 14 illustrates the direction of crack growth in the 
final stage of simulation. The crack is directed upwards toward the free surface, then curves away 
from the applied mechanical load. 

The second simulation was performed with an initial horizontal crack in the top coating 
layer. It was positioned in the middle of this layer. A zoom of the initial horizontal flaw, showing the 
original and deforrncd shape of the coated system is shown in Figure 15. Note that the deformed 
shape was a result of the thermal, normal and shear loads on the structure. Figure 16 illustrates 
the direction of crack growth in the final stage of simulation. The crack is directed upwards toward 
the free surface, and the analysis was halted a5 the crack neared the surface. Since the horizontal 
cracks were directed away from the substrate, an opportunity exists to design the coating layer 
such that manufacturing flaws are highly oriented in the horizontal direction, which would promote 
coating stability and thus oxidation resistance of the substrate. 

Since cracks were predicted to move away froin the substrate material, the oxida,tior?i 
resistance of the substrate could be preserved during crack growth of this type. It should also be 
emphasized that this was not the case with initial vertical flaws, which propagated to the substrate. 

Status sf Milestones 

Milestone 

Microstructural evaluation of the AI2O3 tZrO2 
composite layer. 

Studies of first generation coating configuration to 
detertnine cause of failure during oxidation tests at 
1200°C and 1375°C. 

Modification of coating configuration to improve 
oxidation resistance at greater than or equal to 
12QQ"C. 

Feasibility study of measuring friction coefficient 
and contact stress damage using conventional pin- 
on-disk or ball-on-disk wear tests. 

Performance tests of modified coating configuration 
including i) 500 hour oxidation, ii) thermal shock, 
and iii) flexure strength. 

Test feasibility of coating a commercial part or 
equivalent. 

Computer simulation of i) residual stress in coating 
due to CVD cycle and thermal expansion mismatch, 
ii) coating response to load from single pass scratch 
test, and iii) crack propagation due to initial flaws. 
Computer calculations will be verified using scratch 
testing and microscope inspection. 

Submit draft of final report covering Phase I I  results. 

m Statcls 

12/89 Completed. 

03/90 Completed. 

06/91 Cancelled. Replaced by 
Phase HA. 

1 2/90 Completed. 

12/91 Cancelled. Xeplaced by 
Phase IIA. 

0319 1 Cancelled. Replaced by 
Phase HA. 

1 219 1 Completed. 

4/92 Completed. 
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Figure 13. Initial horizontal flaw in the second coating layer. The flaw is positioned at the middle 
of the layer. Solid lines are deformed geometry (thermal and mechanical loads). 
Dashed lines are undeforrned geometry. 
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Figure 14. Deformed shape and crack path in final increnient for the case where the initial flaw 
was in the second (middle) coating layer. The crack has been directed away from the 
substrate. 
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Figure 15. Initial horizontal flaw in the top coating layer. The flaw is positioned 2b the middle of the 
top laysr. Solid lines are deformed geometry (thermal and mechanical loads). Dashed 
lines 2re undeformed geometry. 

Figure 16. Deformed shape and crack path in final increment for the initial flaw in the top coating 
layer. The crack has been directed away from the substrate. 
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Publications. 

A talk titled "Effect of AI203 + ZrO2 CVD Coatings on the MOR Strength of Si3N4 and 
Sic," was presented by J. Selvesian at the 1991 American Ceramic Society Conference. 

A poster titled 'Fracture Strength, Weibull Modulus, and fracture Toughness 
Measurements of Thin CVD Ceramic Coatings on Substrates," was presented at the Materials 
Research Society Fall Meeting in Boston MA. 

A paper titled "Strength and Toughness Measurement of Thin Brittle Coatings on 
Substrates" was submitted to Thin Solid Films. 

A paper titled "Errors in Curve Fitting of Profilorneter Data" was submitted to the Journal of 
Vacuum Science a i d  Technology B. 

References 

None. 
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- Development of Adherent C o a t i n q s  t o  Reduce Contact Stress 
Damase of Ceramics - V. K. Sarin (Boston University) 

Q b j e c t i v e / S c o p e  

The development  of o x i d a t i o n / c o r r o s i o n  r e s i s t a n t ,  h i g h  
t o u g h n e s s ,  a d h e r e n t  c o a t i n g  c o n f i g u r a t i o n s  f o r  s i l i c o n  
based ceramic s u b s t r a t e s  f o r  u s e  i n  a d v a n c e d  gas t u r b i n e  
e n g i n e s .  

T e c h n i c a l  Progresg 

F u l l y  d e n s e  and  a d h e r e n t  S i02  c o a t i n g s  have  been  grown 
on Si3N4 s u b s t r a t e s .  

Thermodynamic S t u d i e s :  
The the rmodynamic  c a l c u l a t i o n s  ( u s i n g  t h e  NASA 

program1) w e r e  u s e d  t o  d e t e r m i n e  l i m i t i n g  c r i t e r i a  f o r  the  
g r o w t h  of S i 0 2  a n d  a i d  i n  e s t a b l i s h i n g  r a t e - l i m i t i n g  
g a s e o u s  species A d d i t i o n a l l y ,  t h e y  were u s e d  t o  d e t e r m i n e  
t h e  r a n g e  of i n p u t  c o n d i t i o n s  which would p r o d u c e  S i02  a t  
e q u i l i b r i u m .  U s i n g  T e t r a e t h o x y s i l a n e  ( S i  [ O C 2 H 5 1 4 )  as a 
s o u r c e ,  it w a s  found t h a t  t h e  p r e s e n c e  of f r e e  c a r b o n  a n d  
CO i n f l u e n c e  t h e  f o r m a t i o n  of S i02  ( F i g u r e  1 ) .  S i n c e  
S i  ( 0 C 2 H 5 )  i s  the  o n l y  r e a c t i n g  s p e c i e s ,  thermodynamical  'iy 
a change  i n  i t s  m o l e  f r a c t i o n  i n  t h e  i n l e t  gas compos i t ion  
does n o t  a f f e c t  t h e  m o l e  f r a c t i o n  of t h e  p r o d u c t s  of the 
r e a c t i o n .  However, a t  122SoC,  Si02  siezes t o  f o r m  and  i s  
r e p l a c e d  by  t h e  f o r m a t i o n  of Si@. A t  t h i s  v e r y  p o i n t ,  a n  
i n c r e a s e  i n  t h e  CO c o n t e n t  and  a d e c r e a s e  i n  f r e e  c a r b o n .  
Based on t h e s e  r e s u l t s ,  t h e  i n f l u e n c e  of t h e  p r e s e n c e  of CO 
on t h e  ove ra l l  r e a c t i o n  i s  b e i n g  i n v e s t i g a t e d .  I t  i s  o u r  
i n t e n t i o n  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of t h e  a d d i t i o n  of 
C 0 2  on t h i s  r e a c t i o n .  
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F i g u r e  1: Thermodynamic P l o t s  of t h e  Concen t r a t ion  of  
t h e  s p e c i e s  as a f u n c t i o n  of t empera tu re .  

P r o c e s s  Development: 
F u l l y  dense  Si02 c o a t i n g s  have been  s u c c e s s f u l l y  

d e p o s i t e d  by u s i n g  S i C O C 2 H 5 1 4  as a s o u r c e ,  and  A r  as  a 
car r ie r  gas between 800-900°C and 50-100 T o r r  p r e s s u r e s .  
The CVD reactor h a s  been modified so t h a t  t h e s e  c o a t i n g s  
c a n  now be grown i n  c o n j u n c t i o n  w i t h  o t h e r  r e f r a c t o r y  
c o a t i n g s  s u c h  as  A1203 a n d  A 1 N .  A d d i t i o n a l l y ,  a d r y  
pumping sys tem has been i n c o r p o r a t e d  t o  h e l p  i n  o b t a i n i n g  
c o n s i s t e n t  a n d  repeatable c o a t i n g s ,  and  e l i m i n a t e  t h e  
problems a s s o c i a t e d  w i t h  l i q u i d  r i n g  seal pumps. 

C h a r a c t e r i z a t i o n :  
X-Ray a n a l y s e s  have conf i rmed t h e  p r e s e n c e  of Si02 

(Low-Quartz) . S i l i c o n  O x y n i t r i d e  (Si20N2) h a s  a l so  been 
d e t e c t e d .  I t  is  p r o j e c t e d  t h a t  t h i s  phase  may be formed a t  
t h e  i n t e r f a c e  and may be u s e f u l  i n  enhancing  t h e  adherence  
c h a r a c t e r i s t i c s  of t h e s e  c o a t i n g s .  P o s t - a n n e a l i n g  
treatments and h i g h e r  p r o c e s s  t e m p e r a t u r e s  are c u r r e n t l y  
b e i n g  i n v e s t i g a t e d  t o  i n c r e a s e  t h e  l e v e l  of S i 2 O N Z  and  i t s  
effect  on adherence .  
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The Microscratch Test2 w a s  used t o  measure t h e  
adherence of the Si02 coa t ings .  T h i s  test  encompasses 
scratching a metal lographical ly  pol ished sur face  of the  
coated ar t ic le  normal t o  the  coa t ing / subs t r a t e  interface, 
exposing a po r t ion  of the interface-substrate-coat ing.  A 
scratch i s  g e n e r a t e d  g e n e r a l l y  p e r p e n d i c u l a r  t o  t h e  
i n t e r f a c e  v i a  a diamond indenter  is appl ied  s t a r t i n g  from 
t h e  s u b s t r a t e  towards t h e  c o a t i n g  mater ia l .  These 
scra tch ing  s t e p s  w e r e  repeated w i t h  increas ing  normal loads 
u n t i l  t h e  onse t  of crack formation a t  the  coa t ing /subs t ra te  
interface. T h i s  value is  used as a measure of the work 
energy or shear stress required t o  debond t h e  coating, and 
t h e r e f o r e  an ind ica t ion  of i t s  adherence. Figure 2 shows 
the  crack formation a t  30 grams load. It seems that crack 
i n i t i a t i o n  occurs  i n  t h e  s u b s t r a t e  and t h e n  cont inues  
leading t o  debonding of the  coating. T h i c k e r  coat ings w i l l  
be inves t iga t ed  t o  see i f  t h i s  e f f e c t  can be avoided, as 
has been observed i n  T I C  coated cemented carb ide  (WC-Co) 
subs t r a t e s .  

Figure 2:  SEM micrograph showing the  debonded Si02 
coat ing on a Si3N4 subs t r a t e  a t  30 gram normal load. 

Although 30 grams i s  a r e l a t i v e l y  good adherence value 
f o r  m o s t  r e f r a c t o r y  coa t ing  on a Si3N4 s u b s t r a t e ,  it i s  
l o w e r  t h a n  those  observed f o r  A1N on Si3N4 which w e r e  
t y p i c a l l y  found t o  be i n  the  50-60 g r a m  range. Process 
modification t o  a l te r  the l e v e l  of SizON2 a t  t h e  i n t e r f a c e  
is  being inves t iga t ed  t o  t r y  and improve the  adherence of 
t hese  coat ings.  
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P o s t - a n n e a l i n g  a t  120OoC a n d  above i s  b e i n g  
i n v e s t i g a t e d  t o  t r y  and  enhance  t h e  a d h e r e n c e  of these Si02  
c o a t i n g s  on  S i 3 N 4  s u b s t r a t e s .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  
n o  e f fec t  o n  t h e  c o a t i n g  f o r  s h o r t  t i m e s  (1 h o u r )  a t  
12OOOC. I t  s h o u l d  be n o t e d  t h a t  p r e v i o u s  t e s t s  have shown 
t h a t  some of t h e  A 1 N  c o a t i n g s  b l i s t e r e d  u n d e r  s i m i l a r  
c o n d i t i o n s .  Equipment  has  now b e e n  s e t u p  f o r  t h e r m a l  
c y c l i n g  a n d  o x i d a t i o n  s t u d i e s  i n  a i r  up  t o  1 7 O O O C .  Ramping 
rates u p  t o  5OoC per m i n u t e  w i l l  be a v a i l a b l e  f o r  these  
s t u d i e s  . 

S t a t u s  of Milestones 

Schedule 

D e p o s i t i o n  of c h e m i c a l l y  g r a d e d  6 /92  
S i02  c o a t i n g s  on  S i 3 N 4  s u b s t r a t e s .  
Composite A12O,/SiO2 c o a t i n g s  12/92  
on S i02  coated s u b s t r a t e s .  
Development of t h e  complete 6/ 93 
c o a t i n g  c o n f i g u r a t i o n  fo r  c o n t a c t  
stress, o x i d a t i o n ,  a n d  c o r r o s i o n  
r e s i s t a n c e  e v a l u a t i o n .  

None 

References 

Status 

On S c h e d u l e  

On S c h e d u l e  

On S c h e d u l e  

1. Gordon, a n d  M c B r i d e ,  "Computer Program f o r  C a l c u l a t i o n  
of Complex C h e m i c a l  E q u i l i b r i u m  C o m p o s i t i o n s ,  R o c k e t  
P e r f o r m a n c e ,  I n c i d e n t  a n d  Reflected Shocks ,  a n d  Chapman- 
J o u g u e t  D e t o n a t i o n s " ,  NASA SP-273, 1989 .  
2 .  V.K. S a r i n ,  Unpub l i shed .  
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Wear-Resistant Coatings 
M. H. Haselkorn (Caterpillar Inc.) 

0 bjective IScope 

The goal of this technical program is to develop wear-resistant coatings for piston ring and 
cylinder liner components for low heat-loss diesel engines. 

Friction and wear screening in Phase I identified plasma sprayed high carbon iron- 
molybdenum and chromia-silica coatings as candidate piston ring wear coatings. Plasma 
sprayed chromia-silica and high carbon iron-molybdenum coatings, as well as, a low 
temperature arc vapor deposited (LTAVD) chrome nitride coating were identified as 
candidate cylinder liner wear coatings. The cast iron porcelain enamel coatings exhibited 
unsatisfactory wear rates because of porosity in the coating. 

The three main technical tasks for Phase I1 are further optimization of the LTAVD chrome 
nitride and cast iron porcelain enamel wear coatings and the process scale-up of wear- 
resistant plasma coatings for cylinder liners. 

The optimization of the LTAVD chrome nitride coating involves the development of an 
adherent 15 micron thick coating which meets the friction and wear goals of this program. 
The cast iron porcelain enamel process optimization centers on developing a CIPE compo- 
sition with a minimum of porosity. The process scale-up of the plasma coatings will first 
develop I.D. plasma spray parameters for coating cylinder liners. Next, simulated cylinder 
liner specimens will be coated and the friction and wear properties of these coatings be 
determined using reciprocating friction and wear testing using both new and "used" engine 
oil. 

Technical Progress 

In Phase I, a 3-5 micron thick low temperature arc vapor deposited (LTAVD) chrome nitride 
coating was applied to cast iron substrates which met the friction and wear goals of the 
contract. However, wear curves generated showed that even with wear coefficients of less 
than 10-8 mm3/N-m, a 5 micron thick coating will not meet commercial diesel engine 
durability requirements. The wear curves showed a 15 micron thick LTAVD chrome nitride 
coating is required to meet these durability requirements. For this reason, the overall goal 
of this task is the development of a 15 micron thick, adherent chrome nitride coating which 
can be applied to the inner diameter of cast iron cylinder liners. This task was divided into 
four subtasks: 
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1. Optimization of LTAVD chrome nitride coating parameters, 

2. Development of a I5  micron thick LTAVD chrome nitride coating 
containing an intermediate layer, 

3. Determination of the effect of single vs. multiple alternative layers on 
the adherence of 15 micron thick LTAVD chrome nitride coatings, and 

4. Friction and wear characterization of selected 15 micron thick LTAVD 
chrome nitride coating systems. 

The optimization of the LTAVD chrome nitride coating parameters studied the effect of bias 
voltage, substrate temperature, nitrogen partial pressure, current of LTAVD guidance 
system, and substrate cleaning procedures on coating adherence, cornposition, roughness, 
thickness (deposition rate) and microhardness. Only nitrogen partial pressure and substrate 
cleaning procedures had any significant effect on coating adherence or microhardness. 

After optimization of the LTAVD chrome nitride coating parameters, five sets of six cast iron 
coupons, each containing one of the following intermediate layers: AIS1 403 stainless steel, 
AIST 403 stainless steel plus chromium, titanium, titanium plus titanium nitride and 
chromium were prepared. A 15-micron thick chrome nitride layer was appliedon top of each 
intermediate layer. In addition, a 15 micron thick coating, consisting of alternating layers 
of chromium andchromium nitride was prepared. The coating thickness and uniformity were 
determinedon all the L'I'AVD chrome nitride plus intermediate coating systems after coating. 
Next, both the coating adherence and microhardness of each coating system were determined 
both prior to and after the following thermal shock testing: 

1. Ten cycles from room temperature to 450 C in 10 minutes followed 
by an air cool to room temperature, and 

2.  Ten cycles from room temperature to 650 C in 10 minutes followed 
by a quench into boiling water. 

All the LTAVD chrome nitride coating systems were uniformly applied and exhibited an 
excellent physical appearance both prior to and after the thermal shock testing. No coating 
spallation was observedon any of the coating systems either during or after the thermal shock 
testing. Finally, all the coating systems had excellent adherence to the cast iron substrates 
both prior to and after the thermal shock testing. 

Using these test results as a guide, the following coating systems were selected to be 
characterized for friction and wear on a Idohman A-6 friction and wear machine: chromium/ 
chromium nitride, chrotnium/chromiurn nitride layers, and titanium/titanium nitride inter- 
mediate layer in combination with a chromium/ chromium nitride layered top coat. 
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The process scale-up of the wear- resistant coatings for cylinder liners began by designing and 
running statistical experiments to determine the effect of prirnary gas flow, current, voltage, 
spray distance andcarrier flow on coating microstructure and hardness, as well as, deposition 
efficiency. 

The results of these experiments were then used to build a predictive equation used for 
selecting three sets of coating parameters for both the chromia-silica and high carbon iron- 
molybdenum plasma spray powders. The coating parameters selected produced the optimum 
plasma spray coating microstructure and hardness. In addition, the predictive equation 
showed that there is a trade-off between high coating deposition efficiency and the optimum 
microstructure. 

Next, both chromia-silica and high carbon iron-molybdenum powders will be plasma sprayed 
next using the three sets of plasma selected for verification of the predictive model. Once 
the verification is completed, each of the powders will be plasma sprayed on Mohinan rub 
shoes, using the three sets of parametcrs selected. The friction and wear properties of each 
coating will then be determined. 

Norton's Ceramic Machining Technology Center was selected to do the initial machining 
studies of the Cost Effective Machining task. A fully pro'ogramniable Iluffman HS-7SR 5 axis 
CNC grinder was used by Norton for the machining. Norton rotated the machine head 90 
degrees and built a special chuck to enable the Huffman to do surface grinding. Initially, a 
machining program which produced a surface finish and grind line pattern on Falex 
specimens similar to that obtained with I.D. grinding of a cylinder liner was used. However, 
because of nonuniform grinding wheel wear, which resulted in wavy surfaces, the machining 
program had to be modified. The new program produced similar surface finishcs to what 
would be obtained with I D .  grinding, except the grind lines will be oriented differently. 
Norton has completed grinding approximately 80 percent of the specimens. 

The cast iron porcelain enamel compositions (CIPE) evaluated in Phase I all exhibited very 
poor wear coefficients. An optical microscopy analysis of the coatings showed that all the 
coatings contained bubbles in the microslructure. The bubbles lowered the compressive 
strength of the ClPE and as a result, the CIPE crushed under the loading of the ceramic 
counterface during the pin-on-disk testing. 

In Phase I1 this C P E  development is continuing. The program will investigate different CIPE 
compositions, and the effect of changing both application and firing processing parameters 
for each CIPE composition. The overall goal is the determination of a CIPEcomposition and 
processing method which will result in the least amount of bubbles in the microstructure. 
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Four ClPE compositions, two application methods, addition of fining agents to the CIPE 
compositions (fining agents are used in glass melting to reduce bubble formation), and 
decarburization of the cast iron substrate before applying the CIPE were evaluated. An alkali 
borosilicate frit consisting of silica, nickel, cobalt, and lithium oxides produced a CIPE with 
the least porosity. Additions of fining agents to this coinposition hadvery little, if any, effect 
on reducing porosity. Increasing the firing times for this composition increased the amount 
of porosity. Finally, decarburizing the substrate prior to applying and firing the CIPE did not 
reduce the porosity of the CIPE. 
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Material De!velopn?eilzt of Thick Thernzcel Barrier Coaxing (T’TBC) Systems 
M .  3 .  Beardsley ( C a t e r p i l l a r  I n c . )  

The o b j e c t i v e  of t h i s  program i s  t o  advance t h e  fundamental under- 
s tanding  o f  t h i c k  thermal b a r r i e r  c o a t i n g  systems f o r  a p p l i c a t i o n  t o  low 
heat  r e j e c t i o n  d i e s e l  engine combustion chambers. Areas of TTBC t e c h -  
n o 1  ogy t h a t  w i l l  be examined i n c l u d e  powder c h a r a c t e r i s t i c s  a n d  chemi s -  
t r y ;  bond  coa t  composi t ion;  c o a t i n g  d e s i g n ,  m i c r o s t r u c t u r e .  a n d  t h i c k -  
ness as they a f f e c t  p r o p e r t i e s ,  d u r a b i l i t y ,  a n d  r e l i a b i l i t y :  a n d  TTBC 
“ a g i  f ig” e f f e c t s  ( m i c r o s t r u c t u r a l  a n d  proper ty  changes)  under d i e s e l  
engi ne o p e r a t i n g  c o n d i t i o n s .  

IpLhni cal  p r o s r e s s  

T T B C  Powders 

The 1 5  TPBC ceramic poihiders t o  be eva lua ted  have been s e l e c t e d  
T h e  fo l lowing  c h e m i s t r i e s  w i l l  be e v a l u a t e d :  

- 8 w t %  y t t r i a  s t a b i l i z e d  z i r c o n i a  
- 20 w t %  y t t r i a  s t a b i l i z e d  z i r c o n i a  
- 24 w t %  c e r i a ,  2 - 3  w t  X y t t r i a  s t a b i l i z e d  z i r c o n i a  
- Calcium t i t a n a t e  
- Mull i te  

I n  a d d i t i o n ,  8 w t %  y t t r i a  s t a b i l i z e d  z i r c o n i a  ceramic powder w i l l  
be used t o  e v a l u a t e  d i f f e r e n t  manufacturing methods which a r e :  

- F u s e d  a n d  crushed 
- Spray d r i e d  
- Spray d r i e d  a n d  s i n t e r e d  
- H O S P  ( M E T C O  p r o p r i e t a r y  p r o c e s s )  
- S o l  gel 

‘The e f f e c t s  o f  i m p u r i t i e s  w i l l  be evalua ted  using t h e  8 wt% y t t r i a  
z i r c o n i a  spray dr ied  a n d  s i n t e r e d  m a t e r i a l .  The spray  d r i e d  a n d  s i n t e r -  
i n g  manufacturing method  w i l l  be used f o r  t h i s  e v a l u a t i o n  t o  a l l o w  
g r e a t e r  cont ro l  over t h e  p u r i t y  l e v e l s .  S i l i c a  a n d  a l u m i n a  impuri ty  
l e v e l s  w i l l  be c o n t r o l l e d  t o  provide powders with a h i g h ,  mid-range a n d  
l o w  c o n c e n t r a t i o n s ,  b u t  o t h e r  impuri ty  oxides  w i l l  a l s o  be monitored. 

t h e i r  a f f e c t  on coa t ing  p r o p e r t i e s ,  mater ia l  w i l l  be t e s t e d  f r om t h r e e  
s e p a r a t e  manufactured l o t s .  For t h e  e v a l u a t i o n ,  8 w t %  y t t r i a  Zi rconia  
manufactured by the H O S P  me-thod w i l l  be used. 

To detcrmi ne t h e  process  v a r i a t i o n s  between manufacturing l o t s  a n d  
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_ .  ine  e v a l i r a t i o n  z f  two a g d i t i o n a l  s u p p l i e r s  o f  m a t e r i a l  Will a l s o  
U S ?  8 wt% ytcLria z i r c o n i a  a s  a b a s e i i n e  materia7 . ihe c u r r e n t  8 w t %  
y t t r i a  z i r c o n i a  made by Zircoa I n c .  a n c  used by C a t e r p i i l a r  i n  ongoing 
er;gice t e s t  k4or-k  ill ~e one m a t e r i a l .  The o t h e r  m a t e r i a l  w i l l  be f r om 
!.let -;e;7h . 

Powder c h a r a c t e r i  s t i  cs  o f  chemis t ry ,  c r y s t a l  1 ographi c phase a n a l y -  
s i s ,  apparent  d e n s i t y ,  H a l l  f l o w ,  a n d  p a r t i c l e  s i z e  a r e  being d e t e r -  
mined. The sui-face a rea  o f  t h e  powder i s  being determined by B E T  a n a l y -  
s i  s . Powder morpho1 ogy  c h a r a c t e r i  z a t i  o n  by o p t i  cal  a n d  SEM m i  croscopy 
c o ~ i p l  ed wi t h  image a n a l y s i s  completes t h e  c h a r a c t e r i z a t i o n  o f  t h e  pow- 
del-s p r i o r  t o  s p r a y i n g .  

l a r .  
i s  c u r r e n t l y  underway. Each s e t  o f  powders w i l l  be e v a l u a t e d  f o r  t h e  
e f + e c t  o f  t h e  f o l l  o w i n g  spray  parameters :  

- 

Ten o f  t h e  15 powders have been procured a n d  shipped t o  C a t e r p i l -  
Spraying o f  t h e s e  powders t o  determine t h e  parameters  t o  be used 

- Primary gas  type  (argori ,  n i t r o g e n )  
- Primary gas  f l o w  r a t e  
- Secondary gas f low r a t e  (hydrogen)  
- Amperage 
- C a r r i e r  gas f l o w  
- Powder feed  r a t e  

The s e t t i n g s  used t o  e v a l u a t e  t h e s e  parameters  were s e l e c t e d  using 
a s t s t i s t i c a l l y  desigrled exper iment .  The experimental  design i s  a 
r e s p 3 n s e  s u r f a c e  metPodo1 ogy a n a l y s i s  which a 1  1 ows o p t i m i z a t i o n  of  t h e  
sp-ay parameters .  T h i r t y - s i x  s e t s  o f  parameters  a r e  being used i n  t h e  
ex3c-iment .  Responses being measured a r e :  

- Deposi t ion e f f i c i e n c y  
- Thermal d i  f f  iisi v i  t y  a n d  conducti  v i  t y  
- Ders i ty  a n d  p o r o s i t y  
- M i c r o s t r u c t u r e  

Parameters w h i c h  g i v e  the  optimum d e p o s i t i o n  e f f i c i e n c y  ( h i g h ) .  
t i -?rTal  coriducti vi t y  ( 1  o w ) ,  a n d  m i c r o s t r u c t u r e  wi 1 1  be s e l e c t  f o r  each 
c o a t i n g  a n d  used i n  p r e p a r a t i o n  of  c o a t i n g  samples f o r  f u r t h e r  c h a r a c -  
t e r i  z a t i  o n .  Each mater i  a1 sprayed a t  t h e  s e l  ec ted  parameters  w i  1 1  be 
c k ' a r a c t e r i  z e d  f o r  t h e  f o l l  owi n g :  

- Phase a n a l y s i s  
- Gas p e r m e a b i l i t y  
- Surface  f i n i s h  
- Thermal c o n d u c t i v i t y  
- Thermal expansion 
- E l a s t i c  m o d u l u s  
- B o r d  a n d  through t h i c k n e s s  s t r e n g t h  
- T e r s i l e  s t r e n g t h  
- Coiripressi v e  s t r e n g t h  
- Cycl ic  f a t i g u e  s t r e n g t h  i n  bending 
- Residual s t r e s s  
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\do-k a t  S t a t e  Univers i ty  o f  bjew Y o r k  t:: d a t e  t i a s  been 
. _  on ~ ~ - 2  c r a y a c t e r j z a t , j o n  o f  ?!;a1 i a b l e  >on:? CO~: co!..i.der-s t o  be r ; s ~ d  i n  

t h e ' i  e v c l u a t i o n .  P a r t i c l e  s i z e  a n a l y s i s ,  cnemis t ry ,  pnase a n a l y s i s ,  
a n d  S E M  - , a r t i c l e  morphology have been done. S e l e c t i o n  o f  t h e  c o a t i n g s  
f o r  :?raying w i l l  c o n c e n t r a t e  on deterrriining t h e  r o l e  o f  chrome a n d  
y t t r . - ' d m  ' n  t h e  b o n d i n g  a n d  o x i d a t i o n  p r o c e s s .  

by S t a t e  Univers i ty  o f  New York. 'The n icke l  -based b o n d  coa t  a l l o y s  
S t u d ' n d  here  Ni -20Cr.  N i - 5 A 1 ,  Ni -20Cr-6A1 a n d  Ni -17-Cr-6A1 - 0 . 5 Y .  The 
tes: cou>;3ns were obta ined  from f r e e - s t a n d i n g  d e p o s i t s  f a b r i c a t e d  by a i r  
p l  a s r a  sc.rayi n g  . 

800C i n  +lowing a i r  w i t h  29% humidi ty .  The specimens were n o t  given a n y  
post-spr?y s u r f a c e  t r e a t m e n t .  The s p e c i f i c  weight g a i n s  were measured 
f o l  ' c d i v s  t h e  o x i d a t i o n  t e s t , s .  Meta l lographic  examinat ion ,  using o p t i  - 
cal r i c r c s c o p y ,  a n d  x - r a y  d i f f r a c t i o n  s t u d i e s  o f  t h e  oxid ized  coupons 
w e r e  ZOn3JCted. 

N i C r ; : Y  e x h i b i t  t h e  b e s t  o x i d a t i o n  r e s i s t a n c e  of t h e  a l l o y s  t e s t e d  b u t  
t h e  :est  t empera ture  i s  a l s o  a major f a c t o r ,  Figure 1. For b o n d  c o a t  
t e m p t r a i U r e s  below 500 C ,  t h e  NiCr b o n d  c o a t  w o u l d  hdve s i m i l a r  o x i d a -  
t i C . r  r e s ' s t a n c e  a s  t h e  NiCrAl a n d  N i C r A l Y  b o n d  c o a t s .  The next S e t  o f  
t e s t :  w i - 1  e v a l u a t e  t h e  o x i d a t i o n  p r o t e c t i o n  t h e  b o n d  c o a t s  provide l o w  
a l ; c ,  s t f z l  s u b s t r a t e s .  The performance o f  t h e  n icke l  based a l l o y s  w i l l  
a l s 3  ;3e compared t o  t h a t  o f  i r o n - b a s e d  b o n d  c o a t  m a t e r i a l s .  

O x ' d a t i o n  s t u d i e s  of f o u r  b o n d  coa t  m a t e r i a l s  has been completed 

O x ' d a t i o n  t e s t s  were conducted f o r  100  hours a t  400 C ,  600 C ,  a n d  

The s p e c i f i c  weight g a i n  r e s u l t s  i n d i c a t e  t h a t  t h e  NiCrAl a n d  

nes t a b . . >  o f  rni les to  - + -  

A l l  r i l e s t o n e s  a r e  o n  schedule .  

None. 
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1.4.1 Ceramic-Metal Joints 

Jo in inu  o f  Ceramics for  Heat Engine Am7ieat ions 
W .  L .  Santella (Oak Ridge National Laboratory) 

Object i ve/scope 

The objective of this task i s  to develop strong, reliable joints 
containing ceramic components for applications in advanced heat engines. 
The overall emphasis o f  this task i s  on studying the brazing character- 
istics o f  silicon nitride and silicon carbide. The techniques o f  direct 
brazing, as well as vapor coating ceramics, to circumvent wetting problems 
will be applied to these materials. The specific areas of emphasis for 
this activity during FY 1992 will be on: 
temperature brazing o f  silicon nitride and the effects of thermal aging on 
joint strength, and (2) initiating a study o f  the brazing characteristics 
of sintered & - S i c .  

(1) continuing the study of high- 

Technical hishl iqhts 

Annealing o f  Si N braze joints: Flexure bars of Ti-vapor-coated S i &  
brazed with Au-25Ni-35b w t  X filler metal were annealed in vacuum for 
100 h at temperatures o f  600, 700, and 800°C and then tested at room 
temperature. The results from these tests are presented in Table 1. 
Initial indications are that annealing at 600 and 700°C does not adversely 
affect room-temperature strength, while annealing at 800°C produces a 
significant decrease in room-temperature strength compared to the test 
results for specimens that were not annealed. The retained strength for 

Table 1. Results for room-temperature flexure testing o f  
annealed Si,N, braze joint specimens. 

Bar Fracture Fracture Anneal ing 
1 oad strength temp. Specimen Bar width thickness 

(mm) (kg) ( M W  (“C) ID (m) 

819-1 
819-2 
819-3 
818-4 
818-5 
818-6 
818-1 
818-2 
818-3 

3.0861 
3.0810 
3.0610 
3.0759 
3.0861 
3. Q734 
3.0734 
3.0480 
3.0937 

2.5654 
2.5654 
2.5654 
2.5527 
2.5400 
2.5425 
2.5400 
2.5425 
2.5527 

40.02 
44 * 87 
48.48 
55.85 

- ”  

48.53 
37 81 
36.84 
32.08 

368.1 
406.0 
449.6 
520.6 

No test 
456.3 
356.2 
349.3 
297.3 

600 
600 
600 
700 
700 
700 
800 
800 
800 
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the 800°C specimens was still reasonably high, however. Metallographic 
examination' of these specimens and more extensive testing are planned. 

Metallography of Si N, braze joint test bars: Previous testing of 
unaged joint specimens sfiowed that high strength was maintained up to 700°C 
but that it dropped precipitously at 800°C. The microstructures of these 
Si N braze joints were examined in detail by scanning electron microscope (Sbf)  and electron microprobe (EPMA). 
joint specimen in the EPMA confirmed that the bulk of the filler metal 
layer was composed of an Au-rich.matrix with a composition near that of the 
unreacted filler metal : 49.2Au-24.5Ni-23.8Pd-0.4Si-2.1Ti wt %. The Si 
content resulted from reaction between the Ti vapor coating and the Si N 
the Ti resulted from dissolution of part of the vapor coating in the fflyer 
metal during brazing. An Ni-rich second phase (approximately 43.ONi- 
34.8Au-19.2Pd-1.7Si-1.3Ti wt %) was also found throughout the filler metal 
layer, but its composition could not be accurately determined because o f  
its small size. 
fluctuations of Au, Ni, and Pd through the bulk of the reacted filler metal 
layer and that Ti was localized near its original position on the Si,N, 
surfaces. Also, no unusual enrichment of Si was found in the reaction 
layers near the brazed Si N, surfaces. 

SEM examination of tie tensile face of a specimen tested at 800°C 
showed that the microstructure at the brazed Si,N, surfaces was much more 
complicated than previous observations indicated. A thin, mu1 ti -phase 
layer was found at the Si,N, surface, as shown in Fig. 1. 

Microchemical analysis of a braze 

Line scanning showed that there were only slight 

This thin layer 

Y32978 

I 
i 

Fig. 1. SEM micrograph at Si3N4. surface of braze 
joint specimen tested at 800°C. A TIN reaction layer 
formed on the Si,N during brazing. The arrowed 
feature is a metallic phase at the Si,NJTiN interface. 
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appeared to be composed of a metallic phase rich in Au and Pd, and TiN. 
Figure 1 shows the somewhat surprizing feature that the metallic phase was 
actually situated between the Si,N, and a continuous layer of TIN. 

The mating half of the test bar shown in Fig. 1 is shown in Fig. 2. 
The nearly continuous reaction layer at the bottom of this micrograph had a 
composition of 75.9Ni-11.3Pd-7.5Au-5.OSi-0.3Ti wt %. The Si content of 
this layer is relatively high but not so much so that melting in the range 
of 800OC would be expected. 

Y32979 

Comparison o f  Figs. 1 and 2 indicates that the preferred fracture 
path in this specimen was near the interface between the TiN reaction layer 
and the metallic phases of the braze layer. Based on the observations made 
to date, liquation of an Si-rich phase near the brazed Si,N surfaces 
cannot be ruled out as the dominant failure mode for thesebrazing 
materi a1 s. 
analysis of these joints will be required to better understand their 
fracture behavior and 1 imitation to temperatures below 80OOC. 

However, other mechanisms may have operated as we1 1 . Further 
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Sic brazing: Initial wetting experiments on Sic were begun. The 
alloys presently being evaluated are: 
active braze filler metal, an Au-18Ni alloy, an Ni-POCr alloy, and pure Cu, 
Ag, Ni, and Au. 

a Cu-Ag eutectic alloy, a Cu-Ag-Ti 

Status of mi 1 estones 

141110 Complete analysis of joint strength data from Ti-vapor-coated 
silicon nitride braze joints - December 31, 1991. 
is available. 

A draft report 

Pub1 ications 

None 

UnDublished work 

None 
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. .  . .  . .  
nd F-l Fva1u-e lo fi&GLmd 

L - S .  Kang (GTE Laboratories incorporated) 

7 
The goal of Phase 11 is to optimize materials systems and joint designs ~ u i ~ ~ i n g  on the 

results of Phase I. The work shall also include d e ~ ~ ~ ~ ~ a ~ ~ ~ n  of the potential for scale-up of the 
joint sire to interfacial areas of commercial significance, a p ~ ~ ~ c a b i l i ~ ~  of the a n a ~ ~ ~ a l  joint mdeling 
tools and the ability to use these fools to design and psedid the  ~ ~ ~ ~ h a ~ ~ c ~ l  and !hemal stability of 
the larger joints. These joints, referred lo as "scale-up" joints, shall have the ceramic shaft a!. least 
0.8 inches in diameter. The goal is to develop a systcn-s which can peaform In an engine such as 
the ATTAP engine. The anticipated environment will be oxidizing and will Rave joint temperatures 
of 650°C or higher. Improved joint materials systems shall be developed to optimize the 
Combination of competing properties, which include d ~ c ~ i l i t ~ ,  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 shali be carried out to confirm the 
effectiveness of the modeling program. This shall include torsion tests, thermal and 
fatigue, and creep testing. In addition, an analytical and experimental program in service life 
prediction will be undertaken. 

Deslgn/Fallure Analysis 

The October 1991 bimonthly described in detail the new probabilistic failure model for 
ceramic components which are affected by plastic deformation of adjoining materials. The mde l  
has been interfaced with the CARES probabilistic failure code. A finite element analysis was 
performed on the total ceramic-to-metal joint, taking into account the plastic deformation in the 
braze and interlayer materials. Prior finite element analyses which were ~ e ~ o r ~ d  with a crack in 
the ceramic material for varying distances and angles with respect to the brazeceramk interface 
provided energy release data. A best fit wrve was then made for the energy release sate data to 
resutt in stress coefficients which modify the stress state before using the CARES d e .  

The best fit curve described in the previous bimonthly has been modified and the stress 
correction factor (fc) used in this study is described as below: 

where, 

a-0.0837 
bs0.0447 
C=0.0711 

Figure 1 defines the variables near the interface. 
The new failure criterion was tested on ceramic-to-metal joints containing nickel and moly 

interlayers with tncoloy 909 and Inconel 718 structural components, respectively. Figure 2 shows 
the probability of failure versus applied torque on the two joint systems with experimental results. 
Both penny shaped crack and Griffith crack were assumed to find the failure envelop. The new 
model Shifted the failure curves, resulting in a less conservative failure prediction for both joint 
systems, and far both penny shaped and Griiith cracks. The reason for the shift in new model (or 
"modified" as indicated on Figure 2) was that previous rnodets did not account for the fracture 
energy absorbed by plastic work of an adpining material (the braze layer). Therefore, it predicted 
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Br or 

Figure 1. Definition of terms used in the stress correction factor (fc) 
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S hear-sensit ive 

20 30 40 50 70 80 90 100 

Torque (PI-m) 

Figure 2a. Predicted and experimental values of the brazed joint strength measured in torsion 

(Si3NdjNillncoloy 909). Two failure theories were used: 1) Shetty criterion with = 

0.82, penny-shaped crack, and a shear-insensitive Batdorf crack density and 2) 

coplanar strain energy release rate, Griffith crack, and a shear-sensitive Batdod crack 

density. 
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0.7 
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0.2 
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Penny-shaped crack 
Sheai-insensitive 

Griffith crack 
Shear-sensitive 
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Figure 2b. Predicted and experimental values of the brazed joint strength measured in torsion 

(SigNq/Mo/lncanel 718). Two failure theories were used: 1) Shelty criterion with C = 

0.82, penny-shaped crack, and a shear-insensitive Batdorf crack density and 2) 

coplanar strain energy release rate, Griff ith crack, and a shear-sensitive Batdorl crack 

density. 
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that a larger applied torque could be tolerated for a specified probability of failure. It is to be noted 
that, especially for the lncoloy 909 material system, the new failure model predicts much closer to 
the experimental results. It is believed that the new failure model will provide more accurate 
prediction for ceramic failure where some plastic work is encountered in manufacturing or service. 

Brazina Allov DeveloDmenf 

Room temperature torsion tests were performed with cylindrical PY6 samples of 0.5" dia.x 
4.0" long for base line data. PY6 silicon nitride was prepared for Phase E I  in the same way as was 
done for Phase I. It was sintered first and further densified by HDPing at 1825 "C using a glass 
encapsulation technique. The final products were in the dorm of rectangular bars or ~ y ~ ~ ~ ~ ~ c ~ l  
rods. All sample surfaces were polished down to 0.03pm w%h alumina powder for experiments. 
Torsional strength of those rods are shown in Table 1. Average torsion strength of PY6 for Phase 
I1 was about 85% of previous results in Phase I ,  The weibull plot (Figure 3) showed the similar 
reduction in strength. The batch process for powder preparation and densification might have 
resulted in the difference. 

A total of 29 ceramic-metal joints were produced using S K - 1  and 2 alloys which, in 
previous reports, were designated as B and C alloys, respectively. Alloy SK-1 has Mo in addition 
to Ni, Cr and Fe while Alloy SK-2. has Ni, Cr and Fe as seccdndar)l elements. It was found ?hat new 
high temperature brazing alloys, especially SK-1, resulted in significant gain in the torsional 
strength of the joints at 650°C with a moderate lloss at room temperature. As shown in Table 2, the 
average joint strength made of SK-1 was 309 in-lb at 650 "C whereas the st at room 
temperature was 380 in-10. The high temperature torsional strength is far bette what we 
observed from the Au-Pd-Ni system of Phase I (10-60 in-lb). It is to be noted that the mew alloy 
maintained the room temperature strength up to 650°C with little scatter in the  failure strength 
values. Alloy SK-2 did not provide any gain in strength at low and high temperatures compared to 
those of Phase I. Lower strength values with new brazing alloys at room temperature than that of 
the Au-Pd-Ni system (avg. 540 in-lb) were attributed to high residual stress resulted from the low 
ductility of these new alloys. 

For the production of PY6/Ni/lncoloy 909 joints, an optimum processing temperature was 
selected from the range of 1100°C and 1150°C on the basis of joint. strength. As illustrated in 
Tables 2 through 4, high temperature performance (at 650°C) was improved with Alloy SK-1 as the 
processing temperature decreased from 1150°C to llOO°C. Room temperature strength of the 
joints made of Alloy SK-1 seemed to be less sensitive to the change in the processing 
temperatures. In contrast, the joints from Alloy SK-2 showed improved room temperature 
torsional strength from 340 in-lb to 590 in-ib as the processing temperature increased. However, 
Alloy SK-2 did not provide any noticeable improvement in high tem rature performance 
regardless of the processing conditions. Of these three processing co itions, joints held a?, 
11 00°C for 30 minutes have resutted in the optimum performance. 

Inferior performance of the joints at higher brazing temperature, Le., 115O"C, was 
presumed to be related to the excessive phase separation and to the extent of interaction 
between Ti-coating and PY6 substrate. It was observed from the microstructural study that Alloys 
SK-1 and SK-2 consisted of Au- and Ni-rich solid solution phases. The Au-based solid solution 
phase tends to segregate on the ceramic side from Ni phase due to its low melting 
the ceramic-metal to bond at relatively low temperature (<1 150°C). Thus, high temperature 
properties of the joints can be degraded due to the increased amount of Au phase in the vicinity 
of ceramichraze interface as the brazing temperature increases. Excellent high temperature 
performance of Alloy SK-1 could be attributed to the presence of a high temperature 
strengthener such as Mo in the system. It is expected that other solid solution s?rengtheners like 
Nb and V might provide the same effect as shown with Mo in the system. No significant difference 
in joint strength was observed at room temperature from the joints made with Alloys SK-1 and 2. 
This indicates that both alloys have similar tensile properties which control the level of residual 
stress at the joints. 
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Table I .  Torsional strength of the PYli material. 

Diameter of 
gauge section 

Si3N4 
of Phase I 

Si3N4 
of Phase ll 

R-r 2,110 85,970 0.40" 0.56 
650°C 525 171,123 1.84" 0.25 

RT 2,000 
1850 
1700 

3.25 0.50 
2.92 0.50 
2.8 0.50 

I 

Figure 3. Weibull Plot of PY6 Silicon Nitride 
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SK-2 

Table 2 

650 68 0.026 0.25 Slipped 

Braze 
Alloys 

Au-Pd-Ni" 
(ref.) 

SK-1 

SK-2 

* Joints were 

Torsional strength of the PY6 /Ni/lncoloy 909 system brazed at 11 00°C for 30 
minutes 

Test Torque Alignment Rotation Failure 
Temperature (7 Mode 

("c) (in-lbs) ('I) 

RT Avg. 540 Ceramic 

650 Avg. 40 Slipped 

RT 405 0.003 1.23 Failure in Ceramic 
420 0.008 1.30 
305 0.005 0 "$8 

I 

" 

650 397 0.01 5 1.23 Failure in Ceramic 
290 0.019 0.95 
330 0.019 1.20 

R 

R 

RT 40 0 0.020 1.25 Failure in Ceramic 
400 
31 5 0.005 0.92 
35 0 0.004 0.96 
240 0.002 (I 

.I 

I 

" 

65 0 325 0.009 Failure in Ceramic 
15 0.005 50% unbonded 
90 Slipped 

z e d  at 1 180°C lor 3-4 minutes. 

Table 3. Torsional strength of the PY6 /Ni/lncoloy 909 system brazed at 1 1  25°C for 28 
minutes 

Test Torque Alignment Rotation Failure 
Temperature (9 Mode 

("c) (in-lbs) (") 

SK-1 650 220 0.01 4 2.5 Ceramic 
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Table 4. Torsional strength of the PY6 /Ni/lncoloy 909 system brazed at 4 150°C for 30 
minutes 

Braze 
Alloys 

SK-1 

SK-2 

Test 
Temperature 

("c) 

Torque Alignment Rotation Failure 
(7 Mode 

(in- lbs) ("1 

RT 400 0.01 4 1.15 Faibre in Ceramic 
440 0.810 1.25 

650 34Q 0.010 1.20 Slipped 
72 0.015 0.37 Siipped 

95 0 4Q 0.017 1.15 Slipped 

RT 475 
65 0 0.014 2.25 
640 0.015 1.87 

65 0 10 0.018 
75 0.028 0.27 
50 0.15 

The main goal of this alloy development is to produce ceramic-metal joints which can 
survive at high temperature without a significant loss of room temperature pedormance, From 
Phase I of the program, it was found that the joints made of Au-Pd-Ni were not able to sustain any 
significant laad (. 20 in-lb) at 656°C even il those performed successfully at mom temperature. 
Therefore, the primary goal was to design braze alloys with high temperature creep properties. 

Creep strengths of the joints made between PY6 silicon nitride a d  Ni was evaluated with 
shear samples at 5 2 5 0 ~ .  Intended ~ n d  area was I cm2 anel tasting was done by compression 
shear in argon atmosphere. Preliminary results showed that the joints with E( alloy suwivad more 
than 80-100 hours at 1000 Ibs, constant dead load (6,7 ksi inbtial shear stress). These are better 
than those ob Av-Pd-Ni and Au-Ni which survived at this load for 10-15 hours. Creep tests done 
at higher load (15081bs) or at higher temperature (65O*C) showed inconsistent resuMs; some of 
the samples failed during loading at a lower load than expected from hot tensile tests. This 
presumed to be related to the strong sensitivity in the joint formation to joint geometry and 
processing conditions. Effect of the joint geometry on the creep performance was investigated 
with those of cylindrical samples describe belaw. 

Table 5 summarizes the creep test result af SK-1 cylinclricai joints at &5O"C. At 185 
in-tb torque level, the rupture lives of four joints were 3 5 hours ,  10.5 hours, >lo0 hours, and 
>16G hours, respectively. Testing of the first ttvo samples were completed by rupture failure at 
the interface between braze and PY6. These samples showed 3 high portion of unknded area 
(>3G%) in the joints. Testing of the other fwo joints were stopped after 100- and 160-hour creep 
without failure. The performance of these pints at 650°C was outstanding compared to other 
ceramic-metal joints produced with any existing braze allays. Excellent pedormanees were 
expected as long as the  bonded area exceeds m r e  than 80% of the intended area. 

The first sample sbwed t he  creep rate of 4 .5~10-~" /h r ,  and the failure came when it 
rotated about 0.22" more from the end point of the first stage creep (Q.SOo).  The steady state 
creep of the third sample stafled from 0.552" a d  slopped at 0.64G" in 100 burs,  resulting in the 
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Braze 
Alloys 

Table 5 .  Torsional rupture of the PY6 Millncoloy 909 system at 650°C 

Constant Alignment Rotation Time to Creep 
Torque (9 Rupture Rate 
(in-lbs) (7 (he) ( O W  

S K - 1  185 0.034 0.58" 3.5 45x1 0-2 

185 0.025 0.640 > loo '  8 .ex 1 0-4 
I 85 0.022 1.265 10.5 6 . 7 ~  1 0-2 

185 0.008 1.317 >160 (1 week) 4 . 6 ~ 1  O-s 

*Experiment was stopped after 100 hours creep at 650°C due to a planned electricai shut-down at 
the Labs.. 

creep rate of 8 . 6 ~ 1 0 - ~  O h r .  The significant difference in Cree rate must be related to the! 
area, Le., the percentage of un 
re 4 is a plot of creep behavio ple which survived m r e  than 160 
k) at 650%. The average creep rate of the second stage was 4.6~1Q-~~/hr ,  which is 

five times higher than that of the third sample. If this creep rate can be used for the third sample, 
the useful life of this sample would be m r e  than 800 hours. This resutt in creep life was quite 
significant for future application of this type of joints since the expected life of an automotive 
engine is no more than 3000 hours. 

A significant difference in the creep rates were recorded during the second stage of the 
creep. The change in the creep rate was always found to be associated to temperature fluctuation 
from 620°C to 670°C. This implies that small change in use-temperature could cause a significant 
effect on the rupture lives of the joints in this temperature range. The heating was done by an 
induction heating unit. As shown in the table, the creep rate was no2 related d i r ~ ~ ~  to the rupture 
life of the joint. The rates seemed to be strongly controlled by the distribution of u n b n d e d  area. 

Excellent high-temperature creep performance was due lo the al phase structure of 
SK-1 alloy. Most deformations were expected to occur in the Au-Ni-Cr phase at high teqxrature, 
while the Ni-Cr-Fe phase gave rise to obstmction to the flow of the Aca-fila phase. However, the 
existence of two different phases of different melting points entailed inconsistency in bonded 
area after brazing process. There is a need to develop a better processing technique or modified 
alloy to ensure the consistent bonded area to improve the reliability of the joints. 

Four joints were brazed at 7 100°C for 30 minutes and tested for torsional fatigue sfrengfh 
at room temperature and 650°C. The amplitude of torque was 35-185 in-Ib, which represented 
actual conditions in an automotive engine during idling and accelerating stages. As shown in 
Table 6, the room temperature fatigue properties of SK-Y joints are excellent, far exceeding the 
specified number of cycles (1000 cycles) at this torque amplitude. A joint made of SK-2 did ~t 
survive a single cycle, but failed during loading. Also, a SK-1 joint tested at 650°C failed during 
spanning the torque amplitude from 110 in-lb torque. The frequencies of fatigue tests were 1.5 
and and 0.04 Hz for room temperature and €SQ"C, respectively. The low ~ ~ ~ ~ u e n ~ ~  used for the 
fatigue lest at 650°C was to simulate the acceleration rate of an engine, r~~~~~~ 12.5 seconds for 
0 to full speed. it is possible for SK-1 joints that the repeated cycling might accelerate the secand 
stage creep rate at high temperature, causing premature failure. More tests will be done to verify if 
this is a general trend of these joints at 650°C. 

e of R r a z e d A n b  

The idle temperature used for thermal fatigue tests was 335°C for the Si3N4 as used in 
the final report of Phase 1. The Si3N4 required approximately 130 seconds to reach 650°C from 
335°C and return again. Ten cermic-metal joints were produced using AIloys SK-d and SK-2 and 
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0 1 QO 

Time (hours) 

2QQ 

Figure 4 650°C Creep Behavior of Ceramic-Metal Joints (SK-1) 

Table 6. Torsional fatigue of the PY5 iAli/lncoloy 909 system 

Torque Alignment Rot at ion Number of 
Cyde§ fQf 

Failure 
Temperature Amp 0 

(“1 
3 

RT 35- 185 
70-370 I Eaw Pd- Ni 

(ref.) 
>1,000,000 
>1,0OO,OQO 

SK-1 0.816 0.59 427,440 
35- 1 85 0.020 0.51 >1,800,000 

0.62% 

SK-2 0.826 Failure during loading 
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subjected to 1000 thermal cycles as described above. The dimension of the joints is the same as 
in Phase I .  These joints were examined for the cracks in the ceramic part nordestructively prior to 
the thermal fatigue tests and reexamined after thermal tests by a microfocus X-ray to see if there 
are any cracks developed during thermal cycling. It was found that none of the joints showed any 
evidence of cracking. It implies either that the thermal fatigue did not cause any cracking or the 
sizes of cracks were under the limit of x-ray detectability which is about 1 j m .  

4/27/92 Final report (draft) of Phase II was submitted to ORNL for review. 

Publicatloas 

J. Selverian and S. Kang published a paper entitled "Ceramic-Metal Joints Brazed with 
Palladium Alloys," in the J. of Am. Welding SOC., (1992).71[1] p25s-35s . 
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1.4.2 Ceramic-Ceramic .Joints 

A n a l y t i c a l  and Experimental Evaluat ion of J o i x i n g  Silicon Carhi.de 
t o  Si 1 i c o n  Carb i de--a_n_d-Si 1 i con  Ji-cNiLde t o  Si 1 i cgo..-..fii tri de 
Advanced Heat E n p i n e  A p L i c a t i o n s  - G .  J . Suuclberg, J . A .  Wade, 
and F. J . Wu (Norton Company) 

Objective/scope 

Joins of hot isostatically pressed (HIP'ed) Si,N4-4wt% Y,O, (NCX-5100 
family) and sintered Beta-SiC (MCX-4500) were developed diuring Phase I 
of the contract and were demonstrated to have mechanical properties 
attractive for advanced heat engine applications .l An experimental 
database was developed for both materials based upon limited MOR and 
buttonhead tensile tests. Within the limitat ions of this database, 
analytical/nurnerical models were developed for prediction of join 
reliability. The purpose of this program is to develop joining 
technologies for HIP'ed Si,N4 with 4wt% Y,O, and for a siliconized Sic (NT- 
230) for various geometries including: butt joins, curved joins and 
s h a f t  to disk joins. In addition, more extensive mechanical 
characterization of silicon nitride joins to enhance t h e  predictive 
capabilities of the analytical/numerica? models for structural components 
in advanced heat engines will be provided, Mechanical evaluation will 
be performed by: MOR at 22OC and 13'?OoC, stress rupture at 137OoC, high 
temperature creep, 22OC tensile testing and spin tzest:;. 

Technical pro mess .  

This semi-annual report covers the startup of tho cerarnic Joining 
Program, Phase I1 at Norton Company. The  experimental approach for join 
development and mechanical evaluation have been defined after review of 
Phase I proguess and discussions w i . t h  production personnel involved with 
the manufacture of si.licon nitride and siliconized si.licon carbide. A 
program schedule with major milestones has been developed and submitted 
to ORNL. 

Certain issues worthy of concern will be addressed during 
development of silicon nitride joining capability for new j o i n  
configurations (Tasks 1.2 and 1.4). Phase 5: joins were of high quality 
across 20cm' cross sections with the exception of the incomplete 
densificat1ion of the join interface within 1.5mli of the external surface 
of joined bodies. Elimination of the near surface void will minimize 
finish gri.nding of joined components. Improved of the join green 
strength of joins is desirable to reduce undesirahle handling rejections 
encountered in Phase I. 

Methods of joining NT-230 silicon carbide using a slip interlayer 
will be developed in Tasks 2.1, 2.2 and 2.4 for  dense, post-siliconized 
bodies and unsiliconizetl bodies with subsequent siliconization. The 
effect of slip interlayer modification upon the mechanical properties 
prior and subsequent to siliconization will be studied. Particle size 
distribution of the slip, method of slip application and the use of 
additives will he evaluated to obtain a uniform, join interlayer w i t h  
properties similar to the pareiit material. 

1.1 Si3rJ4 Butt Joints - Creep Resistance 

1.1.1 Creep Resistance Evaluation Procedure 

Sample Preparation and Evaluation e ~ d i t i o n ~  

Tensile specimens (Figure 1) ground f rom the NCX-5101 silicon 
nitride joins made with a slip interlayer for Phase I model development' 
are undergoing creep evaluation. The NCX-5101 designation refers to a 
SijN,-4wt% Y,O, of a specific raw material and process used in this 
proyrdm. 



<<  NOTES >> 
1) SURFACE FIt4ISIt IN GAGE SECTION= 16 MCROlNCti 

2) SMOOTII QCEND, NO UNDERCUT OR TOOL MARKS ALLOWED 

3)  FINISH GRINDING TO BE LONGITUDINAL ONLY 

P 

NORTON ADV. CERAMICS 

Figure 1: Tensile Creep Specimen 
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The average gage section and thickness of the tensile specimens are 
measured prior to testing with a dial caliper to a precision of 0.001 
inches. Tensile tests are performed under the following conditions. 
Completed data with interpretation will be presented in future reports 
as it is available. 

Table 1: T e n s i l e  Creep Evaluation M a t r _ &  

Temperature ( "C)  
1 2 5 0  
1 2 5 0  
1 3 0 0  
1 3 0 0  
1 3 7 0  
1370 
13'70 
1 4 0 0  
1 4 0 0  

Stress (MPa) 
250  
2 2 5  
2 2 5  
200  
1 5 0  
1 4 0  
1 2  0 
1 2 0  
1.0 0 

The desired stress is used to calculate the applied load and the 
load is then programmed into the ramp profile of the creep testing load 
controller. 

Load Profile - The typical profile includes a pre-load of 20 lbs. 
The pre-load was maintained throughout the temperature ramp and pre-soak. 
After 24 hours, the load was ramped at a rate of 50 pounds per minute to 
85% of the final load. The rate was then reduced to 25 pounds per minute 
to the final load and mai-ntained + / -  1 pound for the duration of the 
test. 

Temperature Profile - The furnaces were ramped from 22°C to the 
tsmperatiire of creep evaluation. The furnace was heated to 1200°C at 25°C 
p e r  minute, then to soak temperature at 10°C per minute, arid maintai.ned 
+ / -  1°C to the conclusion of the test. 

Laser Extensometer "PargetS - Multiple laser extensoineter targets 
zre  positioned about: t h e  join to determins the variation of strain rate 
within the region containing the join as compared with the two regions 
not containing the join {Figure 2). 'i%o targets positioned at the 
extremities of the gage section and two targets positioned adjacent to 
the join provide t:he comparative stirain data. 

A modified target2 (Figure 3) with a 45" bevel s lo t  and the 
thickness decreased to 1.271~1 minimized the tendency for slipping as the 
gage section elongates. Additionally, a longer moment arm increased the 
normal force along the line contact and improved the resistance to 
s 1 ipping . 

Extensometry - The actual strain is measured with laser dimensional 
sensors manufactured by Zygo Corporati.on.3 Zygo model 1101 sensors were 
modified f o r  hot object measurement and an increased passline extension 
for ten to twelve inch transmitter to object separation to accornrnodatn 
the furnace. The system measurement resolution is lO-'m, and the 
measurement precision is + / -  1 pm at 1400°C. Both the laser transmitter 
and recei-ver are mounted on precision linear translation tables with one 
inch manual barrel micrometer drives. 

The measurement data was conditioned and formatted in the Zygo-1100 
processor. The system can be programmed to measure several dimensions 
simultaneously. Measurements were always taken between the same side of 
laser target pairs to allow f o r  any uniform dimensional changes of the 
targsts due to oxidation or other reactions at high temperature. This 
change proved to bs more effective than the original unslotted targets. 

D a t a  Acquisition - The testing supervisory computer is linked to 
the Zygo-1100 processor via synchronous RS-232 communication line. The 
test system control program prompts the 1100 processor for the average 
of the 100 Iilost recent measurements .in a moving queue. The data was 
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Figure 2: Extensometer Flag  Arrangement 
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parsed and logged into fields with a time stamp. The load was also 
logged with a time stamp in a separate file or recorded on a stripchart. 
At the end of a test, the data is run through an RPL procedure in RS/14 
to check for proper column entry and deletion of errors and empty fields. 
A preliminary creep strain versus time plot is generated at this time to 
evaluate the test run. A sample curve of the raw data (Figure 4 )  
displays creep strain for the entire gauge section (Strain 1-4) and the 
region about the join (Strain 3 - 4 ) .  The curve labeled S t r a i n  2-3 is a 
strain independent target which is sometimes used to record the linearity 
of the laser system over time. This is useful in distinguishing actual 
strain related phenomena from logging errors. 

1.2 S N ,  Curved Joint - Development 

NCX-5101 Si,N4 was formed by cold isostatic pressing, green machined 
into curved shapes and joined in the green state. Three types of join 
interlayers were used: no slip and two different aqueous slips made with 
dispersed NCX-5101 powder. The two aqueous slips ( A  and B) although 
applied similarly, differ in method of preparation and pre-conditioning 
of the silicon nitride green joins. The A slip and method of application 
was formerly used for Joining, Phase I mechanical characterization and 
analytical modeling'; and Task 1.1 of Joining, Phase 11. The dense 
curved silicon nitride joins were fabricated from two sub-components: 
a disk of 82mm outside diameter and 41mm inside diameter into which a 
solid cylindrical disk was bonded. The join plane, within the resultant 
aggregate body, is formed at the contact of the two disks at a diameter 
of 41mm (Figure 5 ) .  Hot isostatic pressing of all joins resulted in 
bodies of theoretical bulk density. 

Microfocus x-radiography of each join indicated complete 
densification of the join interlayer with the exception of two areas of 
l m m  x 0.5mm dimension on the type A join at the external surface of the 
join interlayer. 

Mechanical Characterization 

Green Shear Strength Testing - Improved green strength is desirable 
to decrease handling rejections caused by poor green join strength prior 
to hot isostatic pressing. Join shear strength was measured after a pre- 
sintering step, prior to hot isostatic pressing using a shear fixture 
manufactured of alpha silicon carbide (Figure 6). A hollow load ring of 
larger inner diameter than the join interlayer was used to support the 
joined disk while a load was applied to the center of the join with a 
solid cylindrical disk. The top face of the upper load disk was curved 
to minimize bending moments. The entire assembly was placed upon a 
platen and a Instron Model 4206 test frame was used at a cross-head speed 
of 0.50mm/min to apply the load until failure. Failure was defined by 
a sudden decrease of applied load plotted as a function of cross-head 
displacement. The failure load divided by the area of the join 
interlayer yielded shear strength (Table 2). 



J o i n e d  Si3N4 Sample 19-1 
4370°e @ 120 MPa 

0.820-7 
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5: MCX-5101 Silicon Nitride Curpod Join 
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r-1 Load Disk 

Joined Disk 

Pigurm 6: Shmar T e m t  Configuration 
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slip Type Join Mean Green Standard Quantity 
I.D. Shear Strength Deviation Teated 

( kPa 1 (MPa) 

No Slip 8,9 589.8 121.8 2 

A 5,6 330.9 81.3 2 

B 2,3 1831.3 515.9 2 
A 

The type B slip join interlayer provided a significant improvement 
in green strength over no slip and type A join interlayer. The type A 
joins and the no slip joins failed at the join interlayer. Type B joins 
after failure exhibited separation at the join interlayer in addition to 
fracture of the external and internal join disk. The origin of fracture 
for the type B joins is uncertain. However, it is known that the B joins 
had markedly improved shear strength over the other treatments. Analysis 
of post shear tested type A join interlayers exhibited a powdery slip 
residue that was easily removed. Slip residue of type B join interlayers 
was firmly bonded to the parent materials. 

Flexure Specimen Preparation - All joins were diamond sectioned 
after x-ray microfocus radiography for optical inspection to determine 
join integrity (Figure 7 and 8). The slip A join and no slip join both 
exhibit incomplete densification of the join interlayer at the external 
surface of the joins (Figure 9 and 10). Sectioned surfaces of the slip 
B join were apparently completely dense. The slip B join could be 
observed as a dark line (Figure ll), while the dense regions of the slip 
A and no slip joins were not optically detected. 

Additional diamond grinding yielded 12 flexure specimens per each 
curved join. All flexure specimens were made and tested according to the 
MIL-STD-1942 (MR) A geometry specifications. The join plane was located 
at the center of the bar, perpendicular to the longitudinal (tensile) 
axis of the specimen. 

Fast Fracture Flexural Testing - All flexural tests utilized the 
MIL-STD-1942 (MR) Specimen Size A. Room temperature testing utilized a 
Sintech Model 1 test frame. An Instron 4206 test frame was used for high 
temperature tests. All flexure tests for join development used an outer 
span of 20mm and an inner span of decreased size, 5 m ,  on a rolling pin 
fixture to increase the probability of failure within the join. Flexure 
fixtures manufactured from silicon carbide (NC-203) were modeled after 
the Quinn design and complied with 1942(MR). The fixture is mounted 
horizontally with the load applied normally, transmitted through a ball 
bearing, at room temperature. A hemispherical anvil is used at elevated 
temperatures to compensate for eccentric loading. Specimen loading at 
a cross-head speed of 0.20mm/minute and data acquisition is handled by 
automated machine control. Specimen width and thickness are measured and 
recorded using a digital micrometer to accuracy of 0.0lmm. Peak load, 
break load, peak stress, and percent strain at break are recorded and 
saved by computer. Elevated temperature testing was performed in air 
using a CM Rapid Temp moly-disilicide furnace heated at a rate of 5OoC 
per minute to the test temperature and equilibrated at the test 
temperature for 10 minutes prior to- testing. The test apparatus has been 
evaluated and approved by representatives of ORNL/H"ML. 

The results of 22OC and 1370OC flexure strength tests of the curved 
silicon nitride joins are summarized in Tables 3 and 4. The small 
quantity tested of each join type was low and analysis is preliminary. 
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P i g u m  7 :  Wctioned #EX-5501 SilScop 19itrAdo Curved Join 

F i k o  8 :  Cross Section of --5101 Si2icon 1 l M t r i U e  Crrrvod Join 
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Figure 9: NCX-5101 silicon N i t r i d e  C u r v e d  Join Section 
W i t h  Type "A* S l i p  Interlayer 

- .  -7 

F i g u r e  10: NCX-5101 Silicon N i t r i d e  C u r v e d  Join Section 
With No S l i p  Interlayer 
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Figure 11: UcX-5101 Silicon UAtrido Curved Join (kction 
With Type "B* Slip Interlayer 

Tablo 3: Silicon Witride Curved Join Floxure Strongth at 22% 
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slip Join Mean Standard Quantity 
m e  I.D. Flexure Deviation Tested 

Strength (MPa) 
(MPa 1 

Join 
Failures 

B 

A 

1 62 6 28 5 1 

4 623 28 6 0 

Tentatively, there was an insignificant statistical difference between 
the 22OC and 1370OC flexure strengths of each type of joining method. 
However, the joins manufactured without slip exhibited the lowest mean 
flexure strength and the highest frequency of failures within the join 
interlayer at 22OC and 137OOC. Additional join manufacture and testing 
are in progress to provide more conclusive analysis. 

Status of milestones 

Tasks 2.la,b were delayed due to billet manufacture. The overall 
work package remains unaffected. 

Pub 1 ica t ions 

None 

No Slip 7 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion o f  the project is identified as project element 2 within 
the work breakdown structure (WBS). It contains three subelements: 
(1 )  Modeling, (2) Contact Interfaces, and ( 3 )  New Concepts. The sub- 
elements include macromodeling and micromodeling o f  ceramic micro- 
structures, properties o f  static and dynamic interfaces between ceramics 
and between ceramics and alloys, and advanced statistical and design ap- 
proaches for describing mechanical behavior and for employing ceramics i n  
structural design. 

The major objectives of research in Materials Design Methodology ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior a t  high temperatures, and improved methods for 
describing the fracture statistics of structural ceramics. Success i n  
meeting these objectives will provide U . S .  companies with methods fo r  
optimizing mechanical properties through microstructural control, for 
predicting and control 1 ing interfacial bonding and minimizing interfacial 
friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 

23 1 
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2.1 MODELING 

2.1 .l Modeling 

Microsfructural Modeling of Cracks - J.A.M. Boulet (University of Tennessee, Knoxville) 

The goal of the study is to develop mathematical piocedures by which existing 
design methodology for brittle fracture could accurately account for 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 intcrfer- 
ence, a simulation will bc rfovelopcd. The sirnulation will be based on a three-dirnen- 
sional model of cracks nith realistic geometry under arbitrary stresses. 

Technical p roa r e s  

During the past six rrionttis, effort has been focused on two computer codes, 
BRIDGE and DDID, discassed in previous reports'. The progress made on each code is 
discussed below. 

the DDIC) code has not yet performed correctly for 
nonplanar cracks. Many possible sources of this discrepancy have been eliminated, and 
the likely source of the problcm has been isolated. A suitable repair is under develop- 
ment. 

All of the various mallices that must be calculated by the BRIDGE codeI3 have been 
programmed and are being tested. (Details of the calculations for one of the matrices 
have been reported.*) The test puoblem is a solid cube with an embedded rectangular 
crack. The centroids of the crack and the cube coincide, and the crack plane is parallel to 
two opposing faces of the cube. The loading is uniform tension on these two opposing cube 
faces. When the crack is absent, the problem is solved by the code BINTEQ.4 When the 
cubical boundary is absent (the crack domain is infinite), the problem is solved by 
DDID.5 When both the crack and the cubical boundary are present, the problem is solved 
by the BRIDGE code. Rcsults of this code are being analyzed to verify that certain ex- 
pected behavior is observwi. For instance, if the crack is much smaller than the cube, 
the displacements of lhc crack should approach those of the ODlD solution and displace- 
ments of the cubical bounc!?i,'y stioLild approach those of the BINTEQ solution. Also, if the 
tension and the size of the C I ~ J C  are held fixed as the crack increases in size, displacemerit 
of the loaded faces of tlic C L J ~  should increase. Once it is verified that these and other 
expected results have bl=er; objained, the BRIDGE code will be tested on some embedded 
crack problem for which quan!itative results have already been obtained analytically or 
by the finite element method. 

As reported 
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Work is behind schedule. 
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2.2 CONTACT INTERFACES 

2.2.1 Static interfaces 

Elastic Propenties and Adherence of Thin Films and Coatinqs 
Debra Josh (Department of Materials Science and Engineering, 
The University of Tennessee) 

The objective of this research is the examination of the effects of ion bombardment on the 
structure of thin ceramic films on ceramic substrates. The material combinations will include 
oxide films that have (a) no solid solubi6~y, (b) ~~~i~~ sohd solubility, and (c) complete solid 
~ Q l ~ b i ~ ~ ~  with the substrate materiai (also an oxide). Techniques for determination of elastic and 
plastic properties of thin films or coatings on ceramic substrates and for the determination of the 

nd between the film and substrate, which are currently being developed, will 
ine the hardness, elastic modulus, and adherence of each material 

combination. The main testing techniques will be the ultra-low load microindentation tester 
~ ~ a ~ ~ ~ ~ d ~ ~ ~ ~ r ~ ,  and thermal cycling tests. 

Metal films (Cr or Zr) were grown on sapphire (A12@) to thicknesses of approximately 50 nrn by 
electron beam evaporation. These samples were implanted at raam temperature with 320 keV 
Kr ions to fluences of 1 x IOt6 and 1 x 
 ax^^^^ energy depsiiion occurs at the filmkhibstrate interface. To retain a portion of 
u ~ ~ ~ ~ a ~ t ~ ~  film, an area of each sample was masked during the iqlantation. Rutherford 
~ ~ c ~ s c a ~ e r i n ~  s ~ ~ ~ ~ o ~ ~ ~ ~  (RBS) was pefforrned on each of the samples to look for mixing of 
the metal film and the A1203. 

ions-~m-~. The energy was chosen such that the 

Alter ~ ~ a r ~ ~ ~ ~ l ,  nca mixing sf the Cr and A1203 was obselved by RBS analysis at either 
Iiuence. However, some mixing of the Zr and A1203 was observed after bombardment to both 
Iluences. From the spectra shown in fig 1 , it is evident that some sputtering of the Cr film has 
w r r e d  during ~ a r ~ ~ ~ ~ ~ - - ~ h ~  peak ~ i d t ~  of the Cr signal 4-14s narrowed, and the AI edge 
has moved to higher energy. The resu#s are similar r i m p ~ n t a ~ ~ n  to 1 x 1016 ~r-cmQ ( n ~ t  
shown). From the spectra in fig. 2, chemical mixing s occurred io the ZrIA4203 system. The 
leading edge of the A1 signal has m v e d  toward higher energy, while the trailing edge of the Zr 
signal has m v @ d  toward lower energy. The height af the Zr signal has decreased, indicating 
that either some Zr was lost, or that another species (eg., 0 or AI) has been incorporated into the 
film, This is also evident from the spectra for implantation to 1 x lof6 Kr-cm2 (not shown) 
Examination of the sample implanted to 1 x lo’’ Kr-cmQ.by scanning electron microwpy 
shows that the surface of the film is considerably roughened; hawever, preliminary data 
obtained from x-ray photoelectron spectroscopy (XPS)  shows that the substrate is not exposed 
through pinholes, tears, etcetera. 

The sample which had been implanted to a fluence of I x 1017 Kr-cm-2 was depth profiled using 
x-ray photoelectron spectroscopy (XPS). The spectra obtained reveal the presence of metallic 
Zr and AI, as well as their oxides Zr02 and Ai203 near the filWsubstrate interface (fig. 3). 
Aluminum oxide is also found near the surface of the sample. Subsequent scanning electron 
microscopy on the sample revealed many pinholes in the film through which the AI203 
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substrate may be detected by XPS. The unirnplanted area of the film will be depth profiled at a 
later date. If deoxidized AI is present near the, interlace in the unirnplanted region, then the 
deoxidation is not the resull. of ion mixing. 

Figure 1 .  Rutherford backscattering spectra for a Cr film on ,41203 showing spectra for an 
unimplanted region and a region implanted with 320 keV Kr to a fluence of 1 x lQ17 ioms-em-*. 

W i 

Figure 2. Rutherford backscattering spectra ?or a Zr film on AI203 showing spectra for an 
unirnplanted region and a region implanted with 328 keV Kr to a fluence ot 1 x 1017 ions-cm-2" 
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Figure 3. X-ray photoelectron spectra for a Zr film on A t 2 0 3  Note the presence of metallic Zr 
and AI, as well as their oxides ZrO2 and A1253 near the ~ i l ~ ~ u ~ ~ ~ r a t ~  interface. 

Also during this report period, oxide films (Cr2O3 or Zr02)  were grown on sapphire (A1203) to 
thicknesses of approximately 80 nrn by rf sputter deposition. These samples were implanted at 
825 C with 475 keV Kr ions to fluences of 5 x l oq6  and $ x 1016 ions-cm-*. The er,ergy was 
chosen such that the maximum energy deposition occurs at the filWsubstrate interface. To 
retain a portion of unimplanted film, an area of each sample was masked during the implantalbon. 
Rutherford backscattering spectroscopy (SIBS) was performed on each of the samples ts look 
for mixing of the film and the Al2O3. 

After bombardment, approximately 410% of the films had been $pu~efed away during the 
implantation. Thus, no mixing could be distinguish in the RBS spectra. Depth profiling using x- 
ray photoelectron spectroscopy (XPS) will be perforned d u h g  the next report period to 
determine whether any mixing took place. 

Sample preparation for transmission electron microscopy of specimens previously irradiated and 
reported on in earlier progress reports is ongoing. 

N/A 

None 
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2 . 2 . 2  Dynamic I n t e r f a g s  

Stud ies  of.Dynamic Contact OF Ceramics and A77oys 
f o r  Advanced Heat Enqines - P .  A .  Gaydos and K .  F. Dufrane 
( B a t t e T  1 e )  

0b.j ec t i v e / S cop e 

The object ive of the program i s  t o  develop a n  understanding of the 
f r i c t i o n  and wear processes o f  ceramic interfaces  based on experimental 
data .  The supporting experiments are t o  be conducted a t  temperatures 
t o  658 C under reciprocating s l iding conditions reproducing the loads,  
speeds, and environment of the ringlcylinder interface o f  advanced 
engines. The t e s t  specimens are t o  be careful ly  characterized before 
and a f t e r  tes t ing t o  provide detai led i n p u t  t o  the model. The r e s u l t s  
are  intended t o  provide the basis for identifying solutions t o  the 
tr ibology problems 1 imi tiny the development o f  these engines. 

Technical Hiqhl iqhts 

Apparatus 

The apparatus developed for t h i s  program primarily uses specimens 
of a f la t -on- f la t  geometry, which f a c i l i t a t e s  specimen procurement, 
f in i sh ing ,  and t e s t i n g .  T h e  a p p a r a t u c ;  reproduces the i m p o r l a n t  
operating conditions o f  the piston/ring interface o f  advanced engines. 
The specimen c o n f i g u r a t i o n  and loading i s  shown i n  Figure 1.  A crown 
with a 32 mm radius i s  g r o u n d  on the r i n g  speciiiien t o  ensure uniform 
contact.  The r i n g  specimen holders are pivoted a t  t h e i r  centers  t o  
provide sel f-a1 ignriient. 
control the atniasphere a n d  contains heating elements t o  control the 
temperature. The exhaust from a 4500 w a t t  diesel  engine i s  heated t o  
the specimen temperature and  passed t h r o u g h  the chamber t o  provide an  
atmosphere s imilar  t o  t h a t  o f  actual diesel  engine service.  A summary 
o f  the t e s t i n g  conditions i s  presented i n  Table 1 .  

A chamber surrounding the specimens i s  used t o  

Wear Test i ng 

The current direct ion o f  t h i s  program i s  t o  conduct wear t e s t s  with a 
var ie ty  o f  advanced coatings on actual engine components instead o f  
using special ly  prepared specimens. Caterp i l la r ,  Inc. has been 
supplying the components under a re lated subcontract. C u t t i n g  
specimens from components renioves the manufacturing v a r i a b i l i t y  t h a t  
might be encountered when preparing the specimens. I n  order t o  run 
wear t e s t s  using sections o f  actual piston rings a n d  cylinder l i n e r s ,  a 
means o f  holding the narrow, curved  r i n g  sections was needed. I t  was 
decided t o  use the r i n g  groove i n  a piston t o  h o l d  the r i n g  sect ions.  
A piston was obtained and a s l i c e  containing the t o p  r i n g  groove was 
removed. Small plates  were tacked on the ends o f  each holder t o  
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specimens 

F I G U R E  1. TEST SPECIMEN CONFIGURATION AND LOADING 

TABLE 1. SUMMARY OF TESTING CONDITIONS 

Sliding Contact: 
''Cy1 inder" Specimens: 
"Ring" Specimens : 
"Ring" crown radius : 
Mot i on : 
Reci procat i ng Speed : 
Average Specimen Speed: 

Load: 
Ring Loading: 
Atmosphere: 
Measurements: 

Dual fl at-on-fl at 
12.7 x 32 x 127 mm 
3.2 x 19 x 19 mm 
32 mm 
Reciprocating, 108 mm stroke 
500 to 1500 rpm 
1.8 x 5 . 4  m/s 
t o  950 N 
t o  50 N/mm 
Dies'el exhaust or other gases 
Dynamic friction (during test) 
Specimen wear ( a f t e r  test) 
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capture  the  r ing  sec t ion  as  shown in Figure 2 .  
p i s ton  segment was reduced so  t h a t  the  r ing sec t ion  protruded from the  
holder when i t  was seated in the  b o t t o m  of the  groove. 

The outer  rad ius  of the  

Baseline wear t e s t s  with ring and cyl inder  l i n e r  specimens supplied by 
C a t e r p i l l a r  were obtained during t h i s  reporti t ig per iod.  
summarize the  wear r e s u l t s  fo r  the two coat ings.  
b o t h  t he  cgrmet and the  aluminum t i t a n a t e  r i n g  coat ings averaged 
1 x l ov7  mm / N - m  f o r  the  260 C temperature t e s t s ,  
temperature t e s t s  resu l ted  in wear r a t e s  which were three  times lower 
on average. Higher o i l  v i scos i ty  a t  lower temperatures i s  presumably 
t h e  reason for  the  d i f f e rence ,  

Tables 2 and 3 
l h e  wear r a t e s  of 

The lower 

Tests  were t o  be conducted with addi t ional  r ing mater ia l s  f o r  a 
comparison with the  basel ine obtained above. 
was recent ly  supplied f o r  t e s t i n g .  Unfortunately,  i t  was provided in 
the  form o f  a second compression r i n g  and  would n o t  f i t  the  s e t  of 
curved r ing  specimen holders made from the  t o p  r i n g  groove. New r ing  
specimen holders were made from sec t ions  containing the  second r ing  
groove, b u t  several  attempts t o  a l ign them properly i n  the  r i g  have 
been unsuccessful.  No meaningful wear r e s u l t s  have been obtained thus 
f a r ;  addi t ional  work will  be conducted l a t e r  i f  possible .  

Three r ing  coat ings t h a t  showed promise in work by Cumins Engine have 
been ordered f o r  addi t ional  wear t e s t i n g .  The coat ings purchased a re  
1 i s t e d  below. 

One such r ing mater ia l  

Coati nq 
"100 '% dense" Cr,O, c 2  

@ 88/12 WC-CO 
e 88/20 Cr,C,-NiCr 

BTRL 
T u r b  
T u r b  

-. S u p p l  i er  

ne Metal Techno 
ne Metal TechPo 

05IY 
OgY 

The sur faces  o f  these  coatings wil l  a l l  be lapped before t e s t i n g .  

Sta tus  o f  M i  1 estones 

l h e  study i s  progressing i n  accordance with tthe overal l  milestone 
schedul e .  

I____.- Pub1 i c a t i  ons 

None. 
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Pidon section containing 

FIGURE 2. CURVED RING SPECIMEN HOLDER 
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TABLE 2. WEAR RATES OF CERMET (KP107E) KING COATINGS 
ON S C A  COATED CYLINDER LINERS 

...... I -- ._. 

60 I 3 x I 1 x 10.' I 3 x 

60 1 2 x I x 10-8 

1 x 1 ( T K  

1 10-7 8 x 10-8 

Test conditions: S D L I  Irthric:int, 500 rpin, 10.3 Ni i i l t l l  ring loading 

*Right specimen bccarrie misaligned during run  a n d  u'orc uncvciily 

T A B L E  3 .  WEAR R A T E S  O F  ALLII \1INUM T I T A N A T E  (KP113) RING 
COATINGS ON S C A  COA-I'ED CYLINDER LlNEKS 

Test conditions: SL)L.-l lubricant, 500 rpn, 10.3 N/inin ring loading 
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Development of Standard Test Methods for Evaluatinlq 
the Wear Perform,ce of Ceramics 
P. J. Blau (Oak Ridge National Laboratory) 

e 
I 

The goal sf this effort is to improve consistency in reporiing ceramic wear data by 
heiping to develop one or more standard test methods for ~ u a n t ~ t a t j ~ e ~ y  determining the 
wear resistance of structural ceramics, in r e c i ~ r ~ c a t ~ n ~  siiding, a type of motion which is 

several types of engine wear parts. ~ ~ ~ t ~ a ~  contact with American Society 
Materials (ASTM) Committee C-28 on Advanced Ceramics indicated that 
st in this activity, but wear-test development normaliy falls within the scope 
arnrnittee on "Wear and Erosion." P. J. Blau chairs Task Group 

~ 5 2 . 4 0 . ~ ~ ,  "'Reciprocating Sliding Wear Testing," within the G-2 committee, and is tailorin 
that st~ndard test method specifically for ceramics. 

Technical hishliahls 

During this period, we: (a) obtained specimen materials, (b) assembled test kits, 
(c) ~ ~ ~ ~ ~ r ~ e ~  the list of round-robin testing participants and mailed test kits to them, and 
(d) c o ~ ~ ~ ~ ~ t ~ ~  tests on the effect of s ~ e c j m ~ n - h a n ~ ~ ~ n ~  rocedures (is., cleaning and 
weighing) ora friction behavior and wear measurement curacy. In addition, a series of 
special, ~ ~ ~ ~ - ~ e ~ ~ ~ ~ e d  specimen ball clamps were machined to be sent with the test kits 
to allow the owners of commercial, Cameron-Piint wear machines to use the size ball we 
supplied. 

Specimen Materials. Two types of materials were selected for the round-robin 
tool steel and silicon-nitride ceramics. The tool steel specimens are of 
too! steel for the slider ball specimen, and 0-1 tool steel for the flat 

ring-grade, ~~r~~~ Noraiide NBD 200 balls were purchased from Norton 
y to be used with flat specimens of sintered, reaction-bonded silicon nitride 
contributed by Eaton Corporation, 

Test Kit Assembly. Each test kit used for the round-robin testing program contains 
the foliowing: 

0 1 tool steel ball and 2 tool steel flats, 
1 silicon nitride ball and 2 silicon nitride flats, 

0 1 set of instructions (testing protocol), 
0 2 forms to use for reporting raw data, and 

1 special ball clamp and machining drawings for same. 

Tool steel flats were packed in a protective oil to reduce corrosion problems during 
shipping. Each ball and flat specimen was numbered. A computer spreadsheet was set 
up to track the location of specific specimens, dates, and the status of testing. 

program and have been sent kits: 
Participants. The following have agreed to participate in the round-robin testing 

Dr. Howard Hawthorne, National Research Council of Canada 
Mr. Glenn Elliott, Caterpillar Tech Center 
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Mr. Peter Vernia, General Motors Research and Environmental Staff 
Dr. Malcolm Naylor, Cummins Engine Company 
Mr. Ken Budinsky, Eastrnaii Kodak Company 
Mr. Alex Alliston-Greiner, Cameron-Plint, United Kingdom (U.K.) 
Mr. Carlton Rowe, Mobil Research 

BRNL will also participate using a standard test kit packed like the others. Additisnal 
participation by the National Institute for Standards Testing (NET) and the National 
Physical Laboratory (U.K.) is being considered. Kits were mailed in early May 1992, one 
week later than the expected April 30, 1992, date of milestone #222203. It is anticipated 
that test results will begin corning in during July and August 1992. It is hoped that the 
statistical analysis of test data will be complete by the subsequent ASPM (2-2 committee 
meeting in December 1992. 

attention to specimen cleaning and handling procedures is important. Exparimenas were 
conducted to determine whether it w s necessary to take special precautions (Le., wear 
clean gloves and use tongs) when handling the test specimens. A series of reciprocating 
friction experiments with tool steel pairs and silicon-nitride sliding pairs was conducted. 
Dry sliding with clean specimens was compared with tests in w the ball specimen or 
the flat specimen was rubbed on an individual’s thumb prior to ng. Figure 1 shows 
that the effect of skin oil and perspiration had a much larger and more prolonge 
when the flat specimen was contaminated than when the ball specimen was 
contaminated. The greasy, flat friction coefficients of about 0.1 agree well with published 
values for the friction of greasy materials in general. It was determined, however, that as 
long as clean hands were used, there was no effect on wear measurements in which 
weighing with an analytical balance was involved. In general, as long as proper care is 
taken, extraordinary specimen-handling procedures seem not to be required for the 
subject test method. 

Specimen Cleaning and Handling. When developing a new wear-test standard, 

Future Plans 

During the next period, we will conduct tests using a standard test kit. In addition, 
we have acquired special ASTM software for evaluating round-robin test data, and we will 
compare the results of this software with other software we obtained from NET to da the 
same sort of evaluation. 

Refer e nces 

None. 

Status of milestones 

Completed milestone 222203, Distribute first specimen set to round-robin 
participants (5/8/92). 
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ORML-DWG 92-1 1821 

8 CLEAN 

ST E 

Fig. 1. The effect of various types of specimen ~ Q ~ t ~ ~ ~ ~ a ~ ~ ~ ~  on the 
-50 tool steel sliding O ~ Z  01 tool steel. ''C@lean" means both 
men were tested after solvent cleaning, "Contam 

as rubbed on the ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ' ~  thumb before 

with a thumb prior to testing. Clearly, the handling af the slider specj 
was less noticeable than finger oil on the flat specimen. 
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Publicatisnslpresentations 

Presentation: P. J. Blau, W. L. Jackson, and C. S. Yust, "Specimen Cleaning Effects 
on the Friction Break-in Behavior in Sliding Wear Tests," ASGM G-2 Committee's 
Workshop on Selection and Use of Specimen Cleaning Methods for Wear Testing, 
Louisville, Ky, June 17, 1992. 
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2.3 NEW CONCEPTS 

Advanced StaPistkcr~l Concepts of Fracture in Brittle Maten'als 
C. A Sohnssn and W. T. Tucker (General Electric Corporate 
Research and Development) 

The design and application of reliable load-bearing s~uctural components from ceramic 
materials require a detailed ~ ~ ~ d ~ r ~ t a n ~ ~ ~ ~  of the statistical nature of fracture in brittle 
materials. The overall objective of this program is to advance the current undersiaanding sf 

statistics, especially in the following four areas: 

* Bpairnum testing plans and data analysis techniques. 

Consequences of time-dependent crack growth on the evolution of initial flaw 
distributions. 

* Con€idence and tolerance bounds on predictions that use the Weibull distribution 
function. 

* Strength distributions in ~ ~ u ~ t i ~ x i ~ l  stress fields. 

The studies ;are being canied out largely by analytical and computer simulation techniques. 
Actual fracture data are then used as appropriate to confirm and demonstrate the resulting 
data analysis techniques. 

Technical Hiddigl-rts 

Work durhg the previous reporting period emphasized effort on generalized tests of 
ess-of-& for the size-scaled Weibull distribution, Quantitative tests of goodness-of- 
helpful in judging a ~ p l ~ ~ ~ b ~ ~ i t ~  of a chosen distribution function and validity of 

resulting estimates of strength and probability of failure. any factors may contribute to a 
lack of agreemmt between an assumed distribution and the experimental fracture data. It is 
useful to categorize these factors into three types: statistical sampling errors, testing errors 
and mode! inadequacies. 

Statistical sampling error is the disagreement between a distribution and data 
sampled from the distribution that occurs in all non-infinite data sets. This 
disagreement occurs to some degree, even when the data is truly from the assumed 
distribution. In occasional data sets, a large degree of statistical sampling enor may 
be present, thus suggesting that some other factor may be the source of the 
disagreement. 

Testing errors or measurement errors, as the term implies, are caused by problems 
in measurement of the data (strengths in QU~C case). Testing emrs can add either a 
constant, a gropordonal, or a random component of error to the true fracture 
strengths. An example of a testing error is the error incurred during bend testing 
due to axial frictional forces caused by "fixed-pin" bend fixtures. These firictional 
errors are primarily of a proportional nature because the magnitude of the error in 
stress is proportional to the fracture load and therefore the fracture stress. In 
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addition to the proportional error, there can be a component of random testing error 
present from the same bend fixtures. The coefficient of friction may vary from 
specimen to speciiiicn (due to differences in surface roughness, etc.). Therefore, 
the magnitude of the error in stress may not be in the same proponion to the fracture 
load in all specimens tested. 

* Model inadequacies are the third possible source of lack of agreement between 
fracture data and the assumed distribution. The model in the case of probabilistic 
strength analysis is the Weibull distribution function with all associated 
assumptions and complications (such as multiple flaw populations, time-dependent 
changes in strengths, etc.). If the assumed strength distribution is different from 
the true underlying distribution, then the experimental data may have a poor fit 
when forced to the assumed distribution function. 

It is intuitive to tolerate some level of disagreement between measured strengths and the 
best fit of the data to the assumed distribution function. This intuition is justified because 
the first of the above sources of disagreement, statistical sampling error, is universally 
present to some degree and is not necessarily a sign of either measurement error or model 
inadequacy. If statistical sarnpliiig error is the only source of disagreement between data 
and distribution, then there is no reason to reject the assumption that the model is correct 
nor is there reason to suspect measurement errors. 

Unfortunately, one seldom has independent infomation stating that neither measurement 
error nor model inadequacy are present in a given data set. Therefore judgement must be 
made 011 whether the magnitude of disagreement is sufficient to consider a source of error 
other than statistical sampling error. In the absence of suitable quantitative methods, many 
investigators resort to "eye-ball" tests on a graphical representation of the data. If the 
assumed strength behavior is two-parameter Weibull, then a plot of the data on a Weibull 
probability plot is expected to yield a well-behaved linear relationship. If the data points are 
markedly non-linear on such a plot, it is tempting to conclude that the assumed distribution 
is invalid. In extreme cases, this eyeball test may be justified. In most cases, however, an 
eye-ball test is undesirable because judgments are defined by arbitrary, subjective criteria 
that are certainly different from investigator to investigator and, moreover, can lead to 
unwarranted conclusions. 

Quantitative goodness-of-fit tests are much more desirable because they remove the 
subjectiveness, they yield identical results when used by different investigators, and the 
statements that result from the tests are statistically valid. Effort on goodness-of-fit tests 
within this contract has concentrated on variations of the Molmogorov-Smirnov (K-S) test. 

Statistical procedures such as the K-S test define a quantitative measure of the degree of 
"lack-of-fit" of the observed data set to the hypothesized (assumed) distribution. This 
quantity is then compared to tables that list the frequency of observing any given value for 
that measure of lack-of-fit. The tables were generated with only random statistical 
sampling error (no testing error or model inaccuracies). 'Therefore, if the frequency 
(significance level) obtained from the table is sufficiently small, i t  provides a "signal" that 
the fit of the data to the assumed distribution i s  unusually poor. The issue of what action to 
take when a data set fails a goodness-of-fit test is a complex one. When tests fail at small 
significance levels, statistical procedures suggest considering factors other than statistical 
sampling error as the source of the disagreement. This does not imply that the 
hypothesized distribution will be abandoned for another, or that the hypothesized 
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distribution is in some way incorrect. It just means that the probability of wcuirence of the 
observed disagreement is so small that it is reasonable to consider other sources of the 
disagreement as being likely. The level of significance at which an action is taken is a 
complex function of "risk tradeoffs" which are unique to each individual problem. More 
discussion of this topic will be covered in future reports. 

The remainder of this report will describe the K-S test for goodness-of fit as it applies to 
problems of probabilistic strength analysis. The first of three sections reviews the common 
usage of K-S tests, points out that tables of the critical K-S statistic are inappropriate for 
most strength analysis problems, and demonstrates how Monte Carlo simulations can be 
used to generate appropriate tables. The second section demonstrates the technique on 
fracture strengths of sintered silicon carbide and introduces the concept of simultaneous 
inference. The third section then describes remaining challenges in the development of 
rigorous goodness-of-fi t tests for problems that involve pooled strength data from multiple 
specimen sizes and geometries. 

I .  Kolmogorov-Smirnov Tests for Goodness-of-Fit 

The K-S test compares a set of observations (fracture strengths in our case) with a 
distribution function that is expected to describe the cumulative probability of observation 
(the Weibull two-parameter distribution in our; case) and makes statistical statements 
concerning the likelihood that the observed data were sampled from the stated distribution. 
The test defines a statistic, D, also referred to as the K-S statistic, that is simply the 
maximum difference in cumulative probability between the observed data and the 
dismbution. Judgments on the goodness-of-fit are made by comparing D with tables of 
critical values of the K-S statistic that are available in statistics textbooks and handbooks. 

Proper use of these K-S tables requires that the Weibull parameters of the tested 
distribution be chosen independent of the observed strength data. If the adjustable 
parameters of the Weibull distribution are estimated through use of the observed strength 
data, then clearly the requirement of independence, as defined above, has not been 
satisfied. Unfortunately, in ceramic strength analyses, there is typically no other 
(independent) means of choosing the Weibull strength parameters. Therefore, a new test or 
a modification of the K-S test is required to handle this common situation. The discussion 
to follow in this section will first demonstmte the K-S test assuming independence. Then a 
modified K-S test will be described and demonstrated that can handle the situation where 
the Weibull parameters are derived from the same data being tested for goodness-of-fit. 
Comparison of results from the two analyses will be used to demonstrate the magnitude of 
error that can occur from use of conventional K-S analysis when the Weibull parameters 
were estimated from the strength data. 

For discussion in this section, consider a hypothetical material from which 20 tensile 
specimens were fabricated and tested. The 20 strengths were analyzed and fit to the 
Weibull two-parameter distribution using a maximum likelihood estimator to estimate the 
Weibull parameters. The resulting strengths are plotted on Weibull probability axes on 
Figure 1. The straight line is the Weibull cumulative behavior as defined by the ma?iimum 
likelihood estimates of the parameters. The data have some scatter about the straight line 
which then raises the question of whether or not this degree of scatter is indicative of non- 
Weibull behavior. 
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Figure 1 

Figure 2 displays the same data in a K-S plot where cumulative probability of failure is 
plotted versus fracture strength. (Note that both axes on Figure 2 are linear, unlike the axes 
of Weibull probability plots.) Included on Figure 2 are two curves. The smooth 
continuous cwve is the cumulative distribution function conesponding to a WcibuPl 
distribution with maximum likelihood estimated parameters. The smooth curve is labeled 
as P(o). The "stepped" curve is an empirical dishbution function that i s  generated from 
the fracture strengths by ordering all N strength values from weakest to suongest and 
assigning a ranking number i to each strength where i varies from 1 to N. A vertical step i s  
placed in the stepped curve at each observed strength. The value of the ordinate to the left 
of each step is (i-l)/N and to the right is i/N. The stepped empirical distribution curve is 
defined as Pl1(o). 

The K-S test goes on to define the statistic, D, which is the maximum vertical deviation 
bemeen the two curves. In equation €om: 

D = max lPn(~)-€'(o)l 

The D for this example is 0.208. The position and magnitude of D i s  illustrated on Figure 
2. Judgments on the goodness-of-fit from the M-S test arc: then made based only on the 
number of strength observations and the value of ID. For the case of 20 strength 
observations, the critical 0 value at a 0.05 significance level is 0.294 (from handbook 
tables of critical D values such as Reference 1). Since the observed D value is less than 
0.294, one would conclude that there is no reason to reject the fit of this assumed 
distribution at the 5 percent level of significance. In other words, if this problem were 
repeated many times and if statistical sampling error were the only source of error in each 
analysis, then 95 percent of the time, D would be less than 0.294. 
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But remember that the tabled values assume a type of independence between P(o> and 
P,(cr> that is not justified here. i n  this analysis, P(o) was derived in part from Pn(cr). 

Monte Carlo s ~ ~ ~ ~ ~ t ~ o ~  has been used to generate critical values of D for both 
independence and dependence of P(o) and Pn(o). Of course, in the case of independence, 
the D values should be in agreement with handbook vafues, This requirement of agreement 
with h ~ ~ ~ ~ ~ ~ k  values has been used as a check of validity for the simulation techniques 
emplayed herein, The entire simulation must be repeated for each sample size of interest, 

The s ~ ~ ~ ~ a t i ~ n  randomly chooses specimens from an infinite population of possible 
specimens h a t  are consistent with Weibull strength behavior. The "true" values of the 
VdeibplPl parameters for the population are chosen in advance and aret therefore, known. In 
the ~ i ~ ~ ~ a t i ~ n ,  we randomly pick 20 specimens at a time, determine their strengths, 

iblull parmeters using maxinicnm likelihood, prepare a plot similar to Figure 
2, and determine D in two ways. The first D (refen-& to here as D1> is measured relative to 
the me ~ ~ d e r ~ y ~ n g  ~ i s ~ b u ~ ~ ~ ,  and the second (referred to as D2) is measured relative to 
the ~~~~~~~1 l ~ k ~ ~ i h ~  estimate of the underlying distribution. The D included in Figure 
2 is therefore an example of a value of mh. This process of simulation and analysis is 
repeated many times (typically 1000) PO accumulate a large number of D values for this 
same type of problem. If we count how many Da values are greater than 0.294 i n  this 
ex we should find approximately 5 percent. (In fact, this is precisely  OW the 
ha tables were defined.) The loo0 values of D1 from this simulation then allow us 
to estimate any conventional tabled value of the critical D values for a sample size of 20 
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measurements. In a parallel fashion, the 1000 values of D2 will allow us to generate new 
critical D values that are applicable in the common situation where the tested Weibull 
distribution is not independent of the fracture data. 

Results of a simulation for a sample size of 20 is included on Figure 3 where the critical 
value of the K-S statistic is plotted versus significance level of the test. There are five 
relationships included on Figure 3. The following describes each, one at a time: 

The open squares were taken directly from the table of critical D values for a sample 
size of 20 published in Reference 1. As discussed earlier arid as indicated by the 
key, these table values apply to tests of goodness-of-fit where the two Weibull 
parameters are "known" or defined from information that is independent of the 20 
strength measurements being considered. 

The solid line was generated using a Fortran subroutine included in Reference 2. 
The subroutine can generate a conventional D value for any arbitrary significance 
level and sample size, therefore allowing the generation of a smooth, continuous 
curve. Again, these D values are for cases where the Weibull parameters are 
"known" or defined from independent information. The solid line is slightly higher 
than the square data points. This difference is believed to be caused by the 
asymptotic approximation used in the routines of Reference 2. As the sample size 
increases, this difference should decrease. 

The upper dashed line is one of the relationships generated during the simulation 
described above. 'The D1 values were ranked from largest to smallest; a 
significance level was assigned to each D1 according to (i-0.5)/1008, where i is the 
ranking number; and the resulting 1000 points were connected with a line. The D1 
values were generated in comparisons with the "true" Weibull distribution. 
Therefore the resulting dashed line should again be used when the Weibull 
parameters are "known" or independently defined. The dashed line clearly is in 
excellent agreement with the tabled values (square data points). The small 
irregularities in the dashed curve are caused by statistical sampling error during the 
simulation. A simulation with 10,080 groups of 20 strengths would reduce this 
variation. For most applications, however, the uncertainty in critical D value 
reflected by the irregularities in the D1 curve of Figure 3 is acceptable. 

The lower dashed or broken line was also generated during the simulation. In this 
case the D2 values were used to create the line. The D2 values were generated in 
comparisons of the observed strengths with the maximum likelihood estimate of the 
distribution for a respective data set. Therefore, this relationship is the proper 
one to use when testing the goodness-of-fit of a set of fracture strengths with the 
Weibull distribution defined by maximum likelihood estimation of the Weibull 
parameters from the same data. It is clear from Figure 3 that the critical values of 
D2's are substantially smaller (indicating better expected fit) than conventional Dl's. 
The sign of this difference should not be surprising. If the distribution parameters 
are chosen to provide the best fit to a given data set complete with its unique 
statistical sampling error, then of course, the fit will be quite good (better even than 
that given by the true values of the Weibull parameters), and the resulting Dz's 
should be smaller than the corresponding D 1's. 
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The open circle data points on Figure 3 are tabled values of the Lilliefors statistic as 
included in Reference 1. In 1967, Lilliefors (Reference 3) recognized the problem 
of using the K-S statistic in evaluating g ness-of-fit when the tested distribution 
was derived from the sampled data. At time, he pedonned simulations similar 
to those done herein, but he carried out the analysis for t noma1 (Gaussian) 
distribution. The critical values from that simulation are own as the critical 
values of the Ldliefors statistic and are used in a sitnilar way as the crjtical I3 values 
of the K-S test. The almost perfect agreement of the L '5: statistic (for the 
normal distribution) with the broken line of Figure 3 (for e i b d  ~ i ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~  
suggests that the tabled values of Lilliefofors may be norc general than 
expected. Even if they are not in perfect agreement, from a practical ~ ~ a ~ ~ ~ ~ Q i ~ t ,  
Lilliefars' tables of critical es are clearly a reasonable and prefe~ed alternative 
to conventional K-S table n testing the goodsaess-of-fit of strength data to a 
Weibull distribution with parameters defined from the same data, Reference 4 
provides other approaches to K-S tests on data sets where the adjustable ~ ~ a ~ ~ t e r ~  
are derived from analysis of the same data set. 

Figures 4 and 5 are similar to Figure 3 but cover sample sizes of 5 and S O  respectively, 
Each figure includes the five relationships discussed above for Figure 3. Several points of 
comparison and contrast in Figures 3 , 4  and 5 are worth noting: 

* The squares (tabled values of K-S) are always in good agreement with the upper 
dashed line (simulated values of R-S). 
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* As the number of samples decreases, the solid line (asymptotic approximation of K- 
S )  shifts progressively farther above the squares and dashed line. This is consistent 
with the asymptotic nature of the solution used for the solid line. For small sample 
sizes, the tabled and simulated resul ts are more accurate and preferred. 

As the samples size decreases, the circles (Lilliefors statistic) appear to consistently 
f d l  below the broken dashed line (simulation of D2). Therefore, the unexpected 
applicability of the Lilliefors statistic to the Weibull distribution may break down at 
small sample sizes. 

The simulations that resulted in Figures 3,4 and 5 have been carried out for many other 
sample sizes. Figure 6 summarizes the critical D2 values for eight different sample sizes 
from five to 50. 

Now reconsider the 20 strength measurements of Figures 1 and 2. The D value of 0.208 is 
reanalyzed in Figure 7. The curves in Figure 7 are the two simulation-generated curves for 
"known" and estimated Weibull parameters from Figure 3. If the distribution being tested 
is i ~ ~ ~ ~ e ~ d e n t ~ y  defined, then using the upper curve, one can state that this magnitude s f  
disagreement should occur slightly more than 30 percent of the time--not particularly 
disturbing and no reason to reject the assumptioli that this two-parameter Weibull 
distribution i s  applicable. But the adjustable parameters of the tested distribution were 
determined from the 20 strengths, therefore the lower curve should be used. Using the 
lower curve, one then concludes that the observed D value will occur less than two percent 
of the time. Therefore, the test of goodness-of-fit would indicate a rather poor fit to the 
Weibull distribulion, even at the 0.02 significance level. The most important conclusion 
from this hypothetical example is that unwarranted inferences will often result when 

Using est imated rn and oo' 1000 simulations 
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Sample size of 20. 1000 simulations 

n 

Significance Level 

conventional tables of critical K-S values are used in this common type of ceramic stiength 
analysis. 

Ihe simulation studies considered two other aspects of K-S tests: 

In the earlier discussion of simulations, no mention was made about thc "true" 
values of the Weibull parameters used. The reason for this apparent oversight is 
that the results (as displayed in Figures 3-6) are independent of the parameters 
chosen. This has not been analytically proven, but has been demonstrated by 
repeating the: simulation foi  different true values of parameters. (These repeat 
simulations use the same seed for the random number generator to insurc the same 
sequence of normalized fracturc strengths in each.) Repeat simulations with 
markedly different true values of Weibull parameters yielded virtually idenlical 
sequences of D1 and D2 values. Accordingly, the simulation curves in Figures 3-6 
are independent of the Weibull parameters. This is convenient because i t  allows 
graphical and/or tabular summaries of critical values that are applicablc for any true 
Weibull parameters. The indeperndernce also has implications about the general 
applicability of the Lilliefors statistic. Within the, family of all Weibull moduli are 
distributions that run the gamut fiom extreme skewness of one sign, through near- 
symmetry (for rn = 3.6), to extreme skewness of thc opposite sign. 'This family 
serves as reasonable approximations of many different typcs of continuous, 
unimodal distribution functions--all of which seem to be adequately used with the 
Lilliefors statistic. Finally, an earlier statement claimed that these simulations 
yieldcd "virtually" identical sequences. The statement was softened with the word 
virtually to allow for inconsequential differences due to single-precision round-off 
errors, etc. Each number in the sequence of D1 values was typically found to be 
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independent of true Weibull parameters to 5 or 7 significant digits (consistent wish 
single precision calcularions). Derivation of D2 values, however, requires an 
iterative m;urimum likelihood estimate of Wei bull pwmeters that typically estimates 
the parameters to 4 or 5 significant digits. Therefore i t  is not surprising that the 
sequence of D2 values was typically found to be independent of true Weibull 
parameters to only 4 or 5 significant digits. 

Maxiranurn likelihood was chosen hzreinn for estirnationa of Weibull parameters drie to 
the optimum statistical efficiency of maximum likelihood (discussed and 
demonstrated ilra earlier reports of this contract). A practical question, however, is 
whether the critical Dz values of Figures 3-6 can validly be used to evaluate 
goodness-of-fit when the eibull parameters are estimated using linear regression. 
To answer this question, two additional simulations were performed and are 
sum,arized in Figure 8. The simulations were both for a sample size of 20, similar 
to Figure 3. One sirplularion used maximum likelihood t~ derive Da's while the 
other used h e x  regression. The sequence of D 1's is indepcn erit of estimator and 
is therefore conimon to both simulations, As seen in Figure 8, the D2 curves for 
the two estimators are close to each other, but the ~~~~~~1~ likelihood ~ ~ ~ ~ v ~ o ~  is 

an ~IIIQUIS that is judged to be larger than the uncertainty associated with 
sinridations used herein. Tabled values of the 1,ilBiefa-s statistic are also 

included on Figure 8 and are in much better agreement with the maxinium 
likelihood curve. The fact that the linear regression estimator yields larger D2 
values is consistent with the lower statistical efficiency of this estimator. The lower 
efficiency results in poorer fits with the data (poorer on avemge) which, in turn, 
results in larger B2 values. Finally, the seed for the raradorn number generator was 

* 
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---- 
0 0 2  0 4  0 6  08 I O  
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Figure 8 
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again common for the two simulations. The seed used in Figure 8, however, was 
different than that for Figure 3, thus accounting for minor differences in the 
"bumps" of the D2 maximum likelihood curves. 

Demonstration of K-S Tests on Silicon Carbide Strength Data 11. 

This section will demonstrate K-S tests on actual Class I strength data (single specimen size 
and geometry). The Class I strength data used herein are from the bend strength studies of 
GE sintered beta silicon carbide that have been used for many previous demonstrations of 
statistical analyses in this contract. The study included both three-point and four-point 
bend tests of three different specimen sizes, MIL STD 1942MR sizes A, B and C. This 
data has typically been used as an example of a Class IV data set where specimen size and 
stress distribution were both varied within the pooled data set. For use in this 
demonstration of K-S methods for Class I problems, however, the data will be treated as 
six independent strength analysis problems. For each subgroup, a K-S test was used to 
determine the goodness-of-fit of the observed data when compared with the Weibull 
strength distribution defined by maximum likelihood analysis of that subgroup alone. In 
this Class I reanalysis of the data, no effort was made to force a common set of Weibull 
parameters for all subgroups. 

Results of these six analyses are summarized in Figures 9-20 with two figures for each 
analysis. Figures 9 and 10 are for analysis of the three-point A specimens and will be 
described in detail. The remaining 10 figures of this series are similar paired figures for the 
other five analyses. 

Figure 9 includes the 18 strength measurement5 of the 3-point A data set plotted on Weibull 
probability axes. The straight line is the strength distribution defined by the maximum 
likelihood Weibull parameters. The strengths appear to be in reasonable agreement with the 
straight line, but as discussed above, it is well known that different individuals have 
different thresholds for what is "reasonable agreement." 

The K-S statistical procedure for the three-psint A data set is included on Figure 10. The 
stepped curve is the observed strength distribution (empirical distribution) and the smooth 
curve is the imaximwm likelihood estimate of the distribution. The maximum vertical offset, 
D, between the two curves is 0.1475 and is located at the position indicated on the figure. 
As described in the previous section, proper interpretation of this D value requires a 
simulation to derive a "table" of critical D2 values for problems with 18 strength 
observations where the Weibull parameters were estimated froin the 18 strength 
observations themselves. Thc table of D2 values from that simulation resulted in a 
significance level, P2,  of 0.352 for the observed D. The significance can be interpreted as 
follows: if thc underlying strength distribution is properly described by the two-parameter 
Weibull distribution with unknown parameters, then disagreements (between the observed 
and estimated distributions) of this rmmagnitudc or larger will be observed 35.2 percent of the 
time. Usually people are not "disturbed" by such "high" significance levels. One would 
therefore conclude that the scatter of observed strengths about the estimated curve on 
Figures 9 and 10 is consistent with the assumed Weibull model of strength behavior. 

K-S analyses were also carried out for the other five silicon carbide subgroups with 
graphical display of the results included in Figures 11-20. The results of all six subgroups 
are summarized in Table I. (For comparison, the Weibull parameters from Class IV 
maximum likelihood analysis of the pooled data set are also included in Table I.) None of 
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TABLE I 

Specimen Number of Weibull p2 
Geometrv SDecimelll ll&xb!u QQ QmaX Sign i f i ca ncg 

3-pt A 18 14.57 431.0 0.1475 0.352 
3-pt B 18 12.20 449.9 0.1321 0.560 
3-pt c 18 16.38 418.8 0.1433 0.411 
4-pt A 17 9.43 459.2 0.1900 0.093 
4-pt B 48 14.28 430.3 0.0769 0.676 
4-pt e 18 14.48 441.1 0.1447 0.389 
All 137 14.22 433.1 --- --- 

the six significance levels is particularly disturbing. The smallest is that for the four-point 
A specimens of Figures 15 and 16 with a P2 significance of 0.093. This subgroup would 
fail a 0.10 test of significance, but failure at this modest level would not generally be 
considered reason to question the tested distribution function. Furthermore, one can argue 
that even this apparent doubt of the assumed distribution function may not be justified. 

The basis for the previous statement lies in the fact that the analysis of the six silicon 
carbide subgroups is really a problem involving "sirnultaiieous inference." Since the issue 
of simultaneous inference is one of the most difficult problems of goodness-of-fit analyses 
in Class IV problems, this will be a good opportunity to introduce the topic. Probabilistic 
statements such as the one made earlier about the three-point A specimens ("...then 
disagreements of this magnitude or larger will be observed 35.2 percent of the time") are 
statistical inferences. Table I summarizes six such inferences. While it is tempting to look 
for the smallest significance in such a list, doing so complicates interpretation of that 
number. The smallest number is not the significance of a random observation but, rather, 
is the significance of the worst fit of six such observations. Stated anolher way, if six 
independent measurements of significance are made in a material where the null hypothesis 
is justified, then they should be uniformly spread from zero to one. Therefore, the smallest 
of those six numbers will typically be much less than 0.5. In such problems of 
simultaneous inference, one cannot pick the smallest observed significance and interpret it 
as would be done for a single test of significance. 

A useful approach for dealing with such problems of simultaneous inference builds on the 
statement of the previous paragraph that six independent measurements of significance 
should be uniformly spread from zero to one. Another level of K-S testing is ideally suited 
to test the validity of such behavior. Figure 21 is a K-S test of the six P2 significance 
values where they are compared to the assumed (hypothesized) uniform distribution which 
is simply a diagonal straight line from (0,O) to (1,l). Since the adjustable parameters of the 
expected dismbution have not been derived from the data, the maximum D value of 0.324 
can and should be compared with conventional tabled values of critical D s  (Dl's) instead 
of critical D2's as used on the direct tests of the strength distribution. This results in a Pi 
significance of 0.417. 

In other words, if this whole exercise of testing the fit of six independent subgroups of 
specimens is repeated many times and if the Weibull two-parameter distribution is indeed 
the underlying strength distribution for each subgroup, then 41.7 percent of the time, the 
distribution of the six P2's will be less uniform than that of Figure 21. Therefore, the six 
observations of significance are not unusual, and the relatively poor fit of the four-point A 
specimens to Weibull seems to be a common (even expected) event for one of the six 
independent subgroups to experience. 
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111. K-S Tests on Class IV Problems of Pooled Data 

The comments in the previous section were relative to a Class I analysis of strengths (no 
pooling of data). The following discussion will consider how the approach to goodness- 
of-fit testing changes when applied to Class IV problems, where fracture data from multiple 
specimen sizes and geometries may be pooled together to better characterize the underlying 
strength distribution. 

As an example, the silicon carbide data of Table I can be pooled to yield a single maximum 
likelihood estimate of the Weibull parameters using algorithms described in previous 
reports. The strength distribution from those parameters can be compared with the actual 
data in several ways. One convenient way is shown on Figure 22 where all strengths have 
been transformed to probabilities of failure of three-point B specimens and plotted on 
Weibull probability axes. (The choice of a size and geometry to transform all data is 
arbitmy: the relative positions of points are independent of that choice.) 

From Figure 22, it is easy to recognize that the four-point A strengths (diamond shaped 
symbols) seem to "disagree" with the trend of the total data set. Therefore, a desirable 
feature of a Class IV goodness-of-fit test would be the ability to test individual subgroups 
that may have apparent disagreements with the pooled behavior. Such a test would allow 
judgments to be made on the important underlying assumption of material homogeneity that 
may not be justified in this data set. 

Although the homogeneity test appears particularly important in this data set, there are at 
least five aspects of goodness-of-fit of the data that can be tested. 
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Material homogeneity between subgroups-compare to assumed uniformity 
Variability in strengths within subgroups-compare to Weibull model 
Specimen size effects between subgroups-compare to Weibull model 
Stress distribution effects between subgroups-compare to Weibull mode 
Overall behavior--compare to Weibull model 

Work is continuing ora development and validation of K-S and other approaches to evaluate 
each of these aspects of goodness-of-fit in Class IV problems and to handle the associated 
inference problems that arise from use of simultaneous statistical tests. 
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Status of Milestones 

On schedule. 

Publications 

C.A. Johnson and W.T. Tucker, "Advanced Statistical Concepts of Fracture in Brittle 
Materials," In Engineered Materials Handbook, Volume 4: Ceramics and Glasses, ASM 
In temat ional, 1992. 

C.A. Johnson and W.T. Tucker, "Statistical Procedures for Estimating Component 
Strengths and Associated Confidence Bounds," Submitted for Proceedings of 1391 
AaTn/CCM Meeting held Octobcr 28-31, 1991. 



3 . 0  DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

This portion of the project is identified as project element 3 within 
the work breakdown structure (WBS). It contains five subelements, in- 
cluding (1) Structural Qualification, (2) Time-Dependent Behavior, 
( 3 )  Environmental Effects, ( 4 )  Fracture Mechanics, and (5) Nondestructive 
Evaluation (NDE) Development. Work in the Structural Qualification sub- 
element includes proof testing, correlations with NDE results and 
microstructure, and appl ication to components. Work in the Time-Dependent 
Behavior subelement includes studies of fatigue and creep in structural 
ceramics at high temperatures. Research in the Environmental Effects sub- 
element includes study o f  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 temperatures, and testing ceramic materials at 
high temperatures under uniaxial tension. Work in the NDE Development 
subelement i s  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 L i f e  Prediction 
project element are understanding and application o f  predictive models for 
structural ceramic mechanical reliability, measurement techniques for long- 
term mechanical property behavior in structural ceramics, and physical 
understanding o f  time-dependent mechanical failure. Success in meeting 
these objectives will provide U.S. companies with the tools needed for 
accurately predicting the mechanical reliability of ceramic heat engine 
components, including the effects of applied stress, time, temperature, and 
atmosphere on the critical ceramic properties. 
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3.1 STRUCTURAL QUALIFICATION 

M i c r o s t r u c t u r a l  Analysis of S t r u c t u r a l  Cerani ics  
B. J. Hockey and S .  M. Wiederhorn 
(National Institute of Standards and Technology) 

Obiective/ScoRe 

The objective of this part of the program is to identify 
mechanisms of failure in structural ceramics subjected to mechanical 
loads at elevated test temperatures. Of particular interest is the 
damage that accumulates in structural ceramics as a consequence of 
high temperature exposure to stresses normally present in heat 
engines. 

differ from those at high temperature. At low temperature ceramics 
are elastic and brittle; failure is controlled by a distribution of 
flaws arising from processing or machining operations, and the largest 
flaw determines the strength or lifetime of a component. By contrast, 
at high temperature where ceramics are viscoelastic, failure occurs as 
a consequence of accumulated, or distributed damage in the form of 
small cavities or cracks that are generated by the creep process. 
This damage effectively reduces the cross-section o f  the component and 
increases the stress that must be supported. Such increases in stress 
are autocatalytic, since they increase the rate of  damage and 
eventually lead to failure as a consequence of l o s s  in cross section. 
When this happens, the individual flaw loses its importance as a 
determinant of component lifetime. Lifetime now depends on the total 
amount of damage that has occurred as a consequence of the creep 
process. The total damage is now the important factor controlling 
lifetime. 

ceramics intended for use for heat engines indicates that f o r  long 
term usage, damage accumulation will be the primary cause of specimen 
failure. Mechanical defects, if present in these materials, are 
healed or removed by high temperature exposure so that they have 
little influence on long term lifetime at elevated temperature. In 
this situation, lifetime can be determined by characterizing the 
damage and the rate of  damage accumulation in the material at elevated 
temperatures. In ceramic materials such as silicon nitride and 
SiAlON, such characterization required high resolution analyses 
because of the fine grain size of these materials: hence the need for 
transmission electron microscopy as an adjunct to the mechanical 
testing of ceramics for high temperature applications is apparent. 

ceramic materials will be correlated with microstructural damage that 
occurs as a function of creep strain and rupture time. Materials to 
be studied include: SiAlON; hot-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 of structural ceramics for 
high temperature applications. 

Design criteria for the use of ceramics at low temperature 

Recent studies of high temperature failure of the non-oxide 

In this project, the creep and creep-rupture behavior of several 
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Technical Hiphlights 

During the past six months analytical TEM has been used to 
examine the effect of  microstructure on the tensile creep behavior of 
Garrett GN-1.0 silicon nitride. The results of this study, which is 
nearing completion, provide a general description of the 
microstructure of  this material and o f  the cavitiy growch process which 
ultimately determines creep lifetime. As with most other grades of 
silicon nitride, creep deformation and rupture are primarily governed 
by the properties of the intergranular glassy phase that remains after 
liquid-phase sintering. 

ExperimeGtal T e c h u u s  

The results described in this report were obtxined by analytical 
transmission electron microscopy (TEM/EDS). Observations were made on 
samples of  Garrett G N - 1 0  silicon nitride which w r e  subjected to 
tensile creep to KUptUre a~ various stresses at temperatures from 1250 
- 1375 C .  In each case, multiple slices were made parallel to the 
tensile stress axis to obtain secticns from the interior and from the 
near (external) surfdce of the test samples. TEK sample preparation 
followed conventional, ceramic techniques, 

Results and Discussion 

Examination of GN-10 revealed a silicon nitride matrix of 
variable grain size and morphol.ogy, Fig. 1. Grain shapes tended to be 
either equi-axed or aci-cular (typically, with aspect ratios of three 
o r  more); grain dimensions ranged from roughly 0 . 2  to 3 microns, 
although grain dimensions of  up to 5 microns were not uncommon. The 
microstructure of both crept and uncrept (as-recetved) a l s o  contained 
a relatively high volime fraction of  crystalline second phase grains 
of sub-micron size, F i g .  2, which result from partial devitrification 
of  the intergranular glass present during sintering. Based on 
electron diffraction, devitrification in GN-10 is found to result in 
two different crystalline second phases: one, a hexagonal phase 
isomorphic with YS(Si0,)3N (i.e. N-Apatite or "H-phase"); the other, a 
monoclinic phase isomorphic with Y,Si,0,N2 ("J  -phase") . Preliminary 
compositional analyses by EDS, moreover, indicates that both 
crystalline phases contain -2 w/o Ca and that elie hexagonal phase 
contains - 6 w/o Sr while the monoclinic phase contains - 4 w/o Sr. 
In both phases, Sr and possibly Ca appear t u  substitute for yttrium 
relative t o  the "pUKe" isomorphic forms. 

Examination of GN-10 also revealed the presence of a residual 
glassy interphase separating most, if not all, crystalline grains. 
Here, the presence of g las s  was indicated by imaging under diffuse 
dark-field conditions and by the detection of Y ,  Sr, and 0 at these 
interfaces by EDS. Under conditions where the interfaces could be 
directly imaged, the thickness of the glassy layer separating adjacent 
silicon nitride grains was typically 1 nm. or less, Fig. 3a, while for 
interfaces separating the matrix grains and the secondary crys  tal-line 
phases, glassy layers i.n excess of 1 nin. in thickness were generally 



273 

Figure 1. Representative view of microstructure of GN-10 silicon 
nitride illustrating varied /3-Si3N, grain size and 
morphology. 
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Figure 2. Crystalline second phase (dark contrast) produced in GN-10 
by partial devitrification of intergranular glass 
originally present during processing. 
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Figure 3. a) High resolution image of interface between adjacent 
silicon nitride grains indicating the presence of a glassy 
interphase, typically, 1 nm. or less in thickness. b) High 
resolution image of interface between silicon nitride grain 
(top) and crystalline second phase (bottom). 
glassy interphases greater than 1 nm. in thickness were 
indicated. 

Typically, 
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found, Fig. 3b. Although quantitative analysis of the glass 
composition was not possible, detectable Ca was not found in the 
glass, and comparative EDS results indicate a significant increase in 
the strontium to yttrium ratio for the glass compared to the secondary 
crystalline phases. These results suggest that devitrification, which 
occurs after processing (either during cool-down or during a post- 
processing anneal), significantly alters the "equilibrium" 
concentration of glass, specifically resulting in a relative 
enrichment of Sr and depletion of Y and Ca. 

properties cannot be quantified, the important role of the glass phase 
in determining creep behavior can be seen in results describing the 
cavitation process. Based on examination of GN-10 samples crept under 
different conditions, normal grain displacements result in cavity 
nucleation within the glassy interphase and cavity growth occurs 
rapidly along the interface to form creep cracks. The process of 
rapid, crack-like cavity growth appears to depend on stress and 
temperature, which determines the creep rate. At temperatures and 
stresses where the creep rate is relatively low, interfacial cavity 
growth occurs by diffusional transport. Despite the crack-like 
morphology (Fig. 4a), the advancing cavity tips are blunted (Fig.4b) 
and, in most cases, there is no apparent widening of the interface 
ahead of the cavity. This description suggests that cavity growth 
occurs by surface diffusion (or dissolution) of the adjacent silicon 
nitride grains coupled with rapid interfacial transport through the 
glassy interphase; otherwise, cavity growth by dissolution would be 
restricted and lead to the formation of discrete cavities of limited 
size. Apparently, even at moderate temperatures (e.g. 1250 C), the 
bulk diffusivity of the glassy interphase is sufficiently high to 
allow rapid interfacial cavity growth and crack formation. 
Alternatively, at temperatures and stresses for which the creep rate 
is relatively high, rapid interfacial cavity growth appears to occur 
by a viscous hole growth mechanism. Under these conditions, the 
advancing cavity tips are relatively sharp, glass ligaments often 
remain within the cavity, and the interface ahead of the cavity tip 
appears wider and often contains discrete cavity nuclei, Fig. 5 .  
Apparently, the normal displacement rates are too rapid to allow 
relaxation by either diffusive transport or viscous flow of the glass 
and spontaneous cavitation occurs at the elastic limit. Under high 
stain rate conditions, the creep behavior of GN-10 appears ultimately 
limited by the viscous properties of the retained glass phase. 

Currently, results obtained on GN-10 are being compared with 
those obtained previously on GTE AY6 and Norton NT154, and will be 
described in two reIated papers: one, comparing the microstructural 
characteristics of these materials; the other, discussing cavitation 
behavior. Future plans include analysis of GTE PY6 after tensile 
creep and the correlation of TEM results on cavity size and density in 
NT154 samples with results obtained by density measurement and by low 
angle neutron and X-ray scattering. 

Although the residual glas composition and, hence, its 
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Figure 4. a) Segmented creep crack produced in GN-10 by rapid cavity 
growth along individual two-grain interfaces. 
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Figure 4. b) High resolution image of crack-like cavities arrested at 
triple grain junction. Cavity morphology is characteristic 
of growth under low strain rate conditions and suggests 
growth by matrix dissolution and rapid interphase 
transport. 
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Figure 5. a) Crack-like interfacial cavity produced in GN-10 under 
high strain rate conditions. 
connecting displaced surfaces. 

Note glassy ligaments still 
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Figure 5. b) Detail of cavity tip-region (lower right, Fig. 5a). 
comparison with Fig. 4a, note atypical interface width 
ahead of cavity, tapered cavity tip morphology, and 
discrete cavities within glassy interphase. 

In 
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Status of Milestones 

All milestones are on schedule. 

References 

None 
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Mechanical Properties and Microstructural 
Characterization of Si$/., Ceramics 
K. L. More, T. A. Nolan, and L. F. Allard 
(Oak Ridge National Laboratory) 

0 biective/scope 

The objective of the research is to use analytical and high-resolution electron 
microscopy to characterize the microstructure of Norton Si,N, ceramic materials following 
mechanical strength (tensile) testing at elevated temperatures in air. This work represents 
a collaboration with several institutions including NortonFRW (R. L. Yeckley), the 
University of Dayton (N. L. Hecht), and Allied-Signal Aerospace Co. (M. N. Menon). 
Another commercial-grade Si3N4 material, Kyocera's SN-260, was also characterized 
before and after four-point-bend creep experiments. 

Technical highliqhts 

The material under investigation is a hot-pressed Si,N, supplied by Norton 
containing 4.0 wt % Y,O, intentionally added as a sintering aid. The material was 
annealed to crystallize the grain-boundary phase as part of the Norton processing 
procedure. During the past year, Norton has altered its manufacturing parameters to 
produce an "improved" version of their NT-154 material. Two batches of this improved 
material have been characterized to date. The first was an experimental batch designated 
LM74 that was subjected to high-temperature mechanical testing in the Mechanical 
Properties User Center of the HTML. The second was a production batch that has the 
new major product designation NT-164. No mechanical tests of NT-164 at high 
temperature have been completed as of this report. High-temperature testing of LM74 
revealed considerable performance improvement when compared to standard NT-154. 
For example, at 150 MPa and 1370" C, a typical specimen of NT-154 had a steady-state 
creep rate of 1.4 x 10.' s-' and failed after 232 h. An LM74 specimen tested under the 
same conditions had a creep rate of 4.9 x 10" s" and failed after 956 h. Similar results 
were obtained at other stress levels. 

Microstructural differences between the improved material and NT-154 (and most 
other sintering aid-containing silicon nitride ceramics) were identified that explain the 
improved properties. The microstructure and failure mechanisms of NT-154 have been 
studied extensively, and detailed results have been reported in previous CTAHE bimonthly 
and semiannual reports. A brief summary of these results is reported herein to give 
perspective to the observations made on the microstructure of the improved material. The 
microstructure of NT-154 is composed of a "bimodal" distribution of Si,N, grains which 
consisted of clusters of extremely small Si,N, grains, usually < 0.2 pm, surrounded by 
larger, usually acicular, Si3N4 grains, > 0.5 pm in size, with many >> 1 pm. X-ray 
diffraction (XRD) revealed that the Si,N, is typically p-phase, but some specimens have 
contained as much as 10% residual a-phase. Transmission electron microscopy (TEM) 
revealed that most of the compounds associated with the sintering aid are crystalline and 
localized in pockets. X-ray and electron diffraction and energy dispersive x-ray elemental 
analysis (EDS) show the primary grain-boundary phases to be a-Y,Si207 (JCPDF 38-223) 
and Y5(Si0,),N (JCPDF 33-1 459). Finally, and most importantly, high-resolution TEM 
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revealed that Si,N, grains were separated by a ~ r ~ ~ m - ~ o n t a ~ n i n ~  amorphous film of from 
0.5 to 1.5 nm thickness. 

The LM74 and the NT-164 materials appear to be very similar in structure and 
composition and will thus be described jointly. Like the NT-154, they have a bimodal 
distribution of grain sizes and shapes. This is quite obvious in Fig. 1, a lower 
magnification TEM showing the general microstructure. XRD reveals that the phases 
present are also similar to NT-I54 with one major exception: both LM74 and W-1 
contained an additional secondary phase, SI,QN, (JCPDF 33-1 162). The location and 
distribution of this phase, in relation to other phases in the microstructure, have yet to be 
determined by TEM and electron diffraction. All of the yttrium-containing phases appear 
to be completely crystallized. The most remarkable difference between NT-154 and the 
new material is the lack of an observable amorphous fitm separating the Si.& grains. A 
high-resolution TEM of a typica! grain boundary between two grains in the NT-164 is 
shown in Fig. 2. Simiiar observations were made on W74 untested and after creep 
testing. Inset in Fig. 2 is a typical grain boundary from NT-154 showing an amorphous 
film, about 1.5 nrn thick, separating two Si,N, grains. The absence of an observable 
amorphous film utilizing high-resolution TEM in the new material does not mean that there 
are no impurities remaining at these boundaries. Preliminary results on the new Mitachi 
field emission gun (FEG)-?EM (one of which has been purchased for the HTML) indicate 
that very small quantities of yttrium-containing material remain at these boundaries. 

In summary, the new Si,N, material has grain boundaries that have very srndl 
amounts of amorphous materials associated with sintering additives remaining when 
compared to earlier formulations as well as Si,N, materials from other manufacturers. This 
lack of amorphous materials appears to result In a major improvement in the high- 
temperature creep properties. Microstructural changes associated with creep deformation 
and failure mechanisms of both NT-154 and NT-164 will be discussed in future pragress 
reports, 

Kyocera SM-260 silicon nitride has also been characterized by XRQ and electron 
microscopy in both the as-received condition and after flexure creep tests at 1370°C. The 
results of these studies are reported here. 

XRD from the surface of an as-received flexure bar showed only B-Si,N, and1 an 
unidentified crystalline phase that had a high intensity relative to the p-phase. No 
evidence of a glassy component was seen in the X-ray patterns. TEM of the as-received 
material showed a microstructure of P-grains in a crystalline matrix. The matrix (or grain- 
boundary) phase was determined to comprise 15 to 20% of the specimen by volume. No 
voids were seen in the as-received material (Fig. 3). Energy dispersive spectra (EDS) 
acquired from the grain-boundary material showed Yb, Si, and 0 to be present. 
Quantitative analysis of the grain-boundary phase in comparison to a standard of Yb,- 
Si,O, indicated that the grain-boundary phase was consistent with a composition of 
Yb,SiO,. This would be an analogue to the Y,SiO, phase commonly found in silicon 
nitrides that use Y,O, as a sintering aid. However, the X-ray powder diffraction file lists no 
such compound, so the precise identification of the matrix structure is still not complete. 

The grain-boundary phase was further characterized by high-resolution TEM and 
EDS analysis using an FEG-TEM to get elemental information from the two-grain junctions. 
Figure 4 shows a high-resolution image that confirms the grain-boundary pocket to be 
essentially totally crystalline but with some residual amorphous material in the corners of a 
triple point. The two-grain junctions typically contained amorphous material in a layer 0.5 
to 1 nrn thick. Spectra acquired from the FEG-TEM showed that significant YB1 was 
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Fig. 2. High-resolution TEM of Norton NT-164 S&N, showing little or no observable 
amorphous material separating grains. inset is a similar micrograph of W-154 showing 
an approximatety 1.5 nm amorphous layer separating grains. (Magnifmtion 5,000,000l9 



286 

YP15523 

Fig. 3. As-received Kyocera SN-260. Light grains are B-Si,N,. Dark pockets are 
grain-boundary phase containing Yb and Si. 
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Fig. 4. Hgh-reslolWn'TEM image d @h-b9ylrdary pocket showing amorphous layer between 
silicon nitride grains. €CR3 rum frm area A alwvvs presence of Yb in the boundary. 
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present in the two-grain junctions (inset in Fig. 4). The pockets were typically single 
crystals, but in some instances, large pockets showed a boundary between crystalline 
regions indicating that the crystallization process proceeded from two different points 
within the pocket and was completed to create a boundary in the interior of a pocket. No 
evidence of crystal defects, such as dislocations or twins, was seen in the grain-boundary 
pockets. 

Fast fracture of flexure bars of the as-received material yielded a flexure strength of 
560 MPa. Creep tests were run at 1370°C in four-point bending at 70% of the fast- 
fracture strength (350 MPa) to get initial information on the potential mechanisms of creep 
in this material. One specimen failed in 9 h and the other in 35.5 h under these test 
conditions. The 35.5-hr specimen was further characterized as described hereafter. X-ray 
analysis of the surface of the as-crept specimen showed high intensity from a Yb2Si20, 
phase identified as Keiviite (JCPDS no. 25-1 345) and, also, high intensity from an SiO, 
phase identified as crystobalite (JCPDS no. 39-1425). Both the unidentified phase and the 
p-Si,N, seen in the original specimen were very weak, indicating that oxidation processes 
during creep testing has formed a surface layer of Keiviite and crystobalite. Accordingly, 
the tested bar was sectioned near the neutral axis, and X-ray analyses were re-run. In the 
interior of the specimen, the X-ray results were identical to the results from the as-received 
specimen. No indication of the formation of Keiviite was seen, and the unidentified phase 
again showed strong intensity. 

Figure 5 shows the typical microstructure in the tensile region of the SN-260 
subjected to the above creep test conditions. No apparent changes were observed in the 
nature of the grain-boundary pockets. These areas exhibited no tendency to develop 
twins under creep stresses, and no changes in composition were noted. However, a 
significant number of voids were observed at triple points in the microstructure as a result 
of the creep tests. There was no evidence for the formation of cavities at twograin 
junctions in the microstructure, as are often seen in creep specimens in Y,O,-fluxed silicon 
nitrides. Also, no cavities at two-grain junctions or voids at triple points were seen in a 
specimen taken from the region of the neutral axis. This indicates that the voids in the 
tensile region were a result of the stresses at temperature and not simply a heat-treating 
effect. The short duration of the test, or differences in the chemistry of the amorphous 
grain-boundary material as compared to Y,O, fluxed ceramics, could account for the lack 
of cavity formation at two-grain junctions in the tensile region. These observations 
suggest that the mechanism of creep in this material is primarily grain sliding with possibly 
long-range solution-reprecipitation playing some role. 

Status of milestones 

Program on schedule. 

Publications 

1. K. L. More, 0. A. Koester, and R. F. Davis, "Microstructural Characterization of a 
Creep-Deformed SIC Whisker-Reinforced Si,N, Composite," Ultramicroscopy 37, 263 

Deformation of a Sic Whisker-Reinforced Si,N, Composite," p. 382 in Electron Microscopy 

(1 991). 
2. K. L. More, D. A. Koester, and R. F. Davis, 'The Role of Interfaces in the Creep- 



? 

YP15521 

Fig. 5. The SN-260 material shows voids at triple points after creep tests. 
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7990, ed. L. D. Peachey and D. B. Williams, Vol. 4, San Francisco Press, San Francisco, 
1990. 

3. D. A. Koester, K. L. More, and R. F. Davis, "Deformation and Microstructural 
Changes in Sic Whisker-Reinforced Si,N, Composites," J. Mater. Res. 6[12], 2735 (1 991). 

4. K. L. More, "Defect Characterization in a CVD a-Si,N," p. 936 in Proceedings of 
the 49th Annual Meeting of the Electron Microscopy Society of America, ed. G. W. Bailey, 
San Francisco Press, San Francisco, 1991. 

5. D. A. Koester, K. L. More, and R. F. Davis, "The High Temperature Creep of a 
SIC Whisker-Reinforced Si,N, in an Air Ambient," submitted to J. MaterAes. 

6. T. A. Nolan, L. F. Allard, D. W..Coffey, C. R. Hubbard, and R. A. Padgett, 
"Microstructure and Crystallography of Titanium Nitride Whiskers Grown by a VLS 
Process," J. Am. Cerarn. SOC. 74[11], 2769 (1 991). 
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Project Da ta Base 
B. L. Keyes (Oak Ridge National Laboratory) 

. .  !ect Ive/scople 

The objective of this task is to develop a comprehensive computer data base 
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 data base 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 hiahliahts 

The Ceramic Technology Project (CTP) Qata Base presently contains 
6788 test results on 27 different types of tests, 345 material characterizations, 
13 lubricant characterizations, 101 coating characterizations, and 2087 associated 
records containing various rnetadata. A more detailed description is shown in 
Table 1. 

Work on the computerized interface for the data base will begin in June 
1992, instead of in March 1992, as originally planned, so that new data could be 
added with enough lead time to obtain the necessary background information 
before the next data base summary report is prepared. During the updating effort, 
data base personnel found the biggest problem was missing test background 
information. Few ceramics mechanical properties tests are standardized [i.e., 
American Society for Testing and Materials (ASTM) standards], and testing facilities 
and method vary somewhat among laboratories. A little research usually revealed 
the test methods but not always. Work will continue on finding missing information 
during the data input period. 

clature of materials, batch codes, and other search fields, as well as locating 
missing information. Since no widely accepted, standardized naming convention 
exists for ceramics at this time, data base personnel decided to stay with t h e  
manufacturer's name, such as NT-154 for NortonTTRW's silicon-nitride ceramic, for 
the material name. A cross-reference file, created to locate various aliases given to 
a particular ceramic, will be incorporated into the search menus in the user inter- 
face to be written later this year. 

Data from all types of mechanical properties tests are now being collected for 
input to the data base. Most of the information collected during this period has 
been four-point bend test results on silicon nitrides because this seems to be a 
popular combination at the moment. Other test types on other materials will also be 
added as the data become available. All contributions are welcome. 

The updating effort concentrated on establishing a consistency in nomen- 



Table I. CTAHE ata Base Summary as o f  September 30, 19911 

Materi a1 
c'lass 

Brazed specimens 
Density ~ ~ : $ ~  Elasticity Creep fatigue MOR 4 Shear str. Toughness Torsion lor fatigue 

Alumina 
Alumina t reinforcing 
Alumina t zirconia 
Mu1 1 i te 
Mullite + reinforcing 
Silicon carbide 
Silicon nitride 

fibers 

fibers 
12 

69 48 
Silicon nitride t reiriforcing fibers 
Zirconia 160 58 
Zirconia i reinforcing fibers 
Other 

15 

2 

6 

7 

i5 9 25 
7 

2 
I I  

10 13 15 
19 28 21 24 
15 2 
5 i  158 

4 

16 
119 

Totals 229 118 2 21 7 88 io0 209 43 215 

Mater7al 
class 

Iu 
10 Fracture Hardness Interrupted MOR MOR Oxjdation Poisson's Shear ~ ~ ~ ~ i l ~  Thermal 

toughness fatigue 3 - P t .  Dena 3-Pt. bend ra;e ratio modulus conductlv,i ty h) 

A I  umi na 
Alumina t reinforcing 
Alumina  t zirconia 
Nul 1 ite 
Mullite + reinforcing 
Silicon carbide 
Silican nitride 

fibers 

fibers 

39 4 
39 

1 

12 
29 27 
94 112 

431 
144 

7 
I 4 
9 22 

236 
10 954 1 

3 
2 

17 
1 

16 

23 3 
1 1  311 

I49 23 
Silicon nitride t reinforcing fibers 53 144 86 9 
Zirconia 347 24 239 1554 52 
Zirconia t reynforcing fibers 2 36 
Other 3 39 59 

Total 5 61 7 206 239 20 3537 4 19 1 J  360 69 
- 

_ _ _  



Table  1. CTAHE Data  Base Summary as o f  September 30, 1991 (continued) 

Materi a1 
class Thermal Thermal Thermal Thermal X- Ray Chemistry contraction diffusivity expansion shock Torsion diffraction char. 

A1 umi na 
Alumina t reinforcing f’lbers 
Alumina + zirconia 23 
Mu1 1 i te 
Mullite + reinforcing fibers 
Silicon carbide 
Silicon nitride 
Silicon nitride t reinforcing fibers 
Z i  rconia 
Zirconia t reinforcing fibers 
Other 

1 2 
18 4 6 

21 

23 
17 

23 
59 
14 

17 
3 49 

72 

35 4 

13 14 
94 
8 
2 
24 
9 57 

60 7 
56 
38 44 

5 
36 17 

Totals 23 58 157 a 7 138 345 139 

Material 
class 

Wear 
resistance Coatings Lubricants 

A I  umi na based 
Alumina t reinforcing fibers 
Si1 icon carbide 
Silicon nitride 
Chromia based 
Zirconia based 
Enamels 
Other 

9 
1 
3 

22 
98 
13 

5 
126 

Totals 211 
Grand total (characterization data) 
Grand total (test data only) 

3 

20 
15 
10 
53 13 

101 13 
459 

6788 
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B. L. Keyes attended a joint meeting of ASTM C28 and E49 at the National 
Institute for Standards Testing (NISI") in Gaithersbur I December 1 
1991, to discuss material designation fields required tely define a specific 
ceramic and to discuss future joint ventures in stand ent. Results Of 
the meeting were a revised guideline dacu-ment on 
ceramic materials and the initial exchange of ideas on prope y fields for flexure 
tests at room and elevated temperatures. Mare work will be one on the properties 
of ceramics in the near future. 

All data base summary reports are wow in publication. Work is continuing on 

to be campieted in draft form through September 1992, and 
new data to the data base in preparation for the next data 

rized user interface to be started in June 1992. 

Pub I ieat i a II! s 

The Ceramic Technsingy for Advanced Heat Engines Project Data Base: 
September 1990 Summary Report is in publication. 

The Ceramic Technology for Advance Heat Engines Project Data Base: 
March 7990 Summary Report is in publication. 

The Ceramic Technology for Advanced Heat Engines Project Data Base: 
September 799 I Swmmary Report is in publication. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Fracture Behavior o f  Toughened Ceramics 
H. T. Lin, P. F. Becher, and W .  H. Warwick (Oak Ridge 
National Laboratory) 

Ob.jective/scoDe 

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. 
is the improved fracture toughness that can be achieved by appropriate 
design of microstructural and material parameters. Previous studies show 
that these materials often exhibit substantial improvements in damage, 
thermal shock, and slow crack-growth resistances. However, design of such 
systems must also consider those factors influencing their performance at 
elevated temperatures. 

mechanical properties, (e.g., creep, delayed failure, strength, and tough- 
ness) 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 o f  these properties for extended periods at these temperatures. 
The knowledge gained from these studies provides input on how t o  modify 
materials to optimize their mechanical properties for the temperature 
ranges o f  interest. 

Chief among these 

In response to these needs, studies are conducted to determine the 

Technical hiqhl iqhts 

evaluation o f  the toughness and creep behavior o f  in-situ reinforced 
silicon-nitride ceramics with highly developed acicular (whisker-like) 
grain microstructure. These Si N materials were fabricated with sintering 
systems of 2A13Y4La (SC138), 2Al61a (SC216 and SC127), 2A16Y (SC252), l1La 
(S@162), 4Y6La (SC218), and 2Sr6Y (SC253) and under W.B.S.  Element 1 . 2 . 3 . 1  
(Dispersion-Toughened Ceramic Composite). 

Toughness Behavior o f  In-Situ Reinforced Si,N, Ceramics 

The objective o f  this task i s  to provide an understanding of the 
effects o f  the oxide-sintering additives and microstructure characteristics 
on the toughness behavior of in-situ reinforced Si,N,ceramics. The influ- 
ence of test temperature on the fracture resistance in air i s  also 
evaluated. 
was characterized via a multiple indentation and fracture method. The 
bend bars were prepared such that the tensile axis and surface were perpen- 
dicular to hot-pressing direction. 
490 N were employed in order to study the R-curve behavior at room 
temperature. 
temperatures up to 1300°C in air was 294 N. 
in four-point loading with inner and outer span lengths of 6.35 and 

The research efforts during this past six months were devoted to the 

The fracture toughness at both room and elevated tempyratures 

Indentation loads ranging from 9.8 to 

The bend bars were fractured 
The indentation load used for to!?ghness measurement at 



, respectively, a t  a crosshead speed o f  0 - 5 1  mm/min f o r  room- 
temperature t e s t  and a t  a loading ra te  o f  approximately 58 MPa/s for high- 
temperature t e s t .  
and/or t e s t  temperature. 
eval uate the operative toughening rnechani sms contributing t o  the increased 
fracture resistance.  

Rooin Temperature: Figures 1 and 2 show the fracture toughness versus 
crack length d a t a  as a function o f  sintering additives for  Si,N ceramics 
with elongated g r a i n  structures a t  room temperature. I n  genera?, the i n -  
s i t u  reinforced Si,N, ceramics e x h i b i t  increasing crack-growth resistance 
with crack length ( i . e . ,  R-curve behavior). The toughness resu l t s  indicate 
t h a t  the degree of R-curve response ( the ra te  o f  r i s e  o f  fracture re- 
sistance with crack length) and toughness value are, in p a r t ,  dependent 
upon the oxide additives used in t h i s  study* 
materials (Fig. l ) ,  the materials w i t h  2Al3Y4La, or 2A18La, exhibit re la-  
t ively slowly r is ing R-curve with i n i t i a l  extension o f  crack length as 
compared t o  2A16Y materia?. However, the fracture toughness value a t  t h e  
plateau of R-curve i s  quite similar For a l l  o f  the Si,N, materials w i t h  
A1,O The R-curve behavior for materials free o f  A ?  0, ( l l l a ,  4YSLa, and 
2Sr&) i s  i l lus t ra ted  i n  Fig .  2 .  The toughness resufts indicate t h a t  the 

Three specimens were tested a t  each indentation l o a d  
Scanning electron microscopy (SEM) was used t o  

For alumina-containing 
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Fig. 1. Fracture resistance versus crack length curves for  
alumina-containing s i l icon-ni t r ide ceramics. 
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Fig. 2. Fracture resistance versus crack length curves 
for silicon-nitride ceramics with l l L a ,  4Y61a, and 2Sr6Y 
sintering additives. 

2Sr6Y material exhibits the strongest R-curve response and highest tough- 
ness value among these alumina-free Si,& materials, while the llLa mate- 
rials reveals a marked contrast behavior to the material with 2Sr6Y (the 
least response o f  R-curve and lowest toughness). 

the Si$ materials investigated could arise from the explicit differences 
in the ejongated grain structures such as distribution o f  grain size and 
aspect ratio. However, the preliminary SE examinations on the fracture 
surfaces of all of the as-fabricated materials reveal that the elongated 
microstructure i s  quite similar. Therefore, differences in chemistry, 
which lead to different thermomechanical properties, bonding, and volume 
content of grain-boundary phase(s), may contribute to the differences in 
the observed R-curve response and fracture resistance. The SEM observa- 
tions of the crack paths indicate that the enhancement in fracture resis- 
tance o f  the i n - s i tu  reinforced Si,N,ceramics is due t o  a combination o f  
toughening mechanisms of crack bridging and pullout of elongated grains. 
The elongated grains behind the crack tip impose a crack-closure stress to 
counteract the externally applied stress, thus increasing the fracture 
resistance. 

data o f  i n - s i t u  reinforced Si,\, as functions o f  test temperature and 

The difference in the R-curve responses and toughness values among 

Elevated Temperature: Figures 3 and 4 show the fracture toughness 
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F ig .  3 ,  Fracture rcsustance versus temperature 
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Fig .  4 .  Fracture resistance versus temperature 
curves far silicon-nitride ceramics w i t h  4Y and 11La. 
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sintering additives. 
materials with the 2A16Y and 2Sr6Y sintering additives is insensitive to 
increases in test temperature up to 1000°C in air (Fig. 3 ) .  
the 2Sr6Y material exhibiting a 16% decrease in toughness, the 2A16Y ma- 
terial shows a substantial increase (43%) in apparent toughness when the 
temperature exceeds 1000°C. This substantial increase in apparent fracture 
resistance of 2AlfiY material likely is associated with the softening of 
intergranular glassy phases. Viscous flow processes would also contribute 
to the observed significant strength degradation at elevated 
 temperature^.'^^ On the other hand, a change in interfacial bonding and 
effectiveness of crack bridging and pullout mechanisms due t o  the crystal- 
lization process of intergranular glassy phases at elevated temperatures 
may result in a decrease in fracture toughness. 

Fig. 4 .  
resistance of both Si3N4 materials increases with test temperature up to 
1200°C under the test conditions employed in the present study. 
contribution to the positive temperature dependence of fracture toughness 
is still uncertain at present and needs to be explored. 

The results indicate that the toughness of Si,N4 

In contrast to 

The toughness results For materials with 4Y and llLa are shown in 
The toughness versus temperature data shows that the fracture 

The 

Creep Behavior o f  In-Situ Reinforced Si,N, Ceramics 

The studies of the strength and toughness behavior of Si$, ceramics 
containing elongated grain structure indicate that the mechanical responses 
o f  Si3N4 materials at elevated temperatures in air are governed by the 

2-4 residue intergranular phases introduced by the oxide-sintering additives. 
The marked reduction in fracture strength that occurs at temperatures 
>L 3200°C in air is attributed to the onset of the softening of inter- 
granular phases and/or oxidation reaction. The principal source of the 
degradation in mechanical properties arises from the creep-type processes. 
Therefore, a study o f  flexural creep has been initiated in this reporting 
period to understand the relationship between the temperature a t  which a 
significant decrease in strength occurs and the creep rates. The flexural 
creep study in air was conducted at temperatures from 1200 to 1370°C using 
selected appl ied stresses. 

with sintering additives of 2A16Y and 2Sr6Y at 1200°C at stresses ranging 
from 100 to 408 MPa. 
1 wt % MgO is also included for comparison. The results indicate that in 
spite of the difference in sintering additives, the 2A16Y material (SC252) 
and NC132 exhibit identical creep properties at 1200°C under the stress 
range employed. The results also show that the 2Sr6Y-containing material 
exhibits creep rates that are three to four times lower than those of NC132 
and 2A16Y materials (SC252). Furthermore, the 2Sr6Y material exhibits a 
creep strain after 100 h at l20O0C/1O0 MPa, which is an order of magnitude 
less than those for NC132 and SC252. Regression analysis of the creep rate 
versus stress data reveals a creep-stress exponent of one for each 
material. For ceramic materials with intergranular liquid phases, a stress 
exponent of one is generally attributed to viscous creep mechanism. 

materials containing 2Sr6Y exhibited much better retention of strength at 
1200°C in air than 2A16Y This is, in part, due to the fact 

Figure 5 shows the flexural creep data for silicon-nitride ceramics 

The creep data o f  Nor;on NC132 hot pressed with 

The fracture strength results reported previously have shown that the 
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F i g .  5. Creep rate versus applied stress curves for 
silicon-nitride ceramics with elongated grain structure. 

that the intergranular glassy phase in 2Sr6Y material is more refractory 
(thus, h i g h e r  viscosity) than that i n  2A16Y material, which i s  indicated by 
the much better creep resistance o f  the  2 S r Q Y  material. 

Status o f  m i  '9 estones 

On schedule. 

- Pub1 i cati ons 

None. 
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C V d i C  F$&ue Qf Touahmed Ceramics 
K. C. Liu, H. Pih, C. 8. Stevens, and C. R. Brinkman 
(Oak Ridge National Laboratory) 

Obiective/scope 

The objective of this task is to develop, design, fabricate, and demonstrate the 
capabilily to perform tension-tension dynamic fatigue testing on a uniaxially loaded 
ceramic specimen at elevated temperatures. Three areas of research have been identified 
as the main thrust of this task: ( I )  design, fabrication, and demonstration of a loa 
column that truly aligns with the line of specimen loading; (2) development of a simple 
specimen grip that can effectively link the load Rrain and test the specimen without 
complicating the specimen geometry and, hence, minimize the cost of the test specimen; 
and (3) design and analysis of a specimen for tensile cyclic fatigue testing. 

Technical prowess 

Cyclic fatigue testing of GN-10 Si,N, 

Cyclic fatigue tests were continued on GN-10 Si,N, at 11 50" C. Test; parameters 
and results obtained to dale are summarized in Table 1, and data are plotted in Fig. 1. 
Filled symbols indicate th@ specimens were fractured at the test condition; open symbols 
indicate the test conditions were changed at the ramiber of cycles to the next higher 
cyclic stress amplitude until failure occurred as indicated. Since the high-cycle (> 5 x lo5 
cycles) fatigue strength of GN-10 at 11 50" C was not known, a cyclic stress amplitude of 
380 MPa was selected as a starting paint. After the first specimen was cycled for about 
1 x 1 O6 cycles with no indication of imminent failure, the cyclic stress amplitude was 
increased in steps of about 14 MPa on average after completing a block of about 50,000 
cycles untii failure occurred at 460 MPa. 

Once the high-cycle end of the fatigix strength was determined, the law-cycle 
fatigue life can be deduced approximateiy. Therefore, the second specimen was cycled 
to 440 MPa at the onset The cyclic stress arnplitcrde was increased to 460 MPa at the 
end of 451,560 cycles. The specimen failed after completing a total of 71 7,160 cycles. 
Results of this test are consistent with that of the first specimen, showing the fatigue 
strength of this material at 11 50°C may be at the level of about 468 MPa in the high-cycle 
range. 

On the basis of the above finding, the third specimen was cycled to 480 MPa at the 
onset Thc specimen failed after completing a total of 5359 cycles, which fell within the 
target range. Due to the limited number of test results, the fatigue curve of GN-10 SI,N, at 
1 150" C was determined visually. A comparison indicates that the fatigue strength of 
GN-1 Q at 11 50" C may be comparable to or only r n ~ r ~ i ~ a ~ ~ y  lower than that of NT-154. 
Examination of Fig. 1 further indicates that the difference between the fatigue strength at 
the high-cycle end and the corresponding tensile strength was about 43% of the latter at 
1250°C. The difference narrowed to 36 and 25%, as temperature decreased to 1200 and 
1 150" C, respectively. If this trend continues as temperature further decreases, the fatigue 
curve will become flat indicating that there may be little or no fatigue damage occurring 
due to cyclic loading at low temperatures. 



Table 1. Results of tensile and c y c l i c  fatigue tests o f  GN-10 Si,N, 
at elevated temperatures 

Tens i 1 e/cycl i c Intermediate Number o f  cycles Number of 

[MPa (ksi)] 1 oadi ng to failure Cyclic stress at intermediate Temp. stress t o  
Specimen (“1 fracture 

[MPa ( k s i ) ]  

357-2 1150 585.6, (84.9) 

357-3 1150 380, (55.1) 
397, (57.6) 
408, (59.2) 
420, (61.0) 
436, (63.2) 
447, (64.9) 

460, (66.7) 

357-4 1150 440, (63.8) 
460, (66.7) 

357-5 1150 480, (69.6) 
350-1-2 1200 514.2, (74.6) 

340-2-5 1200 350, (50.8) 
350-2-4 1200 300, (43.5) 

313, (45.4) 
326, (47.3) 

337, (48.9) 

338-1-2 1250 472.5, (68.5) 

331 - 1 - 1 1250 285, (41.3) 
350- 2 -5 1250 250, (36.3) 

1,005,272 
44,813 
50,925 
148,636 
51,887 

69,351 
10,442 

451,560 
265 , 600 

1 

(1,005,272)* 
(1,050,085) 
(l,m,olo) 
(1,249,646 j 

(1,301,533) 
(1,370,884) 
1,381,326 
451,560 
717,160 

5,359 
1 

41,845 
1,139,464 (1,139,464) 

59,332 { 1,198,796) 
87,222 (1,286,018) 

43,446 1,329,464 
1 

59,308 
221,774 

w 
0 
0 

~ ~~ * 
Numbers in parenthesis indicate number o f  cycles accumulated at the end o f  intermediate loading. 
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Fig. 1. Pensile fracture and cyclic fatigue behavior of GN-1 Q Si,N, tested at elevated 
temperatures. 

Acoustic emission (AE) studies of ceramic fatigue 

Acoustic emission studies were conducted on SiCJAl,O, composite specimens 
under cyclic fatigue loading. Results indicated that the AE detecting system was capable 
of predicting the imminence of failure of the composite material under cyclic loading by 
showing an accelerated increase in energy/count rata prior to fracture, as was the case in 
an earlier AE study on sintered Si,N,. However, early detection of the potential failure 
sites, far in advance to actual failure, remains difficult at this time because the potential 
fracture initiation defects do not prevail at the early stage of fatigue life on many 
competing AE sources that are distributed rather randomly along the length aC %he tensile 
specimen. Therefore, the technique relying on ~ ~ e ~ t i f i ~ ~ t i ~ ~  of change in energy/count 
rate needs further refinement to accomplish accurate estimation of residual life an 
predict exact location of failure site. 

AE sensors. Figure 2 shows a plat of energy versus location far composite specimen 
No. 1. Although actual failure occurred beyond sensor 2 (outside the monitoring section 
between two sensors), a high-energy peak located at the proximity of sensor 2 indicated 
otherwise. The false indication of the fracture site was a result of the deficiency in the 
location algorithm, which calculated the lacation of an AE event based on the differential 

Bath composite specimens tested failed outside the sensor section bet 
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Fig. 2. AE energy versus location plot for an SiCJAI,O, specimen tested under 
cyclic fatigue loading. 

between AE wave arrival times monitored at the sensors. Any AE event occurring outside 
the sensor zone yielded the maximum time differential, hence indicating the location of 
failure at the nearest sensor point. Furthermore, in many cases, the energy peak would 
not indicate exactly on the sensor location since the paths and speed of AE waves to the 
sensors could not be estimated accurately a priori. 

A draft report has been prepared covering results of the AE study on cyclic fatigue 
behavior of ceramic and ceramic composite materials. 

Creep testing of NT-154 Si,N, 

Experimental efforts were continued on creep testing of NT-154 Si,N,. All speci- 
mens tested were annealed at 1370°C for 150 h. Activities that occurred during this 
reporting period are as follows. 

Creep behavior at 1200°C 

Specimen 13-1 0: Test was initiated at 1200" C under an initial stress of 250 MPa, 
which was increased to 275 MPa at t - 1000 h and to 300 MPa at t - 2000 h. The 
specimen failed after 135 h of testing at 300 MPa, as shown in Fig. 3. The purpose of this 
test was to investigate the effects of strain histories on creep deformation. 

Specimen 13-14: Test has been completed. The test was initiated at 1200°C under 
175 MPa. Subsequently, the test temperature was increased in steps of 50" C at a time 
interval of about 1000 h, as shown in Fig. 4. The specimen fractured in about 10 rnin after 
the test temperature increased to 1350" C. A comparison shows that the creep-strain rate 
at t = 2000 h for this specimen was about the same (-2.0 x lo-'' s-') as that at 
t = 2000 h for specimen 20-56 tested under the same condition (1 75 MPa/l250" C) as 
seen in Fig. 7. The creep rate accelerated significantly when temperature was increased 
to 1300" C. However, the creep rate slowed down to 1.3 x 1 O-' s-' during the last 500 h 
of testing. Interestingly, the creep rate was almost the same as that of specimen 20-47 
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Fig. 3. Creep curve of NT-154 Si,N, (specimen I 3-1 0) tested at 1200" C 
with an initial stress of 250 MPa, which was increased in steps of 25 MPa at 
the end of each time interval of 1000 h until failure. 
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Fig. 4. Creep ciiwe of NT-154 Si,N, (specimen 13-1 4) tested initially 
under an applied stress of 175 MPa at 1208" C, S u b s  
ternpesature was increased En steps of 50°C ai the  end of each time 
interval of 1800 h until failure. 
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tested under the same condition (175 MPa/l300"). The creep curve of specimen 13-14 
was replotted in Fig. 5 such that both curves started at zero time to facilitate comparison. 
The creep rates at the end of both curves are about the same also, suggesting that this 
material may have a relatively weak memory of time and strain histories. 

Creep behavior at 1250" C 

Specimen 13-04 The test has been completed. The specimen was loaded initially 
ta 150 MPa, then subsequently raised in steps of 25 MPa at a time interval of about 
1000 h. Increases in creep-strain rate were observed, as the applied stress was increased 
in steps, as shown in Fig. 6. The specimen fractured after about 500 h of testing under 

Pa. The creep rate determined from the last 200 h of testing was higher than that 
of specimen 20-59 by a factor of about two. Specimen 20-59 was crept under the same 
test conditions but loaded to 225 MPa at the onset. 

Specimen 20-56: The test is continuing at 1250°C under a constant stress of 
175 MPa. A total of about 0.62% strain has been accumulated after 7300 h of testing to 
date, as shown in Fig. 7. Creep rate was reasonably steady at a rate of about 2 x IQ-"S1 
until the test was interrupted by a power failure that occurred at t = 521 1 h. The creep 
rate increased by about 50% after the test was restarted. However, it decelerated 
gradually to the steady-state creep rate after an additional 1000 h of testing. 

Specimen 20-00: The specimen has been tested at 1250" C under an applied stress 
of 150 MPa. A total of about 0.25% strain was accumulated after about 3750 h of testing, 
as shown in Fig. 8. Restarting of the test at t = 1745 h due to a power failure did not 
appear to have changed the subsequent creep behavior. The creep rate was determined 
from the last 1500 h of the creep curve to be 8.7 x lo-" s-'. The test is continuing. 

Specimen 20-32: This is a new test and the last one for this series of specimens 
made from lot-"20". The specimen is being tested at 1250" C under an applied stress of 
225 MPa. The stress will be stepped down at the end of each 1000 h of testing in creep 
by a step of 25 MPa. This test is intended to study the effect of strain history in the 
reverse process contrasting to that used in testing of specimen 13-04, in which the stress 
was stepped up in an increment of 25 MPa at the end of each 1000 h of testing. 

Creep behavior at 1370" C 

Specimen 19-44: This specimen has been tested at 1370°C under an applied 
stress of 75 MPa. Test results obtained to date are shown in Fig. 9. This specimen 
exhibited a short transient creep range followed by a fairly long range of steady-state 
creep. Therefore, the creep behavior was thought to be more consistent with that of 
specimens made from lot-"CP" until the creep rate decelerated rapidly after t 3 2000 h, 
showing a creep rate of about 7 x IO-'' .Si during the last 500 h of testing, If the trend 
continues, the creep behavior beyond t > 2000 h will be consistent with that of specimens 
used in this series of experiments. The test is continuing. 

In summary, observations based on data obtained to date indicate that the creep 
behavior of NT-154 at elevated temperatures was consistent and reasonably predictable 
provided that the material was annealed and obtained from the same lot. 
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Fig. 5. Comparison of creep curves for an annealed specimen (20-47) 
and a precrept specimen (1 3-1 4) tested at 1300" C under 175 MPa. 
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Fig, 6. Creep curve of NT-i 54 SI'&, (specimen 13-94) tested at 
1250" C with an initial stress of 156 MPa. The stress was increased in steps 
of 25 MPa at the end of each time interval af 1008 h. The specimen frac- 
tured after about 580 h of testing under the maximum stress of 225 MPa. 
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Fig. 7. Creep curve of NT-154 Si& (specimen 20-56) tested at 
1250°C under an applied stress of 175 MPa. The arrow indicates the test 
is continuing. 
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Fig. 8. Creep curve of NT-154 Si,N, (specimen 20-00) tested at 1250" C 
under an applied stress of 150 MPa. The arrow indicates the test is 
continuing. 
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Fig. 9. Creep curve sf NT-154 Si,N, (specimen 19-44) tested at 1370" C 
under an applied stress of i 5  MPa. The arrow indicates the test is 
cont i nuing . 

ATTAP tensile ruyture/creep testing 

Screening tcsts (task 1 ) were performed on Garrett Auxiliary Power Division (GAPD) 
tensile rupture specimens of GN-10 and NT-154 in su part of the ATTAP program. The 
purpose of the scree:ainy Zests is to identify stress levels required ta yield the appropriate 
times-to-failure for tensile rupture characterization tests (Task 2), which are to fallow L J ~ Q ~  
campletion of the screen tests. The stepped stress-rupture made was used to test three 
specimens for each material, one for each test temperature at 1204, 1260, and 131 5°C. 
All screening tests were to begin with an initial stress of 20'7 MPa (30 ksi). The stress 
level was then stepped up 70 MPa (10 ksi) every 24 h until specimen failure occurred. 
Test resuits were summarized in Table 2, and data were plotted in Figs. 10 through 15. 
The information was also transmitted to GAPD for a review to configure a test matrix for 
Task 2 tensile rupture characterization tests. 

Status of milestones 

1. Completed a draft report covering results of tensile creep rupture tests of GN-10 Si,N, 
by November 30, 1991 (Milestone 321507). 

2. Completed preliminary study of cyclic fatigue behavior of ceramic and ceramic 
composite materials using AE techniques by March 31, 1992 (Milestone 321 41 4). 
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Table 2. Summary of tensile-rupture screening tests 
on GN-10 and NT-154 specimens 

Time to 
failure 

Total 
Temperature stress, creep 

strain 
% 

Initial Failure 
Specimens stress, 

(h) '(" F, MPa (ksi) MPa (ksi) 

GN-10 1204 (2200) 207 (30) 276 (40) 0.2 28.3 

1260 (2300) 103 (1 5) 207 (30) 0.8 79.3 

131 5 (2400) 69 (1 0) 138 (20) 1.22 52.7 

NT-154 1204 (2200) 207 (30) 345 (50) 0.1 05 68.8 

1260 (2300) 207 (30) 345 (50) 0.1 26 50.2 

131 5 (2400) 207 (30) 276 (40) 0.23 27.8 
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2000 

1 500 

lo00 

500 

0 
4 8 1 2  16 20 24  28 

TIME (h) 

Fig. 10. Results of stepped creep tests on GN-1 0 Si,N, at 1204" C with 
an initial stress of 207 MPa (30 ksi). The specimen failed at t = 28.3 h after 
the applied stress was increased to 276 MPa (40 ksi) at t .I 24 h. 
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QRNb-DWG 92-1 1854 
PQ, ~~~~~~~ TEST, GN-10, 126Q"C 

TIME (h) 

Fig. 11. Results of stepped creep tests on GN-10 SiJ, at 1260" C 
with an initial stress of 103 MPa (15 ksi) and subsequent stresses in 
increinents of 69 MPa (10 ksi) at the end of each time period of 24 h 
until specimen failure occurred at t = 79.3 h. 

QRNL-DWG 92-1 1855 
GAPB, SCBPJNG TEST, G N - 1 0 ,  1315°C 

Fig. 12. Results of stepped creep tests on GN-10 Si& at 131 5" C 
with an initial stress of 69 MPa (10 ksi) and subsequent stresses in 
increments of 69 MPa (10 ksi) at the end of each time period of 24 h 
until specitnen failure occurred at t =1 52.7 h. 
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ORNL-QWG 92-1 1856 
GAPD, SCOPING TEST, NT-154, 1204°C 

I- cn 
a 

Fig. II 3. Results of stepped creep tests on NT-154 Si& at 1204" C 
under various levels of stresses as indicated. The negative creep strain 
indicated at the onset of creep test was a result of extensometer drift 
and not the true creep behavior. The test was interrupted at t = 16.3 h 
due to a heater problem. 

ORNL-DWG 92-1 1857 
GAPD, SCOPING TEST, NT-154, 1260°C 

TIME (h) 

Fig. 14. Results of stepped creep tests on NT-154 Si,N, at 1260" C 
under various stress levels as indicated. The specimen failed at 
t = 50.2 h. 
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Fig. 15. Results of stepped creep tests QOI NT-154 Si& at 131 5" C 
with an initial stress of 207 MPa (30 ksi). The specimen failed at 
t = 27.8 h after the applied stress was increased to 276 MPa (40 ksi) at 
t = 24 h. The recording pen pegged out during the period of the data gap 
(-10.5 < t < "16 hj indicated by a dashed line. 

Publicatim 

1 .  J. L. Ding, M. C. Liu, C. R. Brinkman, and D. R. Johnson, "Development of a high- 
temperature deforrnation and life-prediction model for advanced silicon-nitride ceramics," 
reviewed for publication. 

2. M. C. biu and J. I_. Ding, "A mechanical ~ ~ ~ ~ ~ ~ ~ ~ t ~ r  for high-temperature tensile 
testing sf ceramics," reviewed for publication. 
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Potor Data Base Gene ratioq 
ha. K. Ferber and M. G. Jenkins 
(Oak Ridge National Laboratory) 

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 tensils 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 tirne-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 
ceiramographic, SEM, and transmission 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 applicabiiity 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 high-temperature 
structural ceramics. 

Bchnical proaress 

Studies of the elevated-temperature mechanical properties of a high- 
performance silicon nitride (PY6)* were continued this reporting period. PY6 is 
fabricated by hot isostatic pressing (HIP) using 6 wt % yttria as the densification aid. 
The microstructure typically consists of 1 - to 6-pm-lont;. acicular grains surrounded 

*PY6 silicon nitride, GTE Laboratories, Inc., Waltham, Massachusetts. 
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ains 0.1 to 1.0 prn in diarnettx. This rn rpho!ogy leads to 
ructuse. The silicon-nitride grains, which are generally in 

re separated by relatively thin layers of an msrphous yttrium 
ular phase is also present in the triple points as a crystalline 

yttrium silicate. The exact phase composition sf these Inteqyanular Compounds 
depends upon the HIP conditions. 

Tiad, the evolutisn of Cree 
ties) in PY6 silicon nitride 

mage (primarily in the 
studied by ~~r~~~~~~~~~ 

creep testing at 1370%. 
imens (6.35-mm g 

Data were 

were machined frcm i~~~~~~~~~ 
diameter. Based upon the studies of Susesh and 
B sensitive %a this level uf creep damage. The value of 
ress-strain c u w ~ s  generated by first unloading the 

specimen ea 16 ta of the creep stress, oa, and then reloading back to aaW The 
measurement of E involved the periodic: application af an unlaad/load cycle to the 
statically loaded button-head tensile specimen (Fig. 1). E was calculat,aed from the 
slope of the stress-strain curves generated during each cycle at 24-h intervals until 

ure 2 shows the total strain and E as functions of time f ~ r  an applied stress 
of 62 MPa. For times less than 258 h ,  E decreased slightiy, which is consistent with 
the expected evsSution of creep darm-aags. W O W ~ V ~ ~ ,  E appeared to reach a 
minimum value for times in the range 255 to 300 h. A second finding of interest is 
that %he strain versus time curve in Fig. 1 exhibited no evidence of tertiary creep. 
Previous data general at 60 MPa (dashed line in Fig. 1 j revealed a significant 
tertiary strain cornpon preceding failure. The failure time sf the specimsn tested 
at the 62 MPa stress was also substantially g r a t e r  than that of the specimen tested 
at 60 MPa. 

78 and 85 MPa. As shown in Fig. 3, the elastic modulus calcirIate 
90 MPa static stress test decreased slightly during the early podia 
(< 488 h). For exposure times exceedin 400 h, E approached a constant value. 
The strain-time euwe far the specimen t ted at 90 MPa revealed both a longer 
fatigue life and lower creep rate compared with the specimen tested previously at 
68 MPa (dashed line). The tertiary regime for the 70 MPa curve was not as 
pronounced as in the 68 MPa test. Similar results were obtained from the static 
stress test at 85 MPa. 

over that measured under "no cycle" conditions (baseline data in Fig. 4). The 
relative increase in fatigue life, tf (cyc1ed)Jtf (not cycled), was dependent upon the 
number of cycles applied prior to failure (Fig. 5). 

a result of the ~n~~~~~~~~~ cycles applied during the creep test. Based upon 
previous studies,2 it is k d y  that viscoelastic strain recovery occurring during the 

In order to verify these findings, additional PY6 specimens were tested at 

As shown in Fig. 4, a major effect of this cycling was to increase the fatigue life 

The differences in the strain-time behavior sbsewed for the specimens used for 
measurements and that for the specimens tested previously were ~ ~ p ~ ~ ~ ~ ~ ~ y  
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ORNL-DWG 92-1 1877 

Fig. 1. Schematic representation af load and 
displacement-time profiles associated with the elastic 
modulus measurements. Each unloadload cycle 
generally required less than 60 s for completion. 
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Fig. 2. Time dependence of total strain and 
elastic modulus for specimen tested under a 62 MPa 
applied stress at 1370%. 
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. 4. Far creep tests conducted at 1 370aC, 
the fatigue life of specimens subjected to periodic 
cycling was significantly greater than that far 
specimens subjected to a static load only. 
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Fig. 5. Relative increase in static fatigue life 
for the cycled specimens was proportional to the 
number of unload/load cycles. 

initial unloading effectively reduced the driving force for subsequent cavitation. 
This concJ~$ion is consistent with SEM observations, which showed much lower 

ity densities in the specimens tested at 62 and 70 MPa. it also explains the 
approach a constant value with time as well as the absence of a 
~ ~ ~ ~ n e n t  in the strain-time curves. finally, because ad the 
~ o a ~ l o ~ d  cycling upon the cavitation behavior, the periodic 
~ ~ ~ n g  static-load testing does not appear to be a useful method 
ime dependency of creep-damage evolution. 

In order to better characterize the effect of cyclic ~ Q a ~ ~ n ~  upon the fatigue 
characteristics; sf the PY6 material, a series of low-frequency (0.1 to 18 Mn) cyclic- 
fatigue tests at 1 150, 1260, and 1 37Q°C will be examined during the next six 
months. The baseline static fatigue characteristics at each temperature have 
recently been verified from dynamic fatigue tensile tests in which the fracture 
strength, CY,, was measured as a function of stressing rate, do/dt. Results from these 
tests are shown in Figs. 6(a)-6(c). The parameter, N, in these figures represents the 
fatigue exponent in the expression; 

where A is a constant. When failure is controlled by slow crack growth, N should be 
equal to the value determined from static fatigue tests. In this case, N is calculated 
from the expression, 
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~ 6" Dynamic fatigue data for PV6 silicra 
nerated at 1260 and 1376% revealed t 

distinct failure regimes. No change in failure mode 
was indicated for the 1 150°C data: (a) 1 1 5O0C, 
(b) 126006, and (c) 137ooc* 
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where CT, is the applied stress, do is a normalizing parameter (=I MPa), and B is a 
constant. 

In Figs. 6(b) and 6@), the dynamic fatigue data measured at 1260 and 1370°C 
reveal a transition in fatigue behavior at stressing rates c 10-1 MPa/s. As show 
Figs. 7(a)-7(c), this transition corresponds to generation of large, nonline 
preceding failure. In the low-st ressi ng-rate e at 137Q0C, the static a 
dynamic fatigue exponents are comparable 
this value of N is consistent with creep-cont 
by SEM studies, which show that grain-bou 
rates of 510-2 MPa/s. In the higher stressing rate regime, the N values are much 
greater, indicating a change in failure mechanism related to slow crack growth of a 
single flaw, again in agreement with static fatigue data.5 

The dynamic fatigue data can be used to estimate the effective fatigue failure 
times, teff, using the expression; 

to 6). Based upon static stress, 
atigue. This has been confirmed 
avitation occurs at stressing 

where Gd is the failure time for the dynamic fatigue test. For this calculation, the 
fracture stress in dynamic loading is assumed to be equal to the effective applied 
stress in the static fatigue test. figures 8(a)-8(c) ~ ~ m p a r e  the fatigue life 
characteristics determined from E ef. 5. The values of 
Gerr calculated from the low-stres 
1370°C represent a reasonable exten 
the high-stressing-rate regions, the c 
to much lower fatigue lives consistent 
Although the calculation of frierr is based on a som 
(Le., equivalent slow-crack-growth fail 
Figs. S(a)-S(c) illustrate the utility of th 
high-temperature failure modes. 

All milestones are on schedule. 

Publications 

M. 6. Jenkins, M. K. Ferber, R. L. Martin, V. T. Jenkins, and V. J. Tennery, 
"Study and Analysis of the Stress State in a Ceramic, Button-Head, Tensile 
Specimen," ORNWM 11767, Martin Marietta Energy Systems, Inc., Oak Ridge 
National Laboratory, September 1991 (Distributed January 1992). 
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Fig. 8. Static fatigue data generated 
at 1260 and 1370°C (ref. 5) were in good 
agreement with effective fatigue shes pre- 
dicted from the low-stressing-rate dynamic 
fatigue data: (a) 1150O C, (b) 1260' C, 
(c) 1370" C. 
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Touqhened Ceramics L i f e  P r e d i c t i o n  
Jonathan A .  Salem and Sung R. Choi (NASA Lewis Research Center) 

Object i ve/ScoDe 

The purpose of this research i s  to understand the room temperature 
and high temperature [51370°C (2500°F)] behavior of toughened ceramics as 
the basis for developing a life prediction methodology. A major objective 
is to understand the relationship between microstructure and the 
mechanical behavior within the bounds of a limited number of materials. 
A second major objective is t o  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 wi 11 provide input for para1 1 el materi a1 s development and 
design methodology programs. Resultant design codes will be verified. 

Technical Hiqhl iqhts 

The creep behavior o f  a Sic whisker-reinforced silicon nitride and 
a similar monolithic silicon nitride was determined in flexure in air at 
125OOC. Steady-state creep data were obtained for the two materials as a 
function of applied stress, and the appropriateness of bend test data as 
input to life prediction models was evaluated from the conventional 
elastic solution and from the results o f  specimen curvature measurement. 
The mechanisms of creep deformation of the composite and monolithic 
materials were determined from SEN and TEM analyses. 

ExDerimentai Procedures 

The materials used in this study were based on Garrett GN-10 
composite and monolithic Si,N 's .  The material fabrication has been 
described in detail elsewhere f 1 , 2 ] .  Briefly, a silicon nitride powder 
composition was slip cast into 50 mm diameter by 75 mm height billets, 
glass encapsulated by the ASEA method and hot-i sostatical ly pressed to 
produce monolithic si1 icon nitride material. Part of the same power batch 
was blended with 30 vol X S i c  whisker by ACMC and processed with the same 
procedures and additives as the mono1 ithic. Etched microstructures o f  the 
two materials are depicted in Figure 1. High temperature strength, 
fracture toughness, crack growth resistance, fatigue susceptibility and 
oxidation behavior o f  the two materials was previously reported [l-51. 

Billets of both composite and monolithic materials were cut so that 
the longitudinal axes of the specimens were parallel to the billet height. 



326 

Figure 1. 
reinforced (b) silicon nitride materials. 

Etched microstructures of monolithic (a) and Sic whisker- 
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All faces and bevels of the test specimens were ground with # 320 diamond 
wheels and the edges were hand-polished lengthwise with # 600 grit Sic 
paper to eliminate spurious failures from the edges. The final specimen 
dimensions were 3 by 4 by 50 mm in height, width and length, respectively. 

Creep tests were conducted with a lever arm compression creep test 
machine (Applies Test Systems, Butler, PA) using a Sic four-point bend 
fixture with inner and outer spans of 20 and 40 mm, respectively. Stress 
levels from 200 to 370 MPa were applied at 125OoC in air. The displacement 
measurement system included an LVDT with a three-point extensometer made 
of A1,0, gage rod with Sic tips. The Sic tips were in contact with the 
specimen tensile surface at the center and beneath the inner load points. 
Relative deflection was measured and strain was calculated by a data 
acquisition system. Strain calculations were made assuming a constant 
radius of curvature between the inner load points. The following relation 
based on the elastic solution was used [4] 

%ax = 4hd/Li2 

where eLax is the maximum strain in the outer fiber, d is the relative 
deflection of the bar center with respect to the inner load points, and Li 
is the inner span. Additional creep testing was performed using short 
specimens measuring 3 by 6 by 25 mm in height, width and length, 
respectively. Testing was done in air at 1250 OC with an electromechanical 
testing machine (Instron 8562) by using a four-point Sic bend fixture with 
10 and 22 mm spans. It was found that the creep behavior remained the 
same regardless of the specimen dimensions (either 3 x 4 ~ 5 0  mm or 3 x 6 ~ 2 5  
mm) . 

To check the validity of the creep equations based on the elastic 
solution, permanent deflections o f  the crept specimens were determined 
lengthwise by using a machinist optical microscope with a traveling stage. 
The deflection curve thus obtained was fitted to the following polynomial 
equat i on 

y(x) = ax" t Bx"' +.....+ ax5 + bx4 + cx3 + dx2 + ex + f 
where x is the distance along the beam specimen (see Figure 5), and a to 
f are coefficients to be evaluated with a functional fit analysis. The 
deflection curve was used to calculate radius of curvature of the crept 
specimen, which in turn was used to check the validity of creep equations 
based on the elastic solution by Hollenberg [6]. A fifth order polynomial 
was sufficieqt to fit the deformation curves with a correlation 
coefficient r c o e l  0.99. A similar method to this was used by Jakus and 
Wiederhorn to caf culate creep parameter N 171. Details of these results 
will be discussed in the next section. 

The residual strengths of the specimens that survived creep testing 
were determined at room temperature using a four-point bend fixture with 
20/40 mm spans and an actuator speed of 0.2 mm/min. The fast fracture 
residual strength indicates the degree of strength degradation due to 
creep-associated damage. 
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Also, to check if neutral axis shifted during creeping, deformation 
measurements across the specimen height were made on the short specimens 
at applied stresses of 224 to 370 MPa. This was done by putting three 
scratch lines ( x 2 mm between adjacent lines) within the inner span on a 
polished side surface of the specimen [8]. The scratch marks were made 
with a Vicker's microhardness indenter. A similar method using two 
straight rows of "Vicker's impression marks'' 2 mm apart was used by Chen 
and Chuang [9] to measure neutral axis shift. The post-creep visibility 
of the scratch mark was far better than the indentation impression marks, 
as shown previously [8]. 

SEM and TEM analyses were used to reveal morphology of crept 
surfaces and to understand creep mechanisms of the two materials. 

Results and Discussion 

For many advanced ceramics, creep deformation in the steady state 
region is usually expressed by Norton's law 

i = A C Y N  (3) 

where A is a constant associated with creep compliance, Q is the nominal 
maximum applied stress, and N is the stress exponent during steady state. 
This relation for bend beam specimens is based on the conventional 
assumption that creep in tension is identical to creep in compression [6]. 

A typical example of creep strain as a function of time at an 
applied stress of Q = 350 MPa is shown in Figure 2. This figure shows 
that the apparent creep strain and the creep strain rate of the composite 
material are substantially greater than those of the monolithic material, 
thereby resulting in a shorter lifetime for the composite than the 
monolithic. Most of the test specimens exhibited a steady-state creep 
regime for the applied stresses of 200 to 370 MPa. 

The results of the creep strain-rate measurements (elastic solution) 
as a function of applied stress are summarized in Figure 3. Note that 
creep strain rate for the composite material is greater than that for the 
monolithic for all the applied stresses except Q = 200 MPa. Also note 
that a transition in the ;-a curve occurred for the composite material at 
a stress of Q = 320 MPa, resulting in a significantly enhanced creep 
strain rate above 320 MPa. The stress exponent (N) was obtained by linear 
regression of the Log i vs. Log Q curve, based on Eq. (3), and the 
assumption of no neutral axis shift. The stress exponent for the 
monolithic material was N = 1.2. The composite material, however, 
exhibited much higher stress exponents; N = 3 for Q < 320 MPa and N = 19 
for Q > 320 MPa, respectively. These results indicate that the composite 
material exhibited higher creep susceptibility as compared to the 
monolithic material. A similar result of relatively poor composite 
behavior was also found for high temperature (2 1200 "C) slow crack growth 
(fatigue) [5]. 
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2 0  4 8  6 0  100 0 

Figure 2. Creep strain as a function o f  time for 30 vol % SiCJSi N, 
composite and monolithic silicon nitrides at an applied stress of 330 dPa 
at 1250°C in air. 
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Figure 3. Steady-state creep rate as a function o f  applied stress for 
composite and monol i th ic  s i l i c o n  nitrides. N i s  t h e  s t r e s s  exponent 
defined in Eq. (3). 
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The results of the room temperature residual strength measurements 
of the specimens that did not fail during the creep testing are presented 
in Figure 4 ,  where residual strength is plotted as functians of the 
applied stress and elapsed time. The residual strength for the zero 

creep time (t = 0) was obtained from post oxidation strength 
I t  is evident from Figure 3 that the residual strength 

o f  the monolithic material was always higher than that o f  the composite, 
Also, the degree of strength degradation as a function of applied stress 
and elapsed time was substantially higher f o r  the composite than the 
onolithic. This indicates that the larger creep deformation o f  the 
composite resulted in more strength limiting damage. 

rnents [2]. 

Some typical specimen deformation curves obtained a t  appl ied 
stresses o f  B = 200 and 300 MPa are shown in Figure 5, where x is the 
distance along the beam length and y i s  the permanent deflection due to 
creep. This figure indicates that for a given applied stress and elapsed 
time, m w e  creep deformation occurred for the composite than the 
monolithic, as indicated by the results in Figure 3 .  The polynomial fits 
of the data shown in Figure 5 are summarized in Table 1. The table 
includes applied stress, naaterigl, fitting coefficients (a ta f) and the 
coefficient of correlation (=  r c  e f ) .  The deflection curves, like those 
in Figure 5, can be used to obtain the curvature as a function o f  
specimens position (x). The specimen curvature can be calculated using 
the following equation once deflection curve (y(x)) is known 

l/p .= (d2y/dX2)/[1 t ( 4 )  

where l/p is the curvature. 

The resulting curvature, corresponding to Figure 5, obtained from 
( 4 )  and the data in Table 1 is presented in Figure 6, where Log (l/p) 

plotted as a function o f  Log (x) for applied stresses of 200 and 300 
MPa. By combining Eq. (3)  with the resultant bending force across the 

en and the strain-curvature relation, which is based on the elastic 
solution, the curvature can be readily derived in terms o f  applied bending 
~ o ~ ~ n t  as follows 161 

where Ivl is the applied bending moment (expressed as M = Px with P being a 
reaction force at the outer loading point o f  the specimen) and @ is the 
constant associated with A and N and the specimen geometry. Substituting 

= Px into Eq. (5) and taking logarithm both sides yield 

Log (l/p) = N Log x + B 
where 5 = Log [A(P/@)”]. Equations (5) and (6) indicate that on a 
logarithmic plot the curvature is a linear function of x with a slope of 
N in the outer span; however, the curvature in the inner span i s  constant 
because of the constant moment therein. Equation (6) also indicates that 
the stress exponent N can be obtained from the slope when Log ( 1 / ~ )  i s  
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Figure 4 .  Room-temperature residual strength of  crept mono1 i t h i c  and 
composite specimens a s  a funct ion of applied s t ress  and elapsed t ime.  
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Figure 5. Creep deflection as function o f  distance along speci 
(x)  for composite and monolithic materials a t  stresses o f  o = 250 MPa ( a )  
and CT = 300 MPa (b) .  
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DISTANCE ALONG SPECIMEN LENGTH. x Lmml 

Figure 5 (continued). Creep deflection as function o f  distance along 
specimen length ( x )  for composite and monolithic materials at stresses o f  
cs = 250 MPa (a) and CY = 300 MPa ( b ) .  
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Table 1. Coefficients for polynomial expressions representing 
creep specimen deformation as a function of position 

Appl ied Stres%-(MPa) 

Composite Mono1 ithic 

Con st ant* 200 300 200 300 

a - 3 . 8 6 6 2 ~ 1 0 - ~  - 1 . 6 3 5 2 ~ 1 0 - ~  1.6549~10-’ -1.6376~10-’  
b 1 .6110x1K6 3 . 3 6 4 2 ~ 1 0 - ~  9.3028x10-* 7 . 2 5 7 8 ~ 1 0 - ~  
C - 9 . 4 5 0 6 ~ 1 0 - ~  - 2 . 3 7 6 4 ~ 1 0 - ~  - 1 . 9 8 4 0 ~ 1 0 - ~  - 5 . 9 6 5 1 ~ 1 0 - ~  
d 1 .7078x 1 0-3 3 .8488~1  0-3 2.803 l x  1 0-4 8.95 10x1 0-4 
e 0.0104 0.0335 0 e 0136 0.0240 
f 0.0330 0.0364 4 . 0 5 3 4 ~ 1 0 - ~  0.0143 

0.9961 . 0.998% 0.9948 0 9974 2 ’ coef 

Notes:  
1. A 5th order polynomial equation was used: 

y = ax5t~x4tcx3+~x2text~ 

is the square of the correlation coefficient. 2. r coef 

plotted as a function o f  Log ( x ) .  The curves in Figure 6 shows that Log 
( l / e )  is not a linear function o f  Log ( x )  in the outer span, and that Log 
( l /p )  is not constant in the inner span, inconsistent with Eqs. ( 5 )  and 

ever, assuming that Eqs.  (5) and (6) are applicable in an 
e sense, the creep stress exponent N was evaluated f rom Eq. (6) 

and the result is presented in Table 2. he average N parameter is N = 
2.89 and N = 1. for the composite and olithic, respectively. These 
values of N par ters are very comparabl Q those (N = 3 and N = 1.2 for 
the composite a monolithic materrials, respectively) obtained from E$. 3 

the results in Figure 3 .  The general consistency between the two 
sds suggests that tensile creep is nearly equal t o  compressive creep 
these materials w i t h  applied stresses cr < 320 MPa. This implies that 

the variation in curvature and associated neutral axis shift in the inner 
span did not drastically effect the average, computed value of N. Note 

aterial is close t o  unity 
(N = 1 . 2 ) .  I t  can be shown that for N = 1.0, creep deformation is 
symmetric between the tension and compression sides and neutral axis shift 
does not occur. 

t the creep parameter N for the mon 

The results of the neutral - a x i s - p o s i t i o n  determinations, based an 
the scratch mark technique described in the Experimental Procedure 
section, are presented in Figure 7. The strains as a function of location 
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Table 2 .  Stress exponent (N) determined w i t h  E q .  (6)  

Appl i ed N rcoef Materi a1 
Stress (MPa) 

Composite 200 3.098 0 9644 
300 2.541 0.9768 
Average: 2.89 

Monolithic 200 1.513 0.9961 
300 1.620 0.9923 
Average: 1.57 

along the y axis are presented for the different  applied s t resses  and 
sustained times a t  1250 C .  For comparison, the resu l t s  obtained previously 
for  Ceralloy S i  NS4 and s ta inless  steel  [8] are also included i n  the figure.  
The resu l t s  in t igure  7 show that  the neutral axis i s  n o t  c lear ly  defined 
by a systematic trend in s t ra in  along the y a x i s .  Instead, a wide sca t te r  
in s t ra ins  along the y axis i s  exhibite . I n  fac t ,  d i f f i cu l ty  was 
encountered in measuring accurate distan s between the two  adjacent 
scratch 1 i nes because the vi s i  b i  1 i ty was obscured by severe oxidation. 
T h i s  poor v i s i b i l i t y ,  as well as low the small creep s t r a in ,  resulted in 
a wide sca t te r  in measured s t r a in .  I n  contrast ,  the d a t a  obtained from 
Ceralloy Si,N4 showed a systematic trend o f  neutral a x i s  s h i f t  t o  the 
compression side for  a l l  t e s t  condition, as seen in the figure. A l s o  note 
tha t  the neutral axis of a s ta in less  t e s t  bar t h a t  was subjected t o  creep 
a t  a = 250 WPa a t  a temperature o f  700'C aleled almost unchanged, 
indicating tha t  t ens i l e  and compressive creep identical t o  each other ,  
as expected for a duct i le  eta1 183. The success o f  the scratch mark 
technique t o  measure creep s t ra in  across the specian height depends on 
the re la t ive  creep and oxidation rates  of given material. 
Notwithstanding the d i f f icu l ty  in obtaining accurate s t ra in  due t o  
oxidation, the resu l t s  in Figure 7 in general show tha t  the amount o f  
neutral axis s h i f t  may be insignificant within the applied stress range of 
224 t o  320 MIPa, consistent i t h  the resu l t s  obtained fro the evaluation 
o f  N parameter. However, f o r  the monolithic specimen that  was crept a t  CT 

= 370 MPa for t = 19 k ,  the  neutral a x i s  s h i f t  i s  evident as seen in 
re  7(C). Note tha t  the M parameter a t  s t resses  CJ> 320 MPa i s  N = 19 

(see Figure 3)  so t h a t  neutral axis s h i f t  i s  expected La be inevitable.  
Therefore, creep tes t ing in pure tension and pure compression i s  needed t o  
completely characterize creep behavior o f  the composite material when the 
applied s t r e s s  i s  above 320 MPa because of neutral axis s h i f t .  
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Figure 7. Flexure creep strain as a function o f  specimen height (y) for 
composite and monolithic silicon nitride ( a ) .  For comparison the data for 
Ceralloy silicon nitride and stainless steel are included (b) [$I.  
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Figure 7 (continued). Flexure creep strain as a function of specimen 
height (y) for composite and monolithic silicon nitride ( a ) .  F o r  

r i s o n  the data for Ceralloy silicon n i t r i d p  ar;d stainless steel are 
included (b) [8]. 
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The tensile surfaces o f  t h e  crept specimens are shown i n  Figure 8 .  
At a small applied stress of B = 224 MPa, there was no difference in 
surface ~ o ~ p h o l o ~ y  between the two materials and no crack generation was 
apparent, as seen in Fig. 8(a)  and 8 f b ) .  A t  a higher applied stress o f 0  
= 320 MPa, the tensile surface o f  the composite specimens exhibited many 
cracks that were perpendicular t o  the  applied stress, Fig. 8 ( d )  and 8 ( e ) .  
In contrast, the surface o f  the monolithic specimens revealed no 
appreciable crack formation, as with a low stress 
$(c). This result is consistent with the results sh 
indicate that creep rate is insensitive to applied stress up t o  320 MPa. 

Transmission electron micrographs ( o f  the as-received materials are 
shown in Figure 3 .  Both materials exhibited hexagonal beta Si,N, grains 
with dislocations. Spherical pores were contained within glassy re 
and grain J u n c t i o n  porosity existed a t  regions with less glassy 
The whiskers, shown in Figure 9 ( a ) ,  were heavily faulted and were 
occasionally stuck together. The cross-section was core-like and 
contained impurities at the center. An unexpected feature of the whiskers 
was reg-ions that were deco ased tu carbon, evidently from t h e  processing 
o f  the silicon nitride, Fig, l ir(a) .  Image analysis o f  poltshed section o f  
the composite indicated 1.7% of the material (5.1% o f  the Ic.shiskers,l t o  be 
decomposed t o  carban, as shown in F i g t ~ r e  l O ( b ) -  

Creeping o f  the mono? i thic at, 250 HPa resulted in cavity formation at 
glassy r e g i ~ n s  between the gra ins ,  as shown in Figure 11. Creepjng of the  
composite a t  250 MPa resulted cavity formation between graa’us, along 
whisker/grain interfaces, and at decorn d regions, as shswn i n  Figure 
12. The decomposed regions freqarently ared t o  have degenerated into 
very porous regions, as shown in F 13.  In addition t o  the 
cavitation, the composite exhibited formation o f  large cracks, as shown in 
Figure 14. The cracks nay form because t he  decomposed whiskers are parous 
and t h u s  act as stress concentrations. Further, t h e  decornposit iirn adds 
free silicon t o  the grain boundaries and thus may resimlt i n  enhanced grain 
boundary sliding, Similar cavity and crack formation resulted when 350 
MPa was applied, and microstructural differences to account for the  change 
in creep parameter could not be distinguished v i a  TEM. However, the 
difference in creep parameters f o r  the small and large stress ranges may 
be attributed t o  the neutral axis shift, farmatian of macro scale c ~ a e k s ,  
and a possible contaminant d r o p  -in rna,terials s t  f f n e s s -  The macro scale 
cracks observed via SEM appear to resu l t  f ro  linking of the cracks 
observed via TEM (F igure  1 4 ) .  

~ Cowl usi ons 

The monolithic silicon nitride exhibited far better creep resistance t h a n  
the 30 vol % Sic whisker-reinforced coniposite silicon nitride in flexure 
a t  1250’C in air. The stress exponents i n  bending were found to be N = 1.2 
and N = 3 for the monolithic and co posite materials. At stresses above 
320 MPa, however, the composite material e x h i b i t e d  a sharp transition in 
t h e  creep rate vs. applied stress plat, resulting in a significantly 
larger stress exponent o f  N = 19. TEM analysis o f  the indicated 
cavitation of the glassy grain boundary phase in both materials, and t h e  
formation o f  macro scale cracks in the composite material tested at larger 
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Figure 8. Surfaces o f  monolithic (a) and composite specimens (b) 
subjected to a stress o f  Q = 224 MPa. Also, surfaces of monolithic (c) 
and composite (d and e) materials crept at Q = 320 MPa are included. 



342 

I 

Figure 8 (continued). Surfaces of monolithic (a) and composite specimens 
(b) subjected to a stress o f  Q = 224 MPa. Also, surfaces o f  monolithic 
(c) and composite (d and e) materials crept at Q = 320 MPa are included. 
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Figure 9. TEM micrographs o f  as-received composite (a and b) and 
monolithic (c and d) materials. Note the heavy faulting and core-like 
structure of the whiskers. 
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Figure 9 (continued). TEM micrographs o f  as-received composite (a  and b) 
and monolithic (c and d) materials.  Note the heavy fau l t ing  and core- l ike  
structure o f  the whiskers. 



Figure 10. TEH view o f  Sic whisker partially decomposed to Carbon (a) and 
backscattered electron image showing decomposed regions (black), glassy 
regions (white), and Si,N, and SIC regions (grayish). 
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Figure 11.  
1250 O C  air. 
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Figure 12. 
1250 O C  a i r .  

Cavity formation i n  composite material crept a t  250 MPa i n  
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Figure 13. 
creeping at 250 MPa in 1250 O C  air. 

Typical regions of decomposed SIC before (a) and after (b) 
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Figure 14. Cracks formed i n  the composite material after creeping at 250 
MPa in 1250 OC air. 
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stresses. Analysis o f  the composite mater ia l  s ind icated t h a t  about 2% o f  
the S i c  whiskers were decomposed t o  carbon. The decomposed regions may 
have been s i t e s  o f  p r e f e r e n t i a l  c a v i t y  formation. The l a r g e r  s t ress 
exponent may have resu l ted  from the formation o f  voids and macro scale 
cracks. 

Status o f  Milestone 

Milestones are on time. 

Pub1 i ca t  i ons 

None 

References 

1. J. A. Salem, "Strength and Toughness o f  Monol i th ic  and Composite 
S i l i c o n  N i t r i de , "  NASA TM 102423 (1990). 

2. J. A. Salem, S. R. Choi, S. A. Sander, and D. F. Fox, "Elevated 
Temperature Mechanical Behavior o f  Monol i th ic  and S i c  Whisker-Reinforced 
S i l i c o n  Ni t r ides,"  NASA TM 105245 (1991). 

3. S. R. Choi, J. A. Salem, and G.J. Gyekenyesi, "Dynamic Fatigue 
Propert ies o f  Si1 icon Carbide Whisker-Reinforced S i l i c o n  N i t r i de , "  Ceram. 
Eng. & Sci.  Procd., 12[7-81 1527-46(1991) 

4. S. R. Choi and J. A. Salem, "Comparison o f  Dynamic Fatigue Behavior 
Between S i c  Whisker-Reinforced Composite and Monol i th ic  S i l i c o n  
Ni t r ides,"  NASA TM 103707 (1991). 

5 ,  S. R.  Choi and 3 .  A. Salem, "Strength, Toughness and R-Curve Behavior 
o f  S i c  Whisker-Reinforced Composite Si,N, with reference t o  Monol i th ic  
Si,N,, 

6. G. W. Hollenberg, G. R. T e r w i l l i g e r ,  and R. S. Gordon, "Calcu lat ion o f  
Stress and S t r a i n  i n  Four-Point Bending Creep Tests," J. Am. Ceram. SOC., 

7. K. Jakus and S. M. Wiederhorn, "Creep Deformation o f  Ceramics i n  Four- 
p o i n t  Bending," J. Am. Ceram. SOC., 71[10] 832-36 (1988). 

J. Mater. Sci. 27 1491-98 (1992). 

54[4] 196-99 (1971). 



351 

8. J. A .  Salem and S. R. C h i ,  Semiannual Progress Report, Ceramic 
technology for Advanced heat engine Projects, W.B.S. Element 3.2.1.7, 
(11/1991). 

9. C. F. Chen and T .  J. Chuang, "Impr~ved Analysis  for Flexural Creep 
with Application t o  Sialon Ceramics9'' J, Am. Cera . Sac., 73[8] 2366-73 
(1990). 



352 

P. K. Khandelvml (Allison Gas Turbine Division General Motors Corporation) 

The sbjec?ive of this project is to develop and demonstrate t he  necessav 
nondestructive examinaliori ( N E )  technology, materia?% data base, and design 
rnethodo~ogy for predicting useful life of stn~etural ceramic components of ~~~~~~~~ heat 
engines, The analytical mathodology will De demonstrated ~~~~~~~ confirmatory testing of 
ceramic conspanents subject to t ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  loading conditions similar %s those 
anticipaled to occur in actual vehicular sewice. II ~ I S  aoject addresses f 
crack growth, creep, and oxidation failure mades. 

,- 

Fast fracture chzracterization of PY6 MOR bars continued during this reporting period 
from room temperature to 1400°@. The s~se!eimeas \;\em nominally 3 X 4 X 50 mrn with an 
irrtier load span of 28 mn-r and an outer span of 40 mm. Results are shown in Table 1. This 
tcsting used the standard leading rzte which has a crsss-head speed of 0.508 mnlminute 
(0.020 inciiisriinute). Frcztogcaphic analysis revealed that failure at room ternperatwe was 
predominantly csntroiled by ~itrface flaws whereas at elevated temperatures it was both 
from surface and volumc: f laws 

Oxidation st~idies q~p,sere cnrrdueted in static %ir envirovameraf: during this r 

temperatures from 1 to SO0 hours. The weight charap per unit surface area and the 
thickness of the Gxide lager was rneasirred as a function of time and temperature. 
Substantial scs bscwed in the weight change both as a S~nction of ternpsraturc 
and time with n 
mic-rssirxture s which affect the oxidatIsn kinetics. The thickness of the oxide 
layer increased Dinearly with increasing temperature (Figure 1) for speeiaens expacrseb 'Cor 
100 hours. Preliminary resuits 3f !"e X-ray diffract& studies revealed the presence of 
crystrailite, -Si$+ ard yttriui-i;l-axyni'irids phases in the sxidc layer. All the speeimer%s 
W C T ~  examined before and after oxidation by microfocus X-ray. The results indicated that 
surfac~ forming small pits within the oxide layer are veryf difficult to discern from the 
background fuzzy X-ray image of the oxidized specimen. Ail the oxidized MOR bars were 
subsequently tested at room temprra?ure in four paint bending. Figure 2 shows the 
retained strength at ambient temperature after 100 h o w  of ttiernial exposure in air. 

period ~C$VVPB~I 1008°C to 1400°C. A total OC 130 S ~ ~ X ~ B ~ ~ I I S  WBE exposed 

e trend, This rrlay be due Po variations in the inaterial 

Tabk I .  Flexural strength sf PYFi WPed material (cross head speed = 0.5 rnmlrnin) 

26.41 
k_ &rnber t e 9  - -"@ -- MF% 
I 34.1716 20 871.57 

34.175 7 28 653.49 
34,1718 20 61 7.56 89.57 
34.1719 20 85222% 123,Gl 
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Table I .  (cont.) 

Specimen Test Strength Strength 
number temp --"C -- MPa. -- ksi 
34.1 722 20 574.48 83.36 
34.1 723 
34.1 724 
34.1991 
34.1992 
34.1993 
34.1 994 
34.1995 
34.1996 
34.1 997 

34.1999 
34.2000 
34.2001 
34.2002 
34,2003 
34.2004 
34.2005 
34.2006 
34.2007 

34.1725 
34.1 726 
34.1 727 
34.1 728 
34.1 729 
34.2021 
34.2022 
34.2023 
34.2024 
34.2025 

34.1 630 
34.1631 
34.1 632 
34.1 633 
34.1 634 
34.2008 
34.2009 
34.20 10 
34.20 1 1 
34.20 12 
34,1766 
34.1767 
34.1 769 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1008 
1000 

1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1200 
1200 
1200 
1200 

553.61 
655.01 
833.94 

856.46 
709.07 
917.63 

932.43 
881.18 
947.93 
858.79 
973.74 

1033.87 
947.73 
949.21 
1836.41 
890.91 
885.99 

821.70 
848.88 
676.34 
628.34 
853.43 
818.13 
81 7.63 
768.94 
745.13 
764.78 

620.06 
61 3.75 
627.39 
481.75 
575.06 
61 9.53 
642.34 
603.76 
641.25 
667.76 
645.73 

629.42 
693.42 

858.42 

898.74 

680.77 

80.29 
95.00 
120.95 
124.50 
125.52 
102.84 
133.09 
130.35 
135.23 
127.80 
137.48 
124.55 
141 22 
149.95 
137.45 
137.67 
150.31 
129.21 
128.50 

119.17 
123.1 1 
98.1 1 
98.84 

1 18.66 
1 18.53 
11 1.52 
108.92 
1 10.92 

89.93 
89.01 
90.99 
69.87 
83 A0 
139.50 
141.94 
106.1 1 
77.77 
1 18.94 
93.65 
98.73 
91.32 

123.78 

34.1 771 ~. 100.57 
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Table I (mnt.) 

34.1 776 
34.1777 
34.2031 
34.2032 
34.2033 
34.2034 
34.2035 
34.2036 
34.26337 
34.2038 
34.2039 
34.2040 

34.1635 
34.1636 
34.1637 
34.1638 
34.1639 
34.1640 
34.1641 
34.1642 
34.1543 
34.1644 
34.1760 
34.1761 
34.1782 
34.1763 
34.1764 
34.2026 
34.2027 
34.2028 
34.2029 
34.2030 

34.1620 

34.1622 
34.1623 
34.1624 
34.1 625 
34.1 626; 
34.1 627 
34.1 628 
34.1 629 
34.1 778 

1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 

1300 
1300 
1300 
1300 
1300 
1300 
1300 
1388 
130Q 
1306 
1300 
13Q0 
1308 
1300 
1300 
1300 
1300 
1300 
1300 
1300 

1480 
1400 
1400 
14-00 
1400 
1400 
1400 
1400 
1400 
1400 
1480 

706.92 
6908.411 
666.72 
654.94 
713.69 
675.57 
972.92 
480.21 
61 8.87 
630.59 
583.66 
661.82 

527.1 1 
597.14 
634.40 
613.1 1 
1538.09 
676.33 
556.88 
506.09 
582.40 
386.79 
608.58 
620.30 
541.85 
603.49 
592.83 
533.8’1 
522.1 1 
545.78 
528.09 
579.95 

505.36 
511.17 

433.94 
426.59 
$1 5.26 
463.85 
476.97 
535.38 
426.93 
447.14 

102.53 
88.24 
95.83 
94.99 
103.51 
93.98 
97.57 
69.65 
89.76 
91.46 
8522 
95-99 

76.45 
86.60 
92.01 
88.92 
78.04 
98.09 
80.79 
73.46 
84-47 
56.10 
88.26 
89.96 
78.59 
83.53 
85.89 
77.42 
75.72 
79.16 
76.59 
84,ll 

73.29 
74.34 
68,64 
62.94 
67.87 
60.27 
67.27 
69.1 8 
77.65 
61.19 
64.85 
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Table I (cont.) 

Sped men Test Strength Strength 
number temp -- "6 -- MPa. -- ksi 
34.1 782 1400 443.48 64 3 2  
34.1 783 1400 448.0 
34.1 784 140 430.5 
34.1785 140 430.5 
34.1 786 1400 437.16 63.40 
34.1 787 1400 413.20 59.93 
34.1788 1400 448.65 65.07 
34.1 790 1400 448.65 65.07 
34.1791 1400 42954 62.30 
34.1792 1400 421.76 61.17 
34.1 793 1400 382.46 55.47 
34.1 794 1400 405.47 55.81 
34.1795 1400 431 2 7  62.55 
34.1 797 1400 501.30 72.71 
34.1798 1400 395.49 57.36 
34.1799 1400 425.06 61.65 
34.1801 1400 472.61 68.54 

Uniaxial Tensile Testing (Buttonhead Specimen) 

Fast fracture uniaxial tensile testing continued at Southern Research lnstitute (SORI) 
between 1000°C and 1300°C. The measured s t ~ ~ ~ g t ~  of each specimen is shown in 
Table I I .  Monotonic testing is continuing at SoRi to generate the data base required to 
support the life prediction code development. 

Table II. Uniaxial tensile strength of PY6M HIP'ed material (stress rate- 600 ksi/rnin) 

Specimen Test Strength 

105A 1000 461 .97 67.00 
95 B 1 000 469.83 $8.1 4 
1218, 1000 451.97 65.55 
651 B 1008 243.26 35.2 
122.4 1000 521.54 75.64 
125A 1000 423.91 61.48 
1258 1000 264.91 38.42 
652A 1000 299.87 43.49 
1246 1000 4a2.e 69.97 
123A 1000 498.03 72.23 
115A 1000 240.08 34.82 
118B 1000 451.97 65.55 

653B 1100 298.92 43.35 
659A 1100 352.21 51.08 
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Table I! (cont,) 

Specimen T E T  Strength Strength 
number temp -- "C -- MPa. -- ksi 
654B 1100 339.37 
65884 1106 395.35 57.34 
653A 1100 31 2.90 45.38 
654 1100 391.1 1 
655A 1166 263.98 38.29 

49.22--- 
~ . - - -  ~- 

6588 
6558 
6578 
65714 
656B 
3388 
6568 

37A 
243A 
1188 
115B 
1108 
112A 

1 OT"4 
116B 
1138 
10969 
11 4A 
1 08B 

1 o4a 

94B 
1128 
11 1A 
108A 
110A 
1078 

-u____________ 

1 a0 365.23 52.97 
1 00 351. 45.1 6 
160 3563. 51.64 
106 349, 50.74 
100 201.33 29.20 
100 420.80 61.03 
100 256.49 37.1 9 

1280 
1200 
1200 
1200 
1260 
1200 
1208 
1200 
1200 
1200 
1200 
1200 
1200 

377.21 
522.22 
278.96 
376.61 
457.1 4 
441.42 
442.80 
403.44 
41 6-80 
403.44 
370.95 

382.52 

54.71 
75.74 
40.46 
54.53 
66.30 
64.02 
64.22 
58.51 
60.45 
58.51 
53.80 
53.5 1 
55.48 

1300 44.90 
1360 59.79 
1300 287.59 41.71 
1300 50.84 
1300 ,763.28 52.69 
1360 306.18 44.40 - 

S'hree tensile creep frames have been developed and are continuously used 
at SORI to tneasure the creep and stress rupture bahawisr of the buttars-he 
beterveen 1200" and 1400°C. Preliminary nseasarremant OR limited numbe 
was conducted. Table- II shows the lime-to-failure and total strain to faihr 
applied stress. The minimurri creep rate of the 
be at least otw order of magnitude bwer than r 
Ridge National Laboratories (OFIN!-.). Allison is currently working with ORNh under an user 
agreement to conduct failrrre analysis of unr'axial tensile speci 
analysis revealed the preserice of extensive caviiation at 1400" 
of 169 MPa (Figure 3) in 12.97 hours. Both creep testing and failure analysis are 
con t i n u i ng . 

vintage of PY6 material appears to 
by Ferber and co-workers at Qak 
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4 
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3 

2.5 

2 

I .5 

1 

0 .5  

0 

900 1000 1100 1200 1300 1400 1500 
Temperature ( C )  

Figure 1 I Effect sf temperature on the thickness of the oxide layer in air. Exposure time = 
100 hr. 

Tabie 111. Preliminary creep behavior of HIP'ed PY6 material 

Specimen Test Applied stress Time to Total strain 
number temp --"C "- MPa failure to failure 

90B 1200 290 >266 1570 
77A 1300 200 0.73 1570 

626B 1300 150 In progress 

4 (hr) 4 ) 

>lo1 _^-- 90A 1370 87 
55A 1370 87 .004 1470 
88A 1370 75 >387 
84B 1370 75 207 6770 

--- 

60A 1400 150 .025 1830 
171A 1400 125 2.0 2960 
195B 1400 100 12.97 3400 
192B 14Q0 75 844 10190 
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900 1000 1190 1200 1300 l4QO 11400 
T U R E ,  ("C)  

Effect of temperature on the room temperature retained strength of the PY6 
material. Exposure time = 100 hr9 

Multiaxial Testing 

Biaxial creep and stress rupture behavior of circular disks of 35 -75 rnm (1 2 5  in) 
diameter and 2 mm (.iaSO in) thickness was studied at Baltelle I-abosatories, Columbus, 
Ohio, using a ball-on-ring arrangement. The specimen was supported by a sing of 15.625 
mrn (0,625 in) diameter at the bottom and centrally loaded with a 4.75 rnm (8.198 in) 
diameter silicon nitride ball at the top. The elisplacerrient was measured by a LVCPT ai the 
bottom center of the disk. Table IV shows the data of the all t he  specimens to date. The 
biaxial fast fracture strength at room temperature was measured to be 381 MPa and at 
1200°C is about 436 MPa. No failure occurred at C ) i  below 355 MPa applied stress both at 
1200°C and 1300°C for 208 hours or more indicating a potential Bower fatigue lirnit of the 
material. When the applied stress was increased, the specimen failed in iass than 10 
minutes. Further bi 
progress. 

ia! characterization and fraciographic analysis of the material is in 

Table IV. Biaxial Cree behavior of PY6 HIP'ed material 
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Table IV (cont.) 

Specimen Test Applied stress Test time Comments 
number temp - OC - MPa. - hr 
34.2242 1300 429 0.041 7 Failed 
34.2244 1300 391 0.1 1 Failed 
34.2247 1300 355 360 No failure 
34.2241 1300 327 200 No failure 
34.2243 1300 31 8 200 No failure 

Flexural specimens with Vicker's indentor induced surface cracks at varying orientations 
from 0 to 45 deg were fabricated to determine the shear sensitive parameter (C). The 
value of 'C' varied between 1.25 to 1.5 depending on the curve fit method used (Figure 4). 
It appears, however, that more data will be required at higher angles between 30 to 45 deg 
to get a better assessment of the 'C' parameter. The value of 'C for through-cracks has 
been measured to be 1.5 using the diametrical compression chevron notched specimens 
which is in good agreement with the above surface crack data. 
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Figure 4. Measurement of shear sensitive parameter IC' using the controlled flaw 
method. 

Confirmatory Spin Disk 

Ninety (90) unmachined confirmatory spin disks were received from GTE 
Laboratories. The average diameter of the disks was about 114.3 mm (4.5 in) and 
thickness 12.7 mm (0.5 in). The shaft diameter was about 14.7 mm ( 0.58 in). The visual 
examination of the disks reveal surface crack like fold lines at the bottom of disks some 
of which go through the shaft diametrically. Axial microfocus radiography detected a 
number of such cracks in all the disks which suggests that the fold lines have finite depth. 
Radial X-ray inspection of the 20 disks indicated the presence of crack type defects in the 
shaft and density variation in the disk below the shaft region in the disk center. 
Fluorescent penetrant inspection (FPI) showed extensive porosity over the entire surface 
of all the disks, which may be due to the rough surface. 

It was decided, based on the dimensions of the as-received disks, to machine the 
disks to 1 11.76 mm (4.45 in) diameter and 10.1 6 mm (0.4 in) thickness to provide 2.5 mm 
(0.1 00 in) extra machining stock to eliminate the observed flaws. Finite element stress 
analysis was conducted using the measured surface and volume Weibull properties of 
the PY6 material received under this program, Figure 5. The maximum stress of 299.77 
MPa (43.5 ksi) occurs in the surface of the disk. However, the probability of failure (POF) 
is driven by volume flaws. The POF due to surface flaws was determined to be 0.026 
compared to 0.486 from volume flaws. This calculation was conducted for 71.1 K rpm. 
failure speed. 
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. * e  L E G E N D  * * *  
K S  i MPA 

A . o  . oo  
tl 6.0 4 1 . 3 7  
c 12.0 5 2 . 7 4  
D 1 8 . 0  1 2 4 . 1 1  
E 2 4 . 0  1 6 5 . 4 7  
F 30.0 2 0 6 . 8 4  
G 36.0 2 4 5 . 2 1  
H 4 2 . 0  289.56 

MAX 4 3 . 5  2 9 9 . 7 7  
M I N  - . 3  - 2 . 3 1  

M A X  

Figure 5. Stress analysis of PY6 HIP'ed silicon nitride disk. 

One disk (No. 88) was sectioned to fabricate Type-B MOR bars. The disk was 
machined such that the thickness of the disk represented the tensile 4 mm surface of the 
flexural specimen, Microfocus X-ray inspection of the specimens revealed uniformly 
~ ~ ~ t r j ~ ~ ~ e ~  low density structure. FPI indicated porous material and acoustic microscopy 
detected discrete flaws. The average room temperature strength of 30 specimens was 

be 554.76 MPa (80.46 ksi) with a ~ t a n d ~ r ~  deviation of 115.47 MPa (16,75 
ibuli modulus (m) was determined to be 5.97 using the ~ a x j m u ~ - ~ i k e ~ j h o ~ ~  

aphic analysis indicated that the failures occurred from dark inclusions, 
fold lines. The fold sines are believed to be caused by the j n j ~ c t ~ ~ ~  

molding process. The individually injection moided MOR bars generalfy failed from 
surface machining defects at room temperature. Majority of the button-head tensile 
specimens failed from the iron based dark inclusions. 

A second disk (No. 91) was machined and was i f l t e r ~ ~ ~ e n t ~ y  examined by optical 
rnacrography, microfocus X-ray and acoustic microscopy to further confirm the internal 
quality of the disks. Both the NDE techniques detected cracks andor flaws in the disk. 
Acoustic microscopy C-Scan images and optical photographs taken intermittently after 
~ n ~ ~ @ r n ~ n ~ a I  ~ r ~ n ~ i ~ g  continued to show the replica of the surface flaws, present in the as 
-received disk, even after removing about 3 mrn material from both the surfaces of the 
disk. A typical example is shown in Figure 6 which indicates that the cracks were present 
even after removing 2 mrn of the material from the shaft side of the surface. Visual 
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examination after incremental grinding indicated the replica of the surface flaws. The 
internal area below the shaft also showed the presence of defects at the machined 
thickness of the disk. These flaws in reality are volume flaws in the disk and are present 
in the high stress region which strongly suggested that the disk would fail prematurely. 

Based on the aforementioned results of disks No. 88 and No. 91 it was decided with the 
concurrence of Oak Ridge National Laboratories program management that spin disks 
were unworthy of further testing. 

s of milestones 

322201 : Computer Implementation of Initial Failure Models--complete 
322202: Initiation of MOR Testing--complete 
322203: Initiation of Tensile Testing--complete 
322204: Initiation of Biaxial Testing--complete 
322205: Confirmatory Testing discontinued because of the poor quality 

spin disks received from GTE 
322206: Completion of All Specimen Testing--on schedule 
322207: FinalizationNerification of Computer Code--on schedule 
322208: Draft Final Report--on schedule 
322209: Final Report--on schedule 

Publications 

I f r i  in P. K. Khandelwal and D. L.Vaccari ''a 
ComDone nts" submitted for publication in the SAE proceedings of ATD/CCM conference 
held 28-31 October 1991, Dearborn, Michigan. 

. .  . .  
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Life Bedkiion Methodolonv - J. Cuccio (Garrett Auxiliary Power Division, 
Allied-Signal Aerospace Company) 

Obiective/Scope 

Garrett Auxiliary Power Division (GAPD) has defined a program to develop the  
methodology required t o  adequately predict the useful life of ceramic components 
used in advanced heat engines. GAPD’s approach to  ceramic l ife prediction 
consists of comprehensive testing of various specimen geometries under both 
uniaxial and multiaxial loads a t  different environmental conditions t o  determine 
the strength-controlling f law distributions and t o  identify various failure mechan- 
isms. This information wil l  be used t o  develop the flaw distribution statist ical  
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 t o  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 Highlights 

Material Testing and Analysis 
H. Fang, N. Menon, and T. Strangman 

Material Testing 

All required test and confirmatory specimens have been obtained from Norton/ 
TRW Ceramics (NTC). Table 1 summarizes the specimens 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 inspection) before testing. 

GAPD is continuing tensile creep and tensile slow crack growth testing as a User at 
the ORNL High Temperature Materials Laboratory (ORNL-HTML) under the 
direction of Drs. M.G. Jenkins and M.K. Ferber of the Mechanical Properties User 
Center. The specimens are of the ORNL cylindrical buttonhead geometry with a 
6.35 mm diameter by 35 mm length gage section. The specimens are loaded in 
uniaxial tension in Instron screw-driven machines using the ORNL/Instron Super- 
grips. Instron extensometers with S i c  probes are being used to  monitor the strain 
deformation of the gage sections during testing. A schematic of the  test setup is 
shown in Figure 1. 
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Type of Test 

-_..---_, II_ ............. 

4-Point Bend 

4-Point Bend 

&Point Bend 

(Fast Fracture and 

Unnotcked TensionfTors 

Visual Inspeetion 

Square Flaw Growth 

849 l(06)- 1 
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LOAD CELL 

I HYDRAULIC 
COUPLER 

ENCLOSURE 

EXTENSION 
RODS / WATER-COOLED 

T77l- 
GRIPHEAD 

CAPACITANCE 
SENSOR 

HYDRAULIC 
COUPLER -- 

GCU49?(06)- 7A 

Si--thee specimens have been tested at temperatures between 982C to 240QC. 
Table 2 summarizes the test temperature, load, t ime to  failure, and strain to 
failure data  for  these specimens. 

Models Rave been developed by BP. N. Menon of GAPD to predict both primary and 
secondary c r e e p  rates and stress rupture life of NTf54 silicon nitride in the 
temperature range of 11492 to 14OQC. 

e 2 shows a comparison of predicted ilSTf54 primwy and secomd~y ereep fates 
culated using the initial models, vex"sus actual test data (symbols). 
between the  model predictions and test data is excellent. Similar 

compmrrislans ape shown in Pi re 3 €or the sieess ruptu2e model, pliottiwg predicted 
NTP54 rupture liEetirne (solid lines) and test data (symbols). In Figure 3(n>, the 
dashed line pepresents the minus three sigma (-3a) standad deviation edculated 
from the model; this line is included tu  illustrate haw well the  model prediction fits 
the experimental data, Details of these rnrodels have been submitted for publica- 
tion in the Journal of the  American Ceramic So~kPy. 

Specimens are being examined with the seaming electron mieroscope (SEW), using 
a special sample p r e p t ~ a t i ~ m  technique developed by M. Perber and M. Jenkins of 
ORNL-HTML t o  faci l i ta te  observation of cavities. The gage sections of the 
specimens m e  pmtialally notched in the transverse plane, Le. parallel t o  the fracture 
surface9 and then broken in a low-mer mode to create a clean fracture surface. 
The quantity and size of the cavities appear t o  inereas? as a function of test t ime 
and temperature. Characterizntisn of the fraerrnre origins is  in progress, 
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Specimen 
ID 

3-29 

1-21 

1-10 

2-1 25 

1-4 

2-114 

2-68 

2-1 23 

2-35 

2-55 

1-9 

1-6 

1-20 

2-1 26 

2-1 34 

3-33 

2-1 36 

2-117 

2-1 30 

2-119 

2-1 21 

1-2 

1-24 

2-64 

2-1 1 1  

1-37 

2-1 12 

2-1 28 

1-15 

1 - 1 1  

1-23 

2-66 

Test 
Temp., C 

1400 

1400 

1400 

1400 

1400 

1400 

1400 

1400 

1400 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1371 

1315 

1315 

1315 

1315 

1315 

1315 

1315 

1315 

1295 

1295 

1295 
'Test stopped. 
"Failed during loading 
> = Ongoing test 

Appjied Stress 
an. MPe 

150 

140 

130 

130 

125 

110 

100 

90 

85 

21 0 

190 

180 

160 

155 

150 

150 

145 

135 

135 

130 

125 

250 

240 

235 

232.5 

230 

230 

227.5 

225 

375 

300 

200 

____I__. 

Thle to &illat+@ 
tf, hrs 

80 

96 

192 

139 

341 

41 1 

462 

478' 

597" 

1.4 

68 

62 

209 

24 

171 

75 

122 

587 

280 

A04 

728 

24 

2.94 

52 

297 

244 

168 

20 

675' 

0.35 

0.40 

530' 

Total Strain ts 
Failure ~ f ,  p& 

16,350 

18,2170 

21,930 

16,500 

22,820 

24,570 

25,800 

15,110 

14,970 

3,510 

10.928 

13.450 

14,41 Q 

7,790 

15.420 

11,060 

15,026 

18.780 

18,450 

>16,720 

16,950 

3,640 

2.360 

6,960 

10,660 

10,870 

9.1 00 

5,260 

10.300 

2,230 

790 

-- 

-- 

Uniaxial teision. gage section 6.35 rnm diameter, 35 mm length. 
91 (06)-2-1 
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T 2. su Y 8 P P  

2-1 02 

1-36 

3-44 

2-145 

1-46 

3-89 

3-1 12 

3-120 

2-56 

2-71 

3-37 

3-1 9 

2-74 

2-31 

2-36 

1-3 

3-41 

2-47 

2-75 

2-32 

3-31 

2-62 

2-61 

3-1 09 

2-70 

3-1 a 
3-27 

-- 
Ts3.f: 

Temp., C 

1260 

1260 

1260 

1260 

1260 

1260 

1260 

12so 

1204 

1204 

1204 

1204 

1204 

1204 

1204 

1204 

1149 

1149 

1149 

1149 

1149 

1149 

1149 

1149 

I- 

- 

982 

982 

982 

982 
i 

1-u. 

Applied Stwe 
ODI MPa 

^_g 

325 

300 

295 

285 

275 

275 

275 

250 

41 5 

350 

340 

335 

325 

31 5 

300 

300 

450 

450 

445 

4-40 

435 

425 

425 

425 

475 

455 

455 

450 

--- 

__p- 

_II - 
rime lo Failure 

t f ,  krs 

1.2 

0.35 

A 8  

379 

6.1 

31 

474' 

- 

_.- 
838. 

1.3 

2.3 

177 

>I a7 

68 

SY4* 

593' 

51 7" 

7.0 

0.08 

0.02 

376 

594- 

32 
** 

509" 

21 

~ 4 0 3  

9 
631 * 3-40 

'Test s t n p ~  
"Failed during loading 
> -= Ongcalng test 
Uniaxial tension, gage section 8.35 rnmdiarneter, 35 rnin length 

491 (06)-2-2 

fsaal Staafm to 

1,420 

5,150 

>1,800 

691 0 

1,130 

2,690 

6,960 

7,430 

Failure Ef, p& 

_____I_____ 

1,380 

1,190 

3.550 

>3,290 

2,900 

3,630 

3,800 

1,580 

-- 
1.490 
-- 
-- 
-- 

1,640 
-- 
-- 
-- 
-- 
-- 
P- 
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(A) INITIAL P ~ ~ ~ A ~ Y  
78 , 

ACTIVATION ENERGY = 1 0 ~ I ~ ~ A ~  MOL 

-8.5 -8.1 -7.7 -7.3 6 9  -6.5 -6.1 

LOG (MODULUS NORMALIZED STRESS) 

(8) SECONDARY 
78 , 

CI = 2552 F 
o=2500F 
A =  2400 F 
+-2300f= 
X = 2 2 0 O F  

- =MODEL 

-8.5 -8.1 -7.7 -7.3 -6.9 -6.5 -6.1 

LOG (MODULUS NORMALIZED STRESS) 
GCa491(06)-2 

Figure 2. Predicted NT154 Primary and Secondary Creep Rates Agree 
W i t h  Test Data. 
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The surface strength of silicosl nitride components is dependent upon the severity 
of the gas; turbine oxidation environment, which can modify critical surface flaws. 
Consequently, the overall Ceramic Life Prediction ode1 must include the effects 
of oxidation on the strength of NT154. 

In this oxidation testing program, 180 MIL-STD-B size transverse maebined flexure 
test  bars were exposed to  a static air furnace environment a t  temperatures in the 
range of 98QC t o  14QOC for t imes in the range of 1 to  1000 hours. The distribution 
of test specimens is shown by the symbols in Figure 4. Following ~ X P Q S U R ~ ,  the  
specimens were tested in four-point bending at room temperature. 'Test results are 
shown as lines of realtive strength in Figure 4. Une edly, e~casures of 100 
hours in the 98OC to  1100 range and 10 hours at 1 resulted in significant 
improvement in strength, P ative to as-received Nor W heat-treated speei- 
mens; average specimen. strength increased by 38 percent. FOP exposure times less 
than or equal to  100 hours in the 1108C to 1400C temperature range9 specimen 
strength decreased, which was expected. The results in Figure 4 also show unusual 
behavior for exposures longer than 100 hours in the 1108C to 1 4 0 0 6  temperature 
range; the average specimen strength increased with additional exposure time. 

Increased specimen strength following exposures greater than P O 0  hours at temper- 
atures over llOOC has been previously observed in cyclic oxidation e 
the  Mach 0.3 burner rig ceramic durability tests conducted by GAPD under 
DOWNASA Contract No. DEN3-27.. The effects of static air furnace and cyclic 
burner rig exposures at 1260C (2300F) are compared in F i g ~ ~ e ?  5. Up to  exposure 
times of 100 hours? the slopes of the room temperature strength lines (rate of 
strength decrease) are similar for both types of exposure tests. However, in the 
cyclic oxidation environment (burner rig tests), the strength continued to  decline 
for e-vposures longer than 100 hours. 

1.0 - 100ARS 
0.0 -5BARS 
0 I STRENGTH EXCEEDED 

900 1M#) 1100 1200 1300 1400 

TEMPERATURE. C 
GC8491(06).4A 

Figure 4. Air Punace Oxidation E 
Tramweme Machined Specimens, 

e Initially Improves Strength of 
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1 10 100 1000 2000 

EXPOSURE TIME AS 126OC, HOURS 
GC8491 (C6)-5A 

e 5, specimen Stren in Cyclfe ~X~~~~~~~ 

During the  next reparting period, test specimen fracture surfaces will be examined 
to  identify the fracture origins- Models will be developed for both strength 
retention and oxide layer p o w i h  as functions of t i m e  and temperature. 

Data DeVdQprnent 
J. e u  . Brehm 

ifieant progress has been made sinee the last 
ting statistied methods to analyze ceramie material test data. 

semiannual report in imple- 

bilities have been successfully developed for the CERAMIC statistic 
analysis eode, as summwized in Table 3. One objective of the GAPD prap;sam is to 
develop capabilities to  determine the confidence interval a d  t~ perform bias 
csmeetiaan on t h a t  confidence interval for a component with multiple failure 
nodes. GAPD has successfully developed arrd implemented confidenee prediction 
iising bootstrap and likelihood ratio methods for both single md multiple failure 
mode data. Bootstrap methods for confidence interval prediction me &so in place 
for eamponemts w i t h  eomhined multiple failure modes and for bias correction 019 
Weibull parameters for single failure mode data. 
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./ TASK COMPLETED .*.)3 INPROGRESS >.(: NOTAPPUCABLE 

'WEIBUU MODULUS ESTIMATOR 8, CHARRCTERISTIC STRENGTH ESTIMATOR 

o p  DESIGN STRESS R REUAEILITY 

Theoretical work for confidence interval prediction using likelihood ratio methods 
has been completed by Dr. Tucker at the General Electric Corporate Research and 
Development Center (GE-CRDC), This complex solution can be simplistically 
summarized by the mathematical model described below. 

The survival probability of failure mode j to exceed a strength xi is defined a: 

Where: 

-IjiVji&)'"' 

Fji(xi) = 1 -e 

Assuming that there are three active failure modes in a data set, the probability 
density of a specimen failing by the first mode is: 
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Let: 

{: 6i; = r41 

and: 

Which is the  lsg-;-likelihsacl far the data set to o m u r  f o r  the material in question. 
Introducing another new pmameterr 

The problem can be stated as: 

1 
Sf. y 1 p  f y 2 p  6 y 3 p  = In- 

1 - P  

r91 

A sslirtisra scheme has been developed and hplementa t ion  in the C'EWAMIC 
computer code has been initiated, 

Another area of active development work underway is the use of bootstrap methods 

bias correction perfformed for eibull modaus and ehwracteris 
data set wi th  urface failures 10 edge failures, and 3 volume failures, the  
unbiased modulus seemed t o  be worseg especially for volume failure (Figures 6 
through 8). 
At  first, the s m d B  number of observations for volume failure w suspected tas the  
main cause, so local cawstrailits were imposed on the simulated data sets, to include 
only those simulated data sets with ~~~~~~~ of observations within +20 percent of 
the observations in the real data set. The results did not show noticeable 
improvement. Further tests have been devised and w s ~ k  is undern.8ay to identify 
the taus€! of the problem. 

to accomplish correction for .ammeter estimates for @enso 
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Figure 6. Comparison of Biased and Unbiased 
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. Camparison of Biased and Unbiased Weibull M o d u l u s  for Volume Failure. 
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Since ceramic materials used in gas turbine engines expxienee a wide range of 
temperatures, fast Praeture strength tests are often eonduzted at both room and 
elevated temperature. Treating strength data for different temperatures in 

eiblall analysis has become importatant for suecessful ap lication of ceramics in gas 
turbine engjnes- A new method has been developed at GAPD to conduct maximum 
likelihood analysis with test data at different temperatures, dlowing more data to 
be used for estimating the Weibull mcsdulus and Ass pemitting cdctulation of 
failure probability with confidenee intervals for a eompopcnt with non-uniform 
temperature distribution, This method has been implemented in the CERAMIC 
Weibull analysis code, 

The multiple temperature method developed at GAPD is based on assumptions that 
the Weibull modulus of structural ce~amie. materials is temperature independent 
and the characteristic strength is 8 function of temperature. Thesc assumptions 
are s u ~ ~ o ~ t ~ d  by earlier Weibull analysis results based on East fraetur? data of 
NT154 specimens at v ing temperatures, The data ere from tests @ondue:cd by 
the University of Dayton Research Institute (UDRI) and GAPD in the DOE-NASA 
funded Advanced Turbine Teehno1og-y Appkieatinn Program (ATTAP), under Con- 
tract No. DEN3-335. When Weibull moduli for each failure mode at different 
temperatures are plotted (Figures 9 through 11) the variation of Weibull rnodinlus 
with respect to temperature lies well within the eanfidenee bands and no obvious 
trend of increasin OF decreasing "m" is ~bserved, 

Since the WeibuU modulus is considered to be temperature independent, s more 
aecurate parameter estimate may be obtained if the analysis is based OA al]l of the 
fast fracture strength data at various temperatures. In order to perform the 
WeibuU analysis with all the strength data lumped tagether, an additional vassiable 

enivaknt size and stress state factor Ii is intraduced to areaunt Ear t h e  
characteristic strength at  different temperatures. TRiisp Ii becomes a function sf 
temperature. The thearetied derivation is given as follows: 
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Figure 9. Weibull Modulus Variations Over Temperature for 
NT154 Tensile Specimens @DEI Data). 
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Where: 301, 802, 803, . . . "j, are the ~ ~ ~ ~ c t e r ~ ~ ~ ~ ~  s t renehs  for temperatures 
Ti, Tp, T3, . . . Tj, respectively. 

The estimate of WeibuU parameters can be determined 8s follows: 

Equations [ll] and [12] are used to  solve for the estimate of Weibull modulus r3 and 
the characteristic strength 3, The common We& madulus is solved with 
equation [12] over all the stren&h data points at different temperatures. This 13. is 
used to calculate the characteristic strength in equation [11] for each temperature 
over the strength data paints of that temperature done. The new a and i3 are then 
used in equation 1101 to calculate the new Iij*o With the updated Tij!,. equation [12] 
is repeated to calcudte  a new & The iteration begins with zn initial 13 which is 
usually the modulus from only the data points at the reference temperature, 
Convergence is reached when the difference between the new and old fi is less 
than a prescribed small number. Fast convergenee has been obtained in all the 
cases tried- 

Equation [12] can be used for all the data points for different temperatures, since 
all  the data points are effectively scaled ta the reference temperature, as 
demonstrated in the following: 
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Where: $ is the equivalent characteristic strength €or temperature j af ter  being 
scaled to  a reference temperature, which should be equal in value to the  
characteristic strength at the reference temperature. 

Although the equations shown above are given for single failure mode data sets, the  
method has also been successfully applied to  data sets with competing failure 
modes. 

A typical example of temperature scaling is shown in Figure 12, using NT154 test 
data generated by UDRI and GAPD. The strength parameters obtained from the 
multiple-temperature analysis has enabled calculation of failure prsbability €or the 
ATTAP impact-resistant ceramic turbine wheel with confidence intervals for 
various engine conditions. 

Risk Integration Code 

The risk integration code being developed by GAPD calculates the multiaxial stress 
state and stress gradient factor I as a function of m for a component under a given 
loading condition (a given stress distribution) instead of ctslculating the probability 
of failure directly. The main benefit of this change is to enable a user to  combine 
the  I function with the specimen strength data to determine failure probability 
distribution with confidence intervals. 

Failure probability will not be directly calculated with the risk integration methods 
being developed; instead, the calculation proceeds as follows: 

L f T*rr 

w(b,$) = 6 [(b,$) - (40,Jlo)] and $o,$ois the orientation of the anisotropic f l a w  
population. 
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Numerical schemes have been evaluated to implement this new integration. 
egfation will be used for the  volume integration. 
t s  needed in the inte ation has been determined t o  be 

T 

of the value of the Weibull modulus in order t o  assure good accuracy. Since the  
spherical integration needs t o  be carried aut at each Gaussian integration point the 
c o ~ p ~ ~ ~ t ~ ~ ~  t h e  can be prohibitively expensive, GAPD is studying ways to  reduce 
the amount of computation by uskg less thorough integration a t  low stress (risk) 
elements in a finite element model. 

The risk integration code will be use with the  CERAMIC statistical analysis code 
to calculate the strength and life of the ceramic confirmatory specimens (plate 
bending disks, notched tensile, and spin disks). The confidence intervals from these 
prdictiansr will  be compared with observed strengths and lives to confirm the 
predictive capabilities of these methods. 

Specimen inspections continued during this reporting period; Table 1 lists the 
inspection status by specimen type.. NDE inspection of the MIL-B size flexure 
specimens and the tensile rod specimens for fast  fracture testing was  completed. 
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TYPICAL SURFA6E INDICATION 

1 
6 

a 
$'- 

'ALE - t 4400mm 

Figure 13. A m t i c  Micrweupy Indications on Tensile Rod Specimen. 
(Machining M a r h  Are Visible at 40X Magnification, and 
Wil l  Be Removed Prior to Testing). 
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SPECIMEN S/N LPTEN2-69 

Pigure 14. Acoustic Microarcopy Indications From Tensile Rod Specimen Without 
Visual Surface Indications. (Specimen Will Be Tested As Received). 
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Figure 15. Typical Indication Prom Internal Acoustic Micn#w?oPy. 
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- 
(a) DIFFUSE INDICATION THROUGHOUT 

088481 (06)- 17 

I 
(b) DISCRETE, LESS DENSE INDICATION 

Figure 16. CT Tensile Bod Inspections Showed Density Variation in 
Crosa Sections. 



390 

3.3 ENVIRONMENTAL EFFECTS 

Environmental Effects in Touahened Ce ramics 
Norman L. Hecht (University of Dayton) 

Since December 1984, the University of Dayton has been involved in a five- 
phase project to investigate the effects of environment on the mechanical behavior 
of commercially available ceramics being considered for heat engine applications. 
In the first phase of this project, the effects of environment on the mechanical 
behavior of transformation-toughened Zr02 ceramics were investigated. In the 
second phase, two Si3N4 ceramics (GTE PY6 and NortonTTRW XL144) and one 
SIC ceramic (Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, 
and fatigue strength of three Sic and six Si3N4 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 of two additional Si3N4 ceramics (Kyocera SN-260 and Garrett 
GN-10) were investigated. In addition, the fatigue behavior of one SisN4 ceramic 
(Norton/TRW NT-154) was investigated. Efforts to study the tension/compression 
cyclic fatigue behavior of NT-154 have been delayed because of problems with 
the lnstron test fixture. In phase five, three newly developed Sic and three newly 
developed Si3N4 ceramics are being investigated. In addition, the effects of 
different machining processes on the mechanical behavior of selected SiC/Si3N4 
ceramics will be studied. 

During the past six months (September 1991 through March 1992), 
Norton/TRW NT-230, a siliconized Sic, was investigated. In addition, construction 
of the flexural stress rupture test facility and modification of the tension/compression 
test system was continued. 

Technical Droaress 

Microstructure, chemistry, flexural strength, elastic modulus, hardness, density, 
coefficient of thermal expansion, and fracture toughness for NT-230 were evaluated. 

The flexural strength measurements were made using lnstron Universal 
Testing Machines (Model 1 123) following MIL-STD-l942(MR). Elevated temper- 
ature measurements were conducted in ATS model #3320 high-temperature 
furnaces. Flexural strengths were measured on test specimens with nominal 
dimensions of 3 x 4 x 50 mm with all surfaces ground to a 16-microinch finish 
[MIL-STD-l942(MR) specimen size B]. The long edges of the tensile surface 
were beveled to minimize edge failures. Flexural strength was measured using 
four-point bend test fixtures, and the test specimens were loaded at machine 
crosshead speeds of 0.004, 0.0004, and 0.00004 cm/sec (0.1, 0.01, 0.001 in/min). 
The bend fixtures for all measurements were made of Sic. The four-point bend 
fixtures have an outer span of 40 mm and an inner span of 20 mm. 

'Research sponsored by the US. Department of Energy, Assistant Secretary for Conservation and 
Renewable Energy, Office of Transportation Systems, as part of the Ceramic Technology for 
Advanced Heat Engines Project of the Advanced Materials Development Program under Contract 
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc., Work Breakdown Structure 
Subelement 3.3.1.4. 
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Fracture origins were determined by optical microscopy (Nikon Epiphot) 
and SEM (JEOUSM-80 with EG&G Ortec System 5000 Microanalysis System). 
The elastic modulus was measured from 20°C to 1350°C using a Grindo-Sonic 
(Model MR35T) Transient Impulse/Elastic Modulus apparatus. The hardness 
of the candidate materials measured by a Vickers microindent hardness tester. 

The microstructure and chemistry of the candidate materials were also 
studied. Polished specimens were plasma etched and viewed by optical micro- 
scope, and by scanning electron microscope. The microstructure of a polished 
specimen was also evaluated by image analysis using the Olympus software CUE-2. 

Thermal expansion was measured from 25°C to 1400°C using a Theta 
Industries Dilatronic II (Model 6024). Fracture toughness was measured by the 
controlled flaw method. An indent load of 500 grams was used. 

The results of the flexural strength testing are presented in Table 1. These 
flexural strength results are also plotted as a function of temperature in Figure 1. 
As shown in Table I, at 20°C and 1250°C the strength at fast loading is higher than 
at slow loading, and the strength increased from 20°C to 1250°C. At 1350°C the 
strength decreased at fast loading and increased on slow loading. The increased 
strength observed at the 1350°C slow loading conditions are believed due to flaw 
blunting and possible stress redistribution due to decreasing viscosity of the silicon 
phase in the grain boundaries. Similar observations have been reported by D. F. 
Carroll, et al.1 

Rate " Strength Std. Dev. 
(cm/s) (MPa) (+ MPa) Failure Initiation Site+ 
0.004 443 38 (8.6%)* 4 vol and 5 surf 

0.00004 43 1 32 (7.2%) 4~01,  1 edge 
0.004 504 32 (6.3% 7 surf, 2 vol, edge 

0.00004 475 67( 1 4%) 4surf, 1 vol 
0.004 466 47( 1 0%) 7 vol, 2 edge, 1 surf 
0.0004 52 1 52( 1 0%) 4VOl, 1 surf 

0.00004 51 8 56(10.8%) 4VOl, 1 surf 

Table 1. Flexural Strength Measurements of NT-230 Sic 

I I Loadina I I I I 

- 
+VOI - volume, surf - sudace 

For the 50 specimens tested, 26 specimens failed from volume-initiated 
flaws, 19 specimens failed from surface-initiated flaws, and four specimens failed 
from edge-initiated flaws. The fracture initiation site of one specimen was 
indeterminate due to fragmentation at the site of failure. A large number of the 
failures observed were initiated at pits. A typical pit flaw and fracture surface is 
shown in Figure 2. 

The pits observed in the siliconized SIC specimens were quite unusual. In 
almost all cases enlarged grains were observed around the pit. The pits were 40 
to 60 pm across. AES scan identified the large grains around the pore as Si. A 
very unusual pit initiated failure is shown in Figure 3. 

ID. F. CarrolI, R. E. Tresslei, Y. Tsai, and C. Near, "High Temperature Properties of Siliconized 
Silicon Carbide Composites," in Tailoring Multiphase and Composite Ceramics, Materials' Science 
Research, Volume 20, edited by R. E. Tressler, et al., Plenum Press, New York, 1986. 
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Figure 1. Flexural strength of NortonflR 
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Figure 2. Typical pit initiated failure for NT-230. 
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Figure 3. Unusual pit initiated failure for NT-230. 



395 

A typical polished section of NT-230 is shown in Figure 4, and a polished and 
plasma etched specimen is shown in Figure 5. An SEM photomicrograph of this 
plasma etched specimen is shown in Figure 6. From Figures 5 and 6 it can be 
seen that the Si has been etched away and the SIC appears to consist of a bi-modal 
distribution of particulates 1 to 2 pm and 6 to 8 pm. The results of the image 
analysis of the polished specimen showed that Si has an average volume fraction of 
14.4%, the Sic phase has an average volume fraction of 84.4'340, and the pore phase 
has an average volume fraction of 1.2%. 

The results of the Property Measurements are summarized in Table 2. 
Comparing the results in Tables 1 and 2 with the data obtained earlier in this project 
for Hexoloy SA, it was observed that flexural strengths of NT-230 were higher, 
Young's modulus lower, density lower, hardness lower, and coefficient of thermal 
expansion higher than measured for Hexoloy SA. 

Table 2. Summary of Property Measurement Results 

381.6 
375.4 
372.1 

402.3 
1 000°C 
1250°C 
1350°C 

3.08 

Average Hardness (kg/mm2) 21 95* 

Coefficient of Thermal Expansion (1 0-6mm/cm in/"C) 5.87 

Fracture Toughness (MPa mx)  2.3 

During this reporting period the first flexural stress rupture test facility was 
completed and is in "shake down". The second unit is almost completed. The 
modifications for the tensionkompression test unit is also nearing completion. 
Modifications of the furnace and the fixture alignment have been completed, 
and the installation of the hydraulic systems is in progress. 

s of mi lestom 

Milestone 331 41 3 is in progress. 
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Figure 4. Polished section of NT-230 (500X). 

_e ,,.,,..-.-. - 

Figure 5. Polished and etched section of NT-230 (500X). 
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TeStinn and Evaluation of Advanced Ceramics at High Temperature 
Uniaxial Tension - J. Sankar, A. D. Kelkar, S. Krishnaraj, and B. Wang 
(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 material(s) 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. 

Technical Propre@ 
During the semiannual reporting period Oct. ‘91 to March ‘92, following were 

accomplished: 
1. Microscopy and microchemical analyses of the GTE S N W  1000 creep samples tested at 
1100 O C, 0.85% of and 1200 O C ,  0.60% of 
2. Installation of a high temperature creep frame with a suitable furnace and a laser 
extensometer set up. 

EDS(Energy Dispersive Spectrum) analysis was performed on creep tested(llO0 O 

C, 0.85% of and 1200 OC, 0.60% 00 GTE SNW-1000 samples. The compositions of 
yttrium, silicon, and aluminum were examined to understand the chemical processes taking 
place during creep. A schematic of the sections of the creep tested specimens analyzed is 
illustrated in figure 1A. These were, a) fracture surface, b) a polished section 2mm away 
from the fracture surface along the transverse(paralle1) direction, and c) a polished section 
2mm away from the fracture surface along the longitudinal(perpendicu1ar) direction. A 
silicon wafer for silicon, pure aluminum stub for aluminum, and yttria powder for yttrium 
were used as the standards for microchemical analysis. A schematic of the pore 
areas(obse1ved in the polished surface) analyzed using EDS is shown in figure 1B. 

Microscopy analysis on a creep sample tested at 1200 OC(Figs. 2&3) splows the 
possibility for the linkage of pores during creep testing, and the tests also indicate that the 
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Figure 1A. Sections for Analyses in the Gage Section 
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Figure 1B. Pore Areas Tested for EDS Analyses 
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h i  

Fig. 3 GTE SNW-1000 Creep ' h t e d  Specimen Showing Pore Softening 
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edges of the pores are softening and the fissures are extending beyond the pores. EDS 
analyses performed on creep tested(llO0 O C, 0.85% of and 1200 O C ,  0.60% 00 GTE 
SNW-1000 samples samples are shown in figures 4 and 5. From fig. 4 it can be seen that 
in the transverse direction analysis, diffusion of yttrium into the pores is lesser for samples 
tested at l l O O o  C, 0.85 of as compared to that of samples tested at 12OO0C, 60% of 
When analyzed along the longitudinal(stress) direc tion(fig. 5),  diffusion of yttrium into the 
pores for samples tested at 1100 O C, 85% of is more than that of samples analyzed in the 
transverse direction. This could be an indication that stress, in addition to temperature is a 
factor in the diffusion process. 

The creep frame for the high temperature deformation setup(fig. 6) was transferred 
from ORNL to A&T. The furnace, furnace controller, laser gaging system, and accessories 
were received from the Applied Test Systems, Inc., Butler, PA. The setup includes the 
following: 
- Lever arm assembly with a load capacity of 10,000 lbs with precision ratio 
adjustment(rati0 10: l), and rotatable knife edges. 
- High temperature furnace with a maximum temperature rating of 1650 OC and four(4) 
Kanthal Super 33 heating elements. 
- A two-zone high temperature control system with two(2) separate temperature controller, 
3-mode programmable microprocessor, with ramp and soak feature for a maximum of 8 
intervals. 
- Special collet type buttonhead coupling with water cooling feature(Fig. 7) 
- Knife edge alignment couplings. 
- Laser gaging system by Laser Mike with measurement range of 0.015 in. - 1.950 in. and 
a resolution of 2.0 x 10%. 

As regards to the fatigue-creep interaction study, we have developed a computer 
program to test the specimens in uniaxial tensile fatigue followed by uniaxial tensile creep. 
This program can generate a constant or multiple frequency, a constant or multiple number 
of cycles, and a constant or multiple stress 1evels.The test matrix for the fatigue-creep 
interaction study will be as follows: 

Test Specifications: 
FATIGUE: Tension-Tension constant amplitude triangular waveform 

Frequency - 0.5 Hz 
Temperature - 1200° C 
R-Ratio(min. stress/max. stress) = 0.1 
Stressing patterns which are planned to be used: 
1. Cycling at 70% of the fatigue strength at 1200° C for 50,000 cycles 
2. Cycling at 50% of the fatigue strength at 1200° C for 50,000 cycles 
3. Co-axing type - 50% to 70% of the fatigue strength at 1200° C in steps 
of 10% for a total number of 50,000 cycles 

Stressing pattern 3. is called the co-axing type, wherein the specimen is cycled from lower 
to higher stress levels with a certain number of cycle count in each level. 
(Available data from ORNL: Fatigue strength of SNWlOOO Si3N4 at 120O0 C = 140 MPa) 
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CREEP: Uniaxial Tensile Constant Load 
Temperature - 120O0 C 
Load - 40%, 50%, and 60% of the tensile strength at 1200° C 

(Available data from A&T Tensile strength of SNWlOoO Si3N4 at 1200° C = 230 MPa) 

d Pres- 
None 

Research sponsored by the U. S. Department of Energy under prime contract DE-ACO5- 
840R21400 with the Martin Marietta Energy Systems, Inc., subcontract 19X-89867C 
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Standard Tensile T e s t  Development 
S .  M. Wiederhorn, R. F. Krause, Jr., and D .  E. Roberts 
(National Institute of  Standards and Technology) 

Objective/Scoae 

This project is concerned with the development of test equipment 
and 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 
have been developed and are being used to characterize the mechanical 
behavior of these materials. The ultimate goal of the project is to 
help develop a data base and a test methodology for the structural 
design of heat engines for vehicular applications. 

Technical HiPhlights: - 

During the past six months, studies were conducted on the creep 
and creep rupture of on PY6, a grade of silicon nitride containing =6 
wght. X Y,O,. This work is being performed in collaboration with Pramod 
Khandelwal of Allison. To date, 23 specimens have been tested in creep. 
In addition, tensile strengths were measured on 13 specimens in the 
temperature range 1100 to 1400°C. These data will be part of a data 
base to compare materials manufactured by different companies. 

Experimental Techniques: 

Both the specimen design and the test apparatus used in this 
tensile creep study have been described in reference [I]. This 
apparatus utilized flat dog-bone shaped samples to which Sic "flags" are 
attached to define the gauge length. Relative displacements of the 
flags are continuously monitored during each test either by means o f  a 
long range telescope, or by means of a laser extensometer. Gauge 
lengths measured by the telescope are accurate to 5 2 pm, whereas gauge 
lengths measured by the laser are accurate to k 1 pm. To assure thermal 
stability, specimens were heated at the test temperature for 
approximately 20 hours before testing. Tests were made over a 
temperature range of 1200°C to 1400°C and a stress range =70 to ~ 2 0 0  
MPa. For most tests, the applied stress was maintained until the 
specimen failed. 
of the material could be characterized. 

In this way, both the creep and creep rupture behavior 

Tensile strength data were collected on flat dogbone specimens, 
which were from the same series of material as those used in the creep 
studies, Strength data were collected at loading rates of ~ 0 . 0 6  and 
26 .00  MPa/s .  The test temperature ranged from 1000°C to 1400°C. After 
heating to temperature, specimens were held for a two hour period to 
assure thermal equilibrium before testing. Specimens loaded at 36.00  
MPa/s required about 30 seconds for failure, whereas those loaded at 
~ 0 . 0 6  MPa/s required approximately 30 minutes. A s  was observed earlier 
by Hecht et al. [2] this difference in rate of loading leads to a 
significant difference in strength. 
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Resul t s  

Tens i le  s t r eng th  da ta  co l l ec t ed  i n  t h i s  study a r e  compared with 
da t a  c o l l e c t e d  ea r l i . e r  a t  Oak Ridge Natiional Laboratories by Ferber and 
Jenkins  [ 3 ]  and a t  the  Uni-versity of Dayton Research I n s t i t u t e  by I-Iecht 
e t  a l .  [2], f i g u r e  1. Data from NTST were co l l ec t ed  on specimens t h a t  
were about one- ten th  the  total .  t e s t  vol.urne of the button-head design 
specimens ( O W L  design) used a t  the o ther  two l abora to r i e s .  The N I S T  
da t a  co1.lected at- the  higher  loading r a t e  a r e  cons is ten t  with the da t a  
c o l l e c t e d  a t  OWL,  whereas, the da t a  co l l ec t ed  a t  the lower r a t e  a r e  
cons i s t en t  with the  da t a  co l l ec t ed  a t  U D R I .  The da ta  from ORNL was 
c o l l e c t e d  a t  =36 MPa/s, whi.ch i s  about 6 times the r a t e  used a t  N I S T .  
A t  temperatures above 1200°C,  (:he difEerence i n  loading r a t e  appears t o  
have a s i g n i f i c a n t  inf luence on the s t r eng th .  Speci.mens loaded a t  the  
f a s t e r  r a t e  were s t ronger  than those loaded a t  the  slower r a t e .  

Creep t e s t s  were co l l ec t ed  on two types o f  equipment a t  N I S T .  In 
one, the  displacement was measured by a l a s e r  displacement t ransducer ,  
whereas displacements on the second type of equipment were measured 
using a long range, high p rec i s ion  te lescope [ 3 ,  41.  Samples of da t a  
obtalned by these  two techniques a r e  sh07m i n  f igu re  2 .  As can be seen,  
r e s o l u t i o n  i s  higher  on the l .aser apparatus ,  a s  ind ica ted  by the  smal.l.er 
degree of  s c a t t e r  of the  da ta  poin ts  f o r  the l a s e r .  Never - the- less ,  the 
da t a  taken on the o p t i c a l  te lescope a r e  accurate  enough t o  deteriiiine the 
creep r a t e  a f t e r  extended per iods of  exposure a t  el-evated temperature.  
Data taken on the l a s e r  apparatus ,  suggest the  occurrence o f  extended 
primary creep before  f a i l u r e .  

The s t r e s s  and temperature dependence of the creep behavior was 
determined by expressing the logarithm of  the s t r a i n  r a t e ,  k ,  as  the  sum 
o f  the  inverse  absolu te  temperature,  l / T ,  and the  logarithm of the 
appl ied  s t r e s s ,  a, f o r  the e n t i r e  da t a  s e t .  

\ h e r e  n i s  the  s t r e s s  exponent, AH i s  the apparent a c t i v a t i o n  energy and 
R i s  the  un ive r sa l  gas cons tan t .  A l e a s t  squares ana lys i s  of the  da ta  
y ie lded  a s t r e s s  exponent of = 7  and an apparent ac t iva t ion  energy of  
-1140 kJ/mol f o r  t h i s  ma te r i a l .  Both of  these values a r e  cons i s t en t  
with the  those repor ted  e a r l i e r  by Ferber and Jenkins [ 3 ] ,  5 and 1102 
kJ/mol, r e spec t ive ly .  Graphical representa t ions  of  the data  f o r  the  PY6 
a r e  given i n  f i g u r e s  3 and 4 .  I n  f igu re  3 the  da ta  a r e  temperature 
compensated t o  show the  s t r e s s  dependence of the d a t a ,  whereas i n  f igure  
4 the  da t a  a r e  st:.ress compensated t o  i l l u s t r a t e  the  temperature 
dependence o f  the  d a t a .  For  both f i g u r e s ,  the  da ta  tend t o  c l u s t e r  
about s t r a i g h t  l i n e s ,  suggesting t h a t  the assumed func t iona l i t y  
provides a reasonable fit of the  minimum creep r a t e .  

Creep rupture  da t a  a r e  presented i n  f igu re  5 i n  the form of  a 
Monkman-Grant p l o t ,  i n  whi-ch the  s t r a i n  r a t e  i.s p l o t t e d  as a funct ion of 
the  time t o  f a i l u r e  i n  hours .  The da ta  co l l ec t ed  i n  t h i s  s tudy ,  dark 
squares ,  approximate a s t r eng th  l i n e  on t h i s  type o f  p l o t  with a s lope 
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5.  Creep rupture data presented in the form of a Monkman-Grant plot. 
The data collected in this study are compared with those collected 
by Ferber and Jenkins [ 3 ] .  Although the two plots are quite close 
to one-another, the data by Ferber and Jenkins do occur a longer 
failure time f o r  a given applied stress. 
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of  approximately -1. The da.tse were obtained over a range of 
temperatures and s t r e s s e s .  The f a c t  t h a t  they tend t o  c l u s t e r  about a 
s i n g l e  l i n e  ind ica t e s  t h a t  t h i s  curve can be used f o r  purposes o f  
l i f e t i m e  p red ic t ion  independent o f  temperature and appl ied s t r e s s .  

The creep rupture  da t a  co l l ec t ed  i n  t h i s  study on PY6 have been 
compared with da ta  c o l l e c t e d  a t  Oak Ridge National Laboratories by 
Fcrber and Jenkins  [ 3 ] ,  f i g u r e  5 . A t  a given s t r a i n  r a t e ,  specimens 
t e s t e d  a t  ORNL appear t o  l a s t  50 % longer than specimens t e s t ed  a t  N I S T .  
S i m i l a r  r e s u l t s  have been obtained on NT154, a grade o f  s i l i c o n  n i t r i d e  
containing only 4% Y,O, [ 3 , 5 ] .  This s i m i l a r i t y  i n  r e s u l t s  suggests a 
d i f f e rence  between the  t w o  types of t e s t  specimens o r  the  technique €or 
measurement of creep r a t e .  These d i f fe rences  w i l l  be explored f u r t h e r  
on GNlO specimens made e spec ia l ly  f o r  t h i s  purpose. 

Discussion: 

A v a r i e t y  s i l i c o n  n i t r i d e s  have now been run i n  t e n s i l e  creep [ 3 ,  
5 - 7 1 .  For  a l l  ma te r i a l s  s tud ied ,  s t r a i n  t o  f a i l u r e  ranges from = 0 . 5  
percent  t o  = 2 percent .  The observed creep curves a r e  genera l ly  
observed t o  fiC inco two extreme forms of  behavior.  The creep curve may 
c o n s i s t  e n t i r e l y  of primary s t age  creep as has been reported f o r  
unannealed grades of NT154 [ 5 ]  and f o r  o ther  experimental grades o f  
s i l i c o n  n i t r i d e .  In  t h i s  ca se ,  a cont inua l ly  decreasing creep r a t e  i s  
observed f o r  the  e n t i r e  l i f e t i m e  of the  txst specimen. Fa i lure  occurs 
without the  in t e rven t ion  of e i t h e r  secondary o r  t e r t i a r y  c reep .  In 
other  grades o f  s i l i c o n  n i t r i d e ,  primary s tage  creep behavior i s  
followed by s teady s t a t e  c reep .  This type of behavior has been reported 
f o r  annealed grades of  NT154 [ 8 ] ,  f o r  G N l O  [ a ]  and f o r  experimental 
grades o f  s i l i c o n  n i t r i d e  [ 6 ] .  Te r t i a ry  s t age  creep i s  not observed 
p r i o r  t o  f a i l u r e .  This seems t o  be a general  observation of our 
s t u d i e s .  Te r t i a ry  s t age  creep does not occur i n  hot -pressed ,  HIP-ed o r  
s i n t e r e d  s i l i c o n  n i t r i d e .  Fracture  OCCUKS during primary s tage  creep,  
OK a f t e r  the  mater ia l  has en tered  secondary s tage  creep.  A s  indicated 
i n  f i g u r e  2 ,  PY6 seems t o  have a long primary s tage  followed by a 
s h o r t e r  secondary s t age  of c reep .  There appears t o  be no t e r t i a r y  creep 
i.n thi-s ma te r i a l .  

The s t r e s s  rupture  behavior of s i l i c o n  n i t r i d e  can be summarized 
They suggested t h a t  by a procedure proposed by Monkman and Grant [ 9 ] .  

the  logarithm of  the  time t o  f a i l u r e  f o r  an a l l o y  be p l o t t e d  a s  a 
func t ion  o f  the  1-ogarithm of the minimum creep r a t e .  On thi.s type of  
p l o t ,  creep rupture  da t a  p l o t  as a s t r a i g h t  l i n e  with a slope o f  =-I, 
regard less  of  temperature o r  appl~ied  s t r e s s .  This r e l a t ionsh ip  was 
developed or ig i -na l ly  as an empir ical  method of  co r re l a t ing  creep rupture  
behavior of high temperature a l l o y s .  It: has been used f o r  purposes o f  
ma te r i a l  development, and a s  a l i f e t i m e  p red ic t ion  method [lo]. Data 
f o r  all o f  the  al-- presented i n  the  o r i g i n a l  paper c lus t e red  i n  a 
narrow band on a log - log  plo- t .  I n  t h i s  s i t u a t i o n ,  a un iversa l  creep 
rupture  curve i s  obtained,  i n  which case ,  the  temperature and s t r e s s  
dependence of the  t i m e - t o - f a i l u r e  i s  determined by the  a c t i v a t i o n  energy 
and the s t r e s s  exponent of the  creep r a t e .  Therefore,  it follows t h a t  
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lifetime of  alloys at el-evated temperatures can be enhanced by improving 
creep behavior. The same conclusion is valid for silicon nitride. 

In figure 6, silicon nitride creep rupture data from a number o f  
investigations have been plotted on a common diagram. A s  with high 
temperature alloys, the creep rupture data tend to cluster around a 
common curve. The line labeled Kossowsky et a1 [7] represents the first 
set of data of this type collected on Norton NC132, a grade of silicon 
nitride containing magnesia as a sinterir,g aid. At a given creep rate, 
this material has the longest lifetime, because its strain to failure i s  
greatest, (=2%) .  The newer materials contain only yttria, or yttria and 
other oxides (alumina, strontia) as si-ritering aids. Although these 
materials tend to fail in shorter times, €or a given creep rate, their 
resistance to creep as a function of stress and temperature is far 
better than that of NC132. Consequently, they are much better 
structural materials at elevated temperatures. 

Monkman-Grant curves for the newer grades o f  silicon nitride 
cluster within a factor of  two of a line predicted from the following 
equation1. 

log(t,) = -2.347 - l o g ( € ) ,  

In this equation, the unit of time is hr. Considering how closely the 
data in figure 6 cluster, the above equation, dashed line in figure 6, 
can be used as a universal estimate of failure time for silicon nitride. 
As with structural alloys, it also follows that resistance to creep 
should be an important guideline for the processing new grades of 
silicon nitride. 

The data in figure 6 imply that for a given creep rate, the 
further the Monkman-Grant curve is to the right on the diagram, the 
longer the lifetime. Thus, the curve for NC132 has a lifetime 
approximately ten times that of NT154, one of the best grades of  silicon 
nitride produced today. While this conclusion is true, it is not of 
great practical value, because the design of structural components is 
not based on strain rate, but on applied stress and temperature. To 
compare these two materials on a more practical basis, the Monkman-Grant 
equation is expressed in its power law form. 

tf = t,-im, ( 3 )  

where tf is the time to failure, and t- is the creep rate. 

By substituting equation 1. into equation 3 ,  the following equation 
is obtained [ll]: 

The line wa.s obtained by a visual fit to the data shown in figure 6 .  
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6. A comparison of creep rupture obtained on a variety of commercial 
and experimental grades of sili-con nitri.de. The dashed line is a 
visual fit of the data for the newer grades o f  silicon nitride: 
l o g ( t f )  = - 2 . 3 4 7  - l o g ( & ) .  ’The unit of tiiiie in this equation is 
hr . 
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This equation gives the time to failure as a function of stress and 
temperature. 
as both the activation energy and the stress exponent depend on failure 
mechanism. Substituting creep data for NC132 and NT154 [ 5 ,  71 into 
equation 4 ,  a comparison between the two materials at 1300°C is 
obtained, figure 7. For a given temperature and applied stress, 
lifetime improvements in creep rupture lifetime of approximately five 
orders of magnitude have been obtained over the past 10 years. This 
improvement in lifetime has been achieved primarily by enhancing the 
creep resistance of silicon nitride. 

The equation depends on the operating failure mechanism, 

Status of Milestones: 

All milestones are on schedule. 
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7 .  A comparison between lifetime of NC132 and a lifetime prediction 
for N T 1 5 4 .  The five orders of magnitude improvement in lifetime 
i.s a consequence of materials development programs conducted over 
the last 10 years. Lifetime improvement is largely a consequence 
of decreasiny the creep rate of silicon nitride as a function of 
temperature. 
than the old ones, and therefore have a greater life expectancy. 

The newer materials are much more creep resistant 
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3.5 N ON DEST WLB CTiVE EVALUAT’IQ N BEVELOPM EN1 

Nondestructive Characterization 
D, J. McGuire (Oak Ridge National Laboratory) 

Obiective/scope 

The purpose of this program is to con uct nondestructive evaluation (NDE) 
development directed at identifying approaches for quantitative deterrninati 
conditions (including both properties and flaws) in ceramics that affect the structural 
performance. Those materials that have been seriously considered far application in 
advanced heat engines are all brittle materials whose fracture is affected by structural 
features whose dimensions are on the order of the dimensions of their microstructure. 
This work seeks to characterize those features using high-frequency ultrasonics and 
radiography to detect, size, and locate critical flaws and to measure nondestructively the 
elastic properties of the host material. 

Technical prowess 

Ultrasonics - W. A. Simpson, Jr., and K. V. Cook 

Using a new, 8-bit, commercial, high-speed digitizer that is capable of a 100- 
real-time sampling rate and equivalent-time sampling rates up to 3200 MHz, we 
examined the scattering of ultrasonic surface waves from very small, laser-drille 
silicon nitride. The features examined were 2O-ym-diam, 20-pm-deep and 1 0-vim-diam, 
10-pm-deep holes. Neither could be detected using our original 4-bit equipment. Both 
were detected and recorded with the new system. The smaller of these holes is only 
about 1/12 of a wavelength in both diameter and depth. 

ultrasonic ceramic data. The first is an in-house-designed system that uses a commercial, 
large-volume, ultrasonic tank running under the control of a local 386-based computer. 
The data are acquired from an equivalent-time sampling digital oscilloscope over an 
IEEE-488 bus. Although slow, this system can sample at any equivalent-time rate up to 
1 GHz. The acquisition of data is completely automated; i.e., after 9he material parameters 
are entered from the keyboard, the computer moves the ultrasonic transducer to each 
sample point of the synthetic aperture, acquires the data from the digital oscilloscope, and 
stores the data on hard disk. The data are stored as 4-byte, floating-point numbers; thus, 
each sample point of the aperture results in a 2048-point record an disk (512 points per 
waveform). 

tant of the commercial upgrade to our C-scan hardware. In addition to its C-scan and 
image analysis features, the new system is also capable of generating €3-scan records of 
the scanned sample. In this mode, the full radio frequency (rf) waveform of the ultrasonic 
signal is digitized and stored for each point of the area scanned. Although the maximum 
digitizer rate in B-scan mode is I00 MHz, these data are well suited for synthetic aperture 
processing for frequencies up to 25 MWz or SO. A check with the vendor of this software 
indicated that later releases of the operating system will permit equivalent-time sampling at 
higher frequencies in the B-scan mode. Since the data are stored as two’s complement 

We now have two systems capable of performing synthetic aperture processing of 

The second system for implementing synthetic aperture processing was a concomi- 
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&bit integers, a simple assembly langwage program was written to allow data generated 
by our inhousedesigned system to be stored as Ales  that can be accessed by the com- 
mercial system. In this way, effective sample rates as high as 1 GHz can be realized, 
while the image analysis capabilities of the commercial package can be used to examine 
the in-house-generated data. 

The impetus driving this work is the physical limitation imposed by the high index of 
refradon of typical cmtnics on the maximum inspection depth achievable by focused 
transducers. Using synthetic aperture techniques, the depth limitation is removed at the 
expense of signal-to-noise ratio for a single-point data record. Since records from several 
adpcent source points are coherently summed for a single field point, however, the flaw 
signal-to-noise ratio is correspondingly improved. The ultimate detection limit, of course, 
is set by the requirement that the signal from the target yield at least a single-unit change 
in the dlgitizer output at every point of the synthetic aperture. 

Atthough we have previously tested our software for implementing synthetic aper- 
ture technology, the union of this programming and the commercial hardware and soft- 
ware allows us to display the results as an image. In Fig. 1, we show the calculated result 

YP13634 

Fig. 1. Computed ultrasonic synthetic aperture response of a single point 
scatterer. 
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of the scattering of ultrasonic energy by a spherical radiator in a hypothetical ceramic. 
The energy is incident from the left, and the abscissa of the figure represents time. The 
ordinate denotes distance along the synthetic aperture, and the ultrasonic transducer is 
assumed to be focused at the surface of the sample. The gray scale at the right of the 
figure defines the intensity of the ultrasonic wave. The most obvious feature of the 
scattering pattern is the parabolic shape of the signal delay as a function of transducer 
position. This is easily understood from analysis of the phase of the scattered wave. Let 
the flaw depth be denoted by d, the wave vector of the ultrasonic energy by k, and the 
transducer position, referenced to the point on the surface directly above the flaw, by x. 
The amplitude of the scattered signal in the far field of the scattering center will vary as: 

@(x) = A(x)eib/r , 

where A(x) is a factor that takes into account the directional properties of the incident 
beam, and r is the transducer focal point-to-flaw distance. But r is given by: 

r = (d2 + fiM. 
Expanding the square root and retaining only the first terms: 

r - d[l + l/ i(~/d)~] . (3) 

Referencing the phase (or signal delay) to that when the transducer is directly over the 
flaw (x = 0), the phase of the scattered wave is: 

4(x) = exp(ikx2/2d) . (4) 

The phase (delay) thus varies quadratically over the synthetic aperture. This characteristic 
is used to Yocus" the synthetic array. 

that the result depends on the flaw depth as well as the transducer position. Since the 
flaw depth will not, in general, be known a priori, the acquired data are processed for 
each depth, in effect "focusing" the synthetic aperture at that depth. When the actual flaw 
depth does not correspond to the assumed flaw depth, the flaw signals do not add 
coherently, and very little or no indication is obtained for the flaw. When the assumed 
and actual depths correspond, however, the coherent summation yields a strong flaw 
indication. In this manner, one obtains an image of each depth plane within the sample 
even though the specimen is scanned only once. With sufficiently fast computer 
processing available, this advantage should more than compensate for the additional 
processing required by synthetic aperture techniques over real-time conventional 
approaches for which the sample must be rescanned for each depth plane to be imaged. 

Figure 2 shows the result obtained by processing the data of Fig. 1 using the 
correct flaw depth. The result is a pronounced sharpening of the transverse (vertical 
direction in Fig. 2) resolution, locating the Raw very accurately in this direction. The 
longitudinal (horizontal) resolution is determined by the transducer bandwidth, which is 
relatively narrow in Fig. 2. It is obvious that the transverse resolution exceeds the 
longitudinal resolution considerably. For this case, in which true point source excitation 

The expression above for the phase variation over the synthetic aperture indicates 
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Fig. 2. Processed ultrasonic synthetic aperture data showing detection of a 
single point defect. 

was assumed, the former value agrees extremely well with the calculated result based on 
the synthetic aperture dimension. 

The data of Figs. 1 and 2 were obtained by a linear (Le., a onedimensional) 
synthetic array. In practice, however, we generate a twodimensional synthetic aperture. 
The resulting processed image is a threedimensional view of the flaw distribution 
throughout the sample volume. This image cannot be displayed with our current in-house 
or commercial software; accordingly,. we are writing software to display the results as a 
pseudo threedimensional image on a graphics terminal. 

Figure 3 shows the calcuiated response of two spherical scatterers separated by 
the Rayleigh criterion. The raw data suggest multiple scatterers, but no information 
regarding their separation can be determined from the figure. In Fig. 4, however, the raw 
data have been processed for the appropriate flaw depth and the contrast enhanced until 
only the peaks of the scattered signals csn be seen. The result indicates two closely 
spaced but clearly resolved point sources. Their separation appears to be greater than 
the Rayleigh criterion only because of the suppression of the low-amplitude wings of the 
"spot" size of the synthetic array. 
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Fig. 3. Computed ultrasonic synthetic aperture response of two point scatterers 
separated by the Rayleigh criterion. 

In the last equation above, we gave the expression for the phase delay produced 
over a onedimensional synthetic aperture. For a two-dimensional aperture, the 
relationship becomes: 

where the position in the aperture is given by the pair x,y, referenced, as usual, to the 
point in the aperture directly over the flaw. For a two-dimensional scan, the signal-to- 
noise ratio will generally be larger (relative to a onedimensional scan) since more points 
are coherently added for each image point. There is a complicated relationship between 
the coordinates of a particular point in the synthetic aperture and the data record 
numbers of the adjacent points to be summed, and this relationship requires very disk- 
intensive processing of the acquired data. Even using random access data files, most of 
the processing time is spent simply retrieving data from disks. 

In describing synthetic aperture systems, many authors have stated that a desirable 
goal is to use a transducer capable of producing full 211e solid-angle illumination within the 
sample so as to maximize the aperture over which a given flaw can be detected. This 



423 

YP13640 - 

Fig. 4. Contrast-enhanced display of processed synthetic aperture data showing 
precise location of two point sources. 

condusion is not only wrong; R yields unnecessarily small, singlepoint, signal-tonoise 
ratios. Bussel et al. howe shown that there is an opthum aperture for any given 
transducer and flaw depth and that the best transducer choice is that which produces a 
cone of inson- at the flaw as neariy equal in area to this aperture as possible. A 
larger cone of k r s o n m  reduces the signal-to-noise rat&, and a larger aperture 
extends the processing time with no attendant hcrease in resolution. The optimum 
aperture for a given flaw depth is: 

L = d/(2.44qF) , (6) 

where d is the l h f  depth, q is the ratio of the ultrasonic wavelengths in water and the 
ceramic, and F is the transducer f-ratio. As the latter quantity increases, the optimum 
synthdc aperture and the maximum aperture avallaMe vvith the given tr- become 
more nearly equal. Thus, for large flaw depths, a high f-mtio transducer becomes 
desirable. Unfortunately, for high-frequency ceramics evaluation, this situation is 
untenable because of higher losses in the water column for long-focus transducers. A 
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tradeoff between transducer f-ratio and solid-angle illumination is therefore necessary, 
especially in high-index ceramics such as alumina, silicon nitside, 

synthetic aperture data from flaw standards in aluminum and zirconia. Figure 5 shows the 
data obtained from a round-bottomed, drilled hole in aluminum. This is a high-frequency 
scan that was deliberately over-sampled sp@ially to show the quadratic phase'delay 
predicted by W fourth equation abovi. h e  arc in the left-hand third ryf the emre i6 the 

red from the tip of the hale (the ultrasound is incident from the left). The 
In the right-hand third of fhe figure are caused by llface refbdon. 

Note the loss of the back-surfaa .anal in the; area directly u 
to &e right of the back-surface indication are signals scattered from the sides of the hole 
and would not be present for a real flaw. 

The data shown h Fig. 5 were acquired at too low a temporal sampling rate 
(100 M k )  for accurate synthevc aperture processing. (A new version of M soflware, 
scheduled for releass in the near Mure, Wsll permit equivalent-time sampling at rates up to 
3200 MHz. In the meantime, w+.have the dipabiiity of acquirhg the data at rerteg csp to ' 

In addition to compwted results, we hawalso acquired and p 
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Fig. 5. High-frequency ultrasonic synthetic aperture scan of a flaw standard in 
aluminum. 
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1 GHz in our in-house-designed system and importing the files into the commercial 
system). Accordingly, data were acquired at a lower frequency on the same target and 
with a spatial sampling interval approximately optimum for the given flaw. The processed 
results are shown in Fig. 6. The bright spot in the center is the synthetic aperture image 
of the tip of the drilled hole. The image is approximately two wavelengths in diameter. 

In order to minimize the effect of a high index of refraction on synthetic aperture 
performance, we have been examining flaw standards in zirconia, whose elastic wave 
refraction index is intermediate between that of metals and alumina. In addition, all of our 
standards contained numerous natural flaws (voids), as well as the fabricated ones, and 
provided an excellent opportunity to evduate the synthetic aperture approach on real 
flaws. The chosen standard contained a 200-pm drilled hole whose bottom was located 
about 3 mm from the reverse (beam-entry) surface. A 25-MHz, 25mm, focused 
transducer was used to Scan the sample, and the transducer, which is an f/4 unit, was 
focused at the sample surface. The relatively low frequency was necessitated by the 
maximum 1 OO-MHz sample rate of the on-board digitizer when operating in the synthetic 

YPl3969 

Fig. 6. Ultrasonic synthetic aperture image of a flaw standard in aluminum. 
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aperture mode. Although it satisfies the Nyquist criterion, this sample rate is a bit low for 
a purely time-domain technique. 

Figure 7 shows the result of an unprocessed synthetic aperture scan of the 200-pm 
flaw. The vertical bars in the right half of the figure are the oscillations produced by the 
highly saturated back-surface indication. The characteristic parabolic arc caused by the 
flaw can be seen just to the left of center. Similar, fainter arcs caused by natural flaws in 
the 50 to 100-pm range can be seen throughout the left half of the figure. These data 
were acquired using the optimum spatial and maximum temporal sampling rates. 

Figure 8 shows the result obtained after the data of Fig. 7 were processed with our 
synthetic aperture algorithm and contrast enhanced. The arrow indicates the 200-pm flaw. 
Several other pointlike indications were noted before the contrast was enhanced to 
suppress all but the 200-pm flaw response. As expected, only those indications which lay 
in or near the plane of the standard survived, however. 

We continued to extend the synthetic aperture techniques to nonplanar geometries. 
Only minimal changes to the software will be necessary to implement the approach for 

w14337 

J 
Fig. 7. Synthetic aperture scan showing characteristic parabolic arc response of 

a 200-pm flaw in zirconia. 
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Fig. 8. Processed synthetic aperture scan showing image of 200-pm flaw (arrow) 
in zirconia. 

cylindrical specimens, but considerable hardware development is required since none of 
our inspsctbn systems possess a turntable. We are examining several designs for 
adding this CapabiSity, or its equivdent, to our existing hardware. 

Computed Tomography (CT) - B. E. Foster 

The manufacturer, Scientific Measurement Systems (SMS), of our CT system held a 
Users Conference in Austin, Texas, on October 24,1991. There were approximately 
20 attendees from 10 different system owners/users. The morning of the first day was 
used by SMS personnel for presentations on the current user base and future capabifity of 
their CT systems. The afternoon consisted of round-table discussions between SMS and 
the users on the strengths and weaknesses of the systm from a user's perspective. 
Short presentations by each user on their applications of CT filled the second day. I 
chaired one session (Future Requirements From Users) on the third day. In addition, we 
received a status report of new software enhancements, a demonstration of the new Sun- 
based workstation, and SMS's response to the issues from the round-table discussions. 
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The Sun-based workstation was shown to increase the display speed by some 5 to 
10 times and reconstruction speeds (with four array processors) by about 8 times. Cost 
estimates for an upgrade to the Sun-based workstation will be on an individual basis. The 
conference was very beneficial, and the consensus was to schedule a user’s conference 
biannually. 

novel scanning and reconstruction techniques with particular emphasis on system 
calibration and image-sharpening routines. We are apparently the only users with the 
need to scan a wide variety of sample sizes (4-mm to 15cm diam) in the high-resolution 
mode, thus requiring very accurate (a few microns) image-sharpening and reconstruction 
algorithms. Prior to the recent training, it would take several days to accomplish system 
calibration when changing from a small- to large- diameter sample or vice versa. Now, the 
time element is considerably reduced. 

Following the above training, I calibrated our system for scanning a multiple-hole 
Si,N, tensile sample with hole diameters and respective depths ranging from 25 to 100 pm 
in the approximately 5-mm-thick gauge block portion. Four different 100-pm-diam holes 
were imaged in the high-resolution CT mode. Earlier scans of this sample had merely 
shown possible indications in the vicinity of the holes. 

The system was recalibrated for the seven Si,N, HIP’ed rotors (approximately 
50-mm diam) that had been received for evaluation. These rotors were manufactured at 
ORNL as a part of the Cooperative Research and Development Agreement (CRADA) 
program with Garrett Ceramics. The identification of the rotors was as follows: 81490, 
81 4908, 1 12990, 12391 , 20691, 22091 and 22091 B. The local interest was primarily in 
the 15-mm-diam shaft of the rotor. Therefore, several CT slices were taken through the 
shaft-only region as well as the blades of each of the rotors. A digital radiograph was 
made of each rotor to accurately determine the location of each CT slice. Each CT image 
was generated using the following parameters: aperture 0.2 by 0.2 mm with a ray spacing 
of 0.07 mm, data accumulation time (zap time) at each position 0.01 s, and an energy of 
420 kVcp with an intensity of 3 mA. In general, the samples showed surface-type bubbles 
(2- to 4-mm diam) on the blades and voids (0.2- to 0.5-mm diam) in the internal portion of 
the shaft. 

A digital radiograph of the shaft portion of rotor 112990 (one of the first rotors 
made) is shown in Fig. 9 (YP13544). The numbers 72.9 and 75.2 to the right side of the 
shaft image denote the location of the CT slices as referenced from the top of the blades. 
The darker, linear-type areas that can be seen in the shaft region are better identifiable in 
the CT slices in Figs. 10 and 11. In Fig. 10 (YP13547), which is the CT slice at the 72.9 
location, it clearly shows those linear-type areas to be cracklike indications. In Fig. 11 
(YP13548), which is the CT slice at the 75.2 location (only 2.3 mm from the Fig. 10 
location), it shows a significant increase in size and quantity of those cracklike indications. 
The CT slice through the blades shown in Fig. 12 (YP13546) is located 10 mm from 
Fig. 10, and 62 mm from the top of the blades, it shows a crack in one of the blades at 
the shaft junction. In addition, the surface bubbles on the blades that were previously 
mentioned are clearly evident. The doughnut-shaped, dark ring in the center is a 
reconstruction artifact resulting from the sharp edges and long attenuation paths through 
the blades. 

(YP13559). Note the absence of surface bubbles on the blades. Voids in the central 
portion of the hub are less than 0.5-mm diam. In Fig. 14 (YP13562), the voids detected in 

Later in the month, I received about ten days of very intensive training at SMS on 

A CT slice through the blades of one of the last rotors made is shown in Fig. 13 



429 

Fig. 9. Digital radiographic image of the shaft 
region of test 11 2990. 

A 

1 

A 

1 

Fg. 10. Computed tomography 
image in the shaft region 729 mrn from 
the top of the bf- of test rotor 11 2990 
showing crack-like indications. 
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Fg. 12. Computed tomography image in the blade region 62 mm from the top of 
the blades of test rotor 112990. 
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Fig. 13. Computed tomography image in the blade region 54 mm from the top of 
the blades of test rotor 20691. 
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Fig. 14. Computed tomography 
image in the shaft region 73 mm from the 
top of the blades of test rotor 20691. 

Milestones 

On schedule. 

Publications 

W. A. Simpson, Jr., R. W. McClung, and 0. R. Johnson, “Ultrasonic Tests for 
Advanced Structural Ceramics,” pp. 506-13 in NondesbvctJve Testing Handbook, Vol. 7, 
Sect. 15, Part 1, American Wety for Nondestructive Testing, Evmston, Ill., 1991. 
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NDE Standards f o r  Advanced Ceramics 
R. W .  McClung (Oak Ridge National Laboratory) 

The development of standards is important for the establishment of 
reliability and acceptance of advanced structural materials. Committee 
C-28, on Advanced Ceramics, is organized in the American Society for 
Testing and Materials (ASTM) to address this issue. One of the activities 
of the C-28 committee is nondestructive examination (NDE). The Task Group 
on NDE i s  reviewing existing standards on NDE (primarily developed for 
metals) to determine potential applicability for ceramics as well as pre- 
paring original standards. Use of existing or modified standards is more 
efficient than generation of new documents and will ensure the input of a 
large body of NDE expertise. 
Committee E-7 on Nondestructive Testing, and documents are in various 
stages of review, recommendations for change modification, and balloting. 
R.  W .  McClung is a member of both committees and the official liaison. 

Committees C-28 and E-7. To date, 31 NDE standards have been reviewed in 
detail with recommendations made to E-7 for modifications to identified 
documents. Successful action is complete on 14 documents, E-7 balloting 
action is in progress on 6 items, and the others require action by C-28. A 
table of ultrasonic velocities in typical ceramic materials prepared by 
C-28 and submitted to E-7 for incorporation in an existing NDE standard had 
a successful E-7 subcommittee ballot and committee and Society ballot. A 
document on fabrication of seeded voids in pressureless-sintered ceramics 
balloted in C-28 at the subcommittee level was revised for a concurrent 
ballot at both committee and subcommittee levels. The document, now desig- 
nated C-1212, also passed the Society ballot. 
February 1992, appropriate contacts were made to ensure ongoing activity in 
response to C-28 requests on documents on radiography, ultrasonics, and 
liquid penetrants. 
for (1) fabricating reference specimens containing seeded inclusions and 
laser-drilled holes and (2) measurements of porosity in ceramics using 
ultrasonic velocity. Toward development of "radiographic equivalence 
factors," a list was made of recommended materials to be sought in various 
thicknesses for initial studies. Suggestions included A1,0,, Sic, and 
three compositions of Si N, varying in additives (between 4 and 12%). 
new subcommittee (C-28.Oy) on composites has been formed. 
on NDE has been asked to provide technical support. 

Close liaison is established with ASTM 

Liaison and technical support have been continued between ASTM 

At the E-7 meeting in 

Plans are being made in C-28 for potential procedures 

A 
The Task Group 
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x-ra Y 8.20 mmed Tomoglaphic l m w  - W. A. Ellingson, D. L. Holloway, 
J. Ling (Argonne National Laboratory) H. C. Yeh and J. P. Pollinger, 
(Garrett Ceramic Components of Allied-Signal Aerospace Corporation) 

The objective of this program is to develop X-ray computed tQmQgraphjC (CT) 
imaging technology for application to structural ceramic materials. This technique has the 
potential for mapping short-range (4 mm) and long-range (r5 mm) density variations (to 
perhaps 0.5-1 %), detecting and sizing high- and low-density inclusions, and detectin 
and sizing (within limits) cracks in green-state and densified ceramics. Use of 3-D CT 
(volume CT) imaging allows the capability of interrogating the full volume of a component 
and is noncontacting. It is also relatively insensitive to part shape and thus can be used to 
inspect components with complex shapes, such as turbocharger rotais, rotor shrouds, and 
large individual turbine blades. 

Technical m o m  

The work this reporting period covers application work felativs? to X-ray cornplrted 
tomography using Argonne National Laboratories 3-0 microfocus system clri phase I I I  of 
this research program relative to detection of whisker distributions (likely to be manifested 
and detected as density variations) in as-cast pressure slip-cast ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ N 4  (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, 
Ca I i fo r n i a. 

We have all of the specimens of SiC(w)/SigNq billets (length/diameter ratio = 1.5 and 
2.5) made by pressure slip-casting. 

In all cases the casting pressure was 40 psi and the mold type was plaster of paris. 
The eonfiguration of the casting is shown in Fig. 1. Note that the dewatering was in 2 
directions: radially and axially (bottom only). 

The microfocus X-ray CT scanner data were acquired using 339 projections, 259 x 
259 reconstruction, with pixel sizes of 141.5 mrn in the X and Y direction and a slice 
thickness of 2 mm. The X-ray data were 125 KVp at . I  5 ma. We changed the data 
acquisition methods to better account for CCD carnerdimage intensifier dark current and 
to better adjust for center of rotation. In addition, this period we added remotely controlled 
shutters to restrict image intensifier exposure region. 
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SPECILlEZIS: L I D RATIO 1,1.5 
V,'S'HISKER CONTENT: 20,23,27,30 WT 26 

Fig. 1 . Schematic diagram of dewatering/mold configuration for 
pressure-slip-cast SiC(w)/SigNq GN-10 ceramic materials 

The casting data for the two sets of specimens is given below in Table 1. 

Table 1. Casting data 

Whisker Slip Slip Bulk density 
Billen Content Solids Content viscosity at dernolding 

Identification Wt.% wt.% CPS gtcc 

91 A-013 20 69.8 135 2.07 
SEI 1 S-910002 23 68 93 2.4'7 
UD = 1.5 S-910362 27 65  105 2.1 5 

5-91 0373 30 63 352 2.30 

S920030-2 20 83.8 191 1.09 
SET 2 S920033-2 23 68 167 1.04 
L/D = 2.67 S920042- 1 27 65 96 1.79 

S920048-2 30 63 136 1.67 

The comparison between destructive analysis and nondestructive analysis was done 
on specimen L./D = 1.5 of 27 and 30 wt.% whiskers. At each of three axial positions, U4, 
U2 and 3L/4, X-ray computed toniagraphic image data (in the form of an image gray 
scale) was obtained at four azimuthal positions, 0, 90", 180 and 270". At each azimuthal 
position, the center and five 2 mm X 2 mm regions, contiguous and radially directed were 
measured. The 0" degree data are the data which should agree with the destructive data. 
We noted the angular (azimuthal) orientation by scribing marks on the cylinder walls. 
These cl mm deep grooves are easily detected by the X-ray CT scanner images and are 
readily visible for destructive correlation orientation. 
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The comparison between the destructive data and the nondestructive X-ray CT data 
are shown in Fig. 2 4  for the 27 wt.% whiskers and Figs. 5--7 for the 30 wt.% whisker 
specimens. 

Several observations are clear; (1) the higher the maximum gray scale, t h e  higher 
was the actual measured density. (2) measurable gray scale differences, (=lo/.) 
corresponds in general to 4.5% change in measured density, (3) although the absolute 
point to point comparison has some experimental error, the rate of change in density is 
mapped almost exactly fry the X-ray CT image data, (4) the radial variation in density at 
any given azimuthal position is very low and (5) the center of the cylinder is about 25% 
less dense than the outside in both cases. 

Because of budget limitations, the 20 and 23 wt.% specimens of UD = 1.5, and all of 
the UD = 2.67 will be delayed. We hope to be able to complete these data analysis by the 
next semi-annual report. 

outside B,-2y sc,-j.: 27% whiskers 
---e--- A 

m e x u r e d  position each 75x75 oixels 0. I.lmm/pixel) 
@A: From calikxnja data'(density)  

ANL: Argonne National Lab data(gray scale) 

Fig. 2. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-cast SiC(w)/Si3M4. State of ceramic was air-dried 

after slip-casting. Section A at U4. 
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Fig. 3. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-cast SiC(w)/SiaN4. State of ceramic was air-dried 

after slip-casting. Section B at bJ2. 

- c - - G  -A gray scale 27% w hi s k e r s 

rnrn CA: From California data (density) 
ANL: Argonne National Lab data(gray scale) 

Fig. 4. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-cast SiC(w)/SisN4. State of ceramic was air-dried 

after slip-casting. Section C at 3U4. 
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Fig. 5. 
measurements and nondestructive density measuremerlts an pressure slip-cast 
SiC(w)/SiaN4. State of ceramic was air-dried after slip-casting. Section A at U4. 

30 volume percent whiskers. Comparison be een destructive density 
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ANL: Argonp? National Lab data (gray scale) 
CA: From California data (density) 

Fig. 6.  30 volume percent whiskers. Comparison between destructive density 
measurements and nondestructive density measurements on pressure slip-cast 
SiC(w)/Sj3N4. State of ceramic was air-dried after slip-casting. Position at L/2. 
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Fig. 7. 30 volume percent whiskers. Comparison between destructive density 
measurements and nondestructive density measurements on pressure slip-cast 
SiC(w)/SiaN4. State of ceramic was air-dried after slip-casting. Position at 3U4. 



44 1 

- S. L. Dieckman 
A. C. Raptis, W. A. Eliingsen (Argonne National Laboratory), 
and H. Yeh and J. P. Pollinger (Garrett Ceramic Components 
of Allied-Signal Aerospace Corporation) 

The objectives of this task are to: (1) utilize NMR imaging techniques to study the 
distribution of whiskers and other possible variations in composite pressure slip-cast 
green-state (as cast) billets; (2) conduct destructive analysis of the same billets (to be 
performed by Garrett Ceramic Components a Division of Allied Signal Corp.); (3) 
correlate the results obtained from the NMR imaging techniques with those obtained 
from both the 3-0 X-ray and the optical microscopy. 

Proton (H1 ) NMR spectroscopic studies of the benzene-imbibed as-cast Si3NdSi3N4 
whisker-reinforced composites produced spectra which exhibited an unexpectedly wide 
benzene linewidth. This linewidth, which averaged 4 kHz, is roughly three orders of 
magnitude larger than linewidths acquired on homogeneous solution-state benzene 
specimens. Additionally, simiiar spectroscopic results were obtained on water-imbibed 
and methyleqe chloride-imbibed composite specimens. It was determined that the 
~ x p e ~ i m ~ ~ ~ a 1  linewidths observed in these heterogeneous systems are dominated by 
localized magnetic field inhomogeneities caused by large differences in the magnetic 
susceptibility of Si3N4 and the solution-state contrast medium. Since susceptibility 
induced line broadening can not be eliminated for a given substrate and solvent, it is 
necessary to design an imaging experiment which is capable of imaging under these 
conditions. 

To this end, a three-dimensional (3D) NMR imaging technique based upon two phase 
encoding and one readout gradient was implemented, see Fig. 1. This method encodes 
the entire sample space by perturbing the net spin magnetization vector with the initial 
RF pulse, applying phase encoding magnetic field gradients in two spatial dimensions, 
then finally frequency encoding in the third dimension. In practice, the phase encoding 
gradients ore varied in a step f a h n  {the dashes in Fig- 3 )  30 ma6, wf the 3-0 space 

‘by app1imin.g I w w x  3-D TFT. 
zql$mpr* in phase space. 6Wxnstrulsti.ons are men often performed 

The 3-D phase encoding imaging methodology implemented here has several distinct 
advantages over other commonly employed 3-0 imaging sequences. The advantages 
of particular interest for imaging of the benzene imbibed specimens described above 
are: (1) the ability to sample the 3-D space equally in all dimensions, and (2) the ability to 
acquire data shortly (c 0.5 ms) after initial excitation by the RF pulse. This is crucial in 

. . . . . , . . . . . . . . . 
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+ Y Gradient 

2 Gradient 

Fig. I .  Schematic drawing of the three-dimensional (dual phase encoding frequency 
encoding) pulse sequence employed in this study. 

these studies given that the signal observed from the benzene in this heterogeneous 
mixture decays away rather quickly (-1 .O ms). 

To facilitate reconstruction of the data sets, image reconstruction computer programs 
based upon 3-D FFTs were developed specifically for the NMR data sets. These 
programs incorporate a variety of share-ware and user written algorithms to insure 
versatility and portability among VMS and Unix platforms. Matrix size limitations (due to 

computer space limits) encountered in the development of these programs currently 
limited the reconstructions to 1283 (1 6 Mega byte complex data). The image 
reconstructions require approximately 29 minutes of CPU time and approximately I 08 
page faults on ANL's local Vax 8700. Thus the overall reconstruction time of a 3-D 1283 
image is approximately 4 to 6 hours when the Vax is experiencing a normal work load. 
Significant time savings can however be realized if one is willing to settle for a 64 x 64 x 
128 image. These programs will be ported to an IBM 6000 model 530 in the near future. 
It is expected that the reconstruction times will be cut by a factor of 12 to 15 on the IBM 
platform. 

Using the above 3-D imaging methodology and reconstruction techniques, imaging 
studies were performed on benzene imbibed specimens containing 20 and 23 wt.% Sic 
fiber Si3Nq matrix composites. Transverse grey scale images of the 20 and 23 wt.% 
specimen along with plots of radially grey scale intensity across the image is shown in 
Fig. 2a - 3f and Fig. 3a - 3f, respectively. Similarly, longitudinal grey scale images of the 
20 and 23 wt.% specimen along with plots of radially grey scale intensity across the 
image is shown in Fig. 4a - 4f and Fig. 5a - 5f, respectively. These image data sets were 
initially acquired and reconstructed with 1 mm resolution in each dimension. 
Subsequently, the images were spatially averaged to allow direct comparison to the 
destructive testing results which have a 2 mm minimal resolution limit. 
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Fig. 2. Representative cross sectional thin views "slices" of three-dimensional NMR 
imaging data obtained on the 20 (Fig. l a  - IC) and 23 (Fig.1d - i f )  wt.%whisker- 

reinforced, mast composite imbibed with benzene. images were acquired, 
reconstructed and displayed with 1 mm resolution in all three dimensions. The photos 

displayed are of sl@es from the top (2 mm inside the spedmen) (a&d), the exact 
spedmen center (Me) and 2 mm from the bottom of the specimen (cat). 



444 

90.00 11 9.00 

(4 ( d )  

35.00 34.00 
N=24 Mean=65.29 Calibrated() N=24 Mean=81.17 Calibrated() 

78.00 

( b )  

42.00 
N=24 Mean=63.96 Calibrated() 

83.00 

(4 

33.00 
N=24 Mean=65.67 Calibrated() 

21 3.00 193.00 

( c )  ( f )  

24.00 29.00 
N=24 Mean=94.29 Calibrated() N=24 Mean=95.38 Calibratedo 

Fig. 3. Plots of radial grey scale intensities taken from the corresponding photos in Fig. 
2. Significant differences in distribution of image contrast agent are indicated in the 

plots. 
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I 

Fig. 4. Representative longitudinal sectional thin views "slices" of threedimensional 
NMR imaging data obtained on the 20 (Fig. l a  - IC) and 23 (Fg.ld - I f )  wt.% whisker- 

reinforced, as-cast composite imbibed with benzene. Images were acquired, 
reconstructed and displayed with 1 mm resolution in all three dimensions. The photos 

displayed are of slices from the side (2mm inside the specimen) (ad), the exact 
specimen center (Me) and 2 mm from the opposite sue of the spedrnen (c&f). 
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Fig. 5. Plots of longitudinal grey scale intensities taken from the corresponding photos in 
Fig. 4. Significant differences in distribution of image contrast agent are indicated in the 

plots. 



447  

Image intensity differences apparent in the photos result form variations in proton 
concentration within the specimen. It is postulated that these variations result from 
differences in porosity throughout the specimen. It is further postulated that the porosity 
variations result from the stratification in the buildup of ceramics on the wall of the mold 
during the molding process (see Fig. 6). In the top of the specimens much of the porosity 
remaining in the center of the specimen due to preferential buildup of ceramics on the 
wall as shown in Fig. 2(a-b), and Fig. 3ja-b). image slices from the center and the bottom 
of the specimen suggest that there is a much more even distribution of porosity across 
the sample. Additionally it is worth noting that a significantly higher intensity (more 
protons) are observed near the top of the specimen. Comparison of data among the two 
specimen will be performed as the destructive testing results become available. 

Work in phase three has begun with NMH imaging of Gelcast ceramic specimens. This 
work will be conducted in collaboration with Dr. Ogbemi 0. Omatete, from the Materials 
and Ceramics Division, at Qak Ridge National Laboratory. The purpose of this work is to 

Specimen 

Fig. 6. Cross sectional diagram of if ceramic s!ip-cast specimen 
undergoing dewatering through transport of water into the porous mold. 
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evaluate to the potential of NMR imaging to 3D mapping of polymerization homogeneity, 
realtime imaging of polymerization process, nondestructive evaluation of voids and flaws 
in the resultant components, and correlation of NMR measured parameters (Ti,  T i  I, and 
T2) with physical parameters such as degree of polymerization, viscosity, and specimen 
strength. Both Dr. Qmatete and myself feel that this phase of the imaging studies will 
produce invaluable information leading to a better understanding of and to further 
advances in the area of gelcast ceramic technology. 

Status of Milestones 

Milestone 3.5.1.6.08, the NMW imaging of two cast billets, has been met. Due to ES&H 
concerns, it is necessary to postpone milestone 3.5.1.6.09 until 6/31/92. 

MlLESTONE SCHEDULE (3.5.1 .GI 

3.5.1.6.08 Complete NMR Imaging of 2 slip cast billets 8/15/91 .* 

3.5.1.6.09 Submit initial report on correlation 
between NDE data and destructive testing. 12/15/91 

3.5.1.6.1 0 Complete NMR imaging of remaining billets 6/15/92. 

* Milestone completed an schedule. 
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PHYSICOCHEMICAL CHARACTERIZATION AND SURFACE MODIFICATION OF SILICON 
NITRIDE CERAMIC POWDERS_ - Prof. Narc A. Anderson (University of 
Wisconsin - Madison) 
Ob 1 ec t ive / s  cope 

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 f o r  
mobility measurements and participation in a round-robin 
characterization of this standard; and 

silicon nitride. 
2. spectroscopic characterization of  aqueous suspensions of 

Technical progress - 

Since this project ended in February, most effort was devoted to 
documentation of the results. Experiments performed during the past 
six months were designed primarily to clarify effects noted during 
earlier experiments. 

Round Robin Analysis of Mobility Measurements: 

No further round robin studies were performed, although we had 
hoped to perform at least one study with industrial participation. A 
general discussion of the final round robin conducted with phosphated 
goethite suspensions has been submitted for publication. Detailed 
statistical analyses of all round robin studies are currently being 
evaluated by the participants at Rutgers University, with input from 
the other participants as needed. Researchers at the National 
Institute of Standards and Technology are starting to evaluate the use 
of aqueous suspensions of  phosphated goethite as standards for 
calibrating particle electrophoresis instruments. 

Aging of Aqueous Suspensions of  Silicon Nitride: 

Further studies of the kinetics of aissolucion of "clean" L%e E-'LO 
silicon nitride powder were conducted as a function of pH, ionic 
strength and solids concentration. ("Clean" powders were obtained by 
washing the Ube powder in alkaline solutions.) The dissolution rate 
of silicon nitride w a s  measured by the amount of dissolved silica and 
free NH4* in the suspension. 
nitride per m2 (normalized by the surface area of powder present in the 
suspension) was found to increase with increasing pH (from 3.5 to 8.5) 
but to remain constant with solids concentration {over the range o f  5 
g solid/L to 60 g solid/L). However, the rate of dissolution decreased 
with increasing concentration of  KCl. 

The rate of dissolution of silicon 



E l e c t r o p h o r e t i c  mob i l i t y  measurements were performed t o  determine 
i f  t h e  decrease  i n  d i s s o l u t i o n  ra te  w i t h  inc reas ing  K C 1  c o n c e n t r a t i o n  
w a s  due t o  s p e c i f i c  adso rp t ion  o f  t h e  C1- anion on thc  s u r f a c e  o f  S i , N ,  
o r  due t o  a gene ra l  i nc rease  i n  i o n i c  s t r e n g t h  i n  t h e  system. 
Measured i s o e l e c t r i c  p o i n t s  were about  pH 8 . 5  i n  bo th  KC1 and KIL'O, and 
agreed  wi th  t h e  p o i n t  o f  zero  charge measured by po ten t iome t r i c  
t i t r a t i o n  i n  K C 1 ,  as desc r ibed  i n  our  l a s t  6 month r e p o r t ,  Thus, i t  
appears  t h a t  t h e  decrease  i n  d i s s o l u t i o n  r a t e  i s  due s o l e l y  t o  .the 
e f f e c t  o f  changing the i o n i c  s t r e n g t h  r a t h e r  than  formation o f  a 
s u r f a c e  complex wi th  the  anion.  It is l i k e l y  t h a t  t h i s  e f fec t l  can  be 
a t t r i b u t e d  t o  an  i n c r e a s i n g  number of anions i n  t h e  double l a y e r  
around the p a r t i c l e s  t h a t  b locks  t h e  nuc leoph i l i c  a t t a c k  o f  OH- o r  H,O 
on exposed s u r f a c e  s i tes .  

p roduc t s  of Si3N, a r e  cont inuing .  
I o n  chromatography s t u d i e s  o f  thc s p e c i a t i o n  o f  t h e  h y d r o l y s i s  

CIR-FTIR Spectroscopy o f  S i l ~ ~ . p r r  N i t r i d e  Susgensions 

N o  a d d i t i o n a l  r e s u l - t s .  

S t a t u s  of  Milestones 

1. Complete round rob in  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 r o b i n  mob i l i t y  t e s t i n g  of  s i l i c o n  

3 .  Complete round rob in  mob i l i t y  t e s t i n g  of  s i l i c o n  n i t r i d e .  

4 .  Complete peak assignments €or CIR-FTIR s p e c t r a  o f  aqueous 

Complete. 

n i t r i d e .  Complete. 

Complete. 

suspens ions  of  s i l i c o n  n i t r i d e .  Not conducted. 

P u b l i c a t i o n s  

M . I .  Te jedor-Tejedor ,  W . A .  Zel tne r  and M . A .  Anderson. "Surface 
Characce r i za t ion  c;f L%e Si!.icon N i t r i d e  Powders.'' submit ted t o  J I 
h e r .  C e r a m .  S O C .  

W . A .  Z e l t n e r ,  J . - F .  Wang, 0 .0 .  Omatete, M.A. Janney,  M.I. Tejedor-  
Te jedor ,  M . A .  Anderson, R . E .  Riman, D . J .  Shanef ie ld  and J . H .  Ada i r .  
"Model. Hydrous Oxide Col.loids f o r  P a r e i c l e  E lec t rophores i s .  
submi t ted  f o r  p u b l i c a t i o n  i n  Ceramic Transac t ions ,  " C h a r a c t e r i z a t i o n  
Techniques f o r  S o l i d -  So lu t ion  I n t e r f a c e s  i n  Cera1iii.c Systems". 



4.0 TECHNOLOGY TRANSFER 

4.1 TECHNOLOGY TRANSFER 

4.1.1 Technolosv Transfer 

Technoloqy Transfer 
0. R. Johnson (Oak Ridge National Laboratory) 

Technology transfer in the Ceramic Technology Project is accomplished 
by a number of 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 meet i ngs. 

News? etter - A Ceramic Techno1 ogy News1 etter i s pub7 i shed regul arly 
and sent to a large distribution. 

ReDorts - Semiannual technical reports, which include contributions by 
all participants in 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-literature reports 
are required o f  all research and development participants. 

Direct Assistance - Direct assistance i s  provided to subcontractors in 
the program via access to unique characterization and testing facilities at 
the Oak Ridge National Laboratory. 

Workshow - Topical workshops are held on subjects o f  vital concern to 
the ceramics community, 

International Cooperation - This program i s  actively involved in and 
supportive of the cooperative work being done by researchers in West 
Germany, Sweden, the United States, and, most recently, Japan under an 
agreement with the International Energy Agency. This effort i s  ultimately 
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. 

451 
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I E A  ANNEX I d  Management 
V .  J .  Tennery (Oak Ridge National Laboratory) 

Object i ve/scoge 

international research cooperation on the character izat ion of advanced 
s t ruc tura l  ceramic mater ia ls .  A major objective of th i s  research i s  the 
evolutian o f  measurement standards f o r  key material propert ies .  This task ,  
which i s  managed in the United S ta tes  by QRNL, now includes a formal IEA 
Annex agreement ident i f ied  as Annex I 1  between the United S t a t e s ,  Germany, 
Sweden, and Japan. The original annex included four subtasks: (1)  in for -  
mation exchange, ( 2 )  ceramic powder character izat ion,  ( 3 )  ceramic chemical 
and physical Characterization, and ( 4 )  ceramic mechanical property 
measurements. The research in Subtasks 2 ,  3 ,  and 4 i s  now completed. For 
the new Subtasks 5 and 6 ,  there  are  35 and 4% l abora tor ies  par t ic ipa t ing ,  
respect ively.  
the Annex and f o r  research in two new subtasks t o  be i n i t i a t e d .  These 
i ncl ude Subtask 5, Tensi 1 e and F1 exural Properties o f  Ceramics, and 
Subtask 6, Advanced Ceramic Powder Characterization. 

Conservation Applications (corrected Flarch 5, 1991), was signed on March 5, 
A copy can be obtained from the author. 

The purpose of this  task is  t o  organize, a s s i s t ?  and f a c i l i t a t e  

During C Y  1990, agreements were reached f o r  Japan t o  j o i n  

The Amendment t o  Annex 11, Ceramic f o r  Advanced Engines and Other 

1. 

Technical p-rpcrress 

Subtask 5.-.-Fl-exural and Tcnsi l e  Properties of Cerami.g.2 

United State.5 

As o f  March 3 1 ,  1992, a l l  o f  the fractography measurements f o r  the 
t e n s i l e  and f lexure specimens were completed, and these d a t a  were received 
from the U.S.  par t ic ipants .  Analysis o f  the flexural strength data and 
tensi  1 e strength data i s proceeding. 

Future ta rge t  dates  f o r  completion o f  reports  from Subtask 5: 
Complete s t a t i s t i c a l  analysis  of f lexure data ( V .  J .  Tennery - 9/38/92); 
complete fractography analysis of f lexure data  (M. K. Ferber - 9/30/92); 
d r a f t  report  on f lexure r e s u l t s  (VJT/MKF - 12/31/92); complete s t a t i s t i c a l  
analysis  o f  t e n s i l e  data (VJT - 9 / 3 0 / 9 2 ) ;  complete fractography analysis  of 
t e n s i l e  data ( M .  G .  Jenkins - 9/30/92); d r a f t  report  of t e n s i l e  r e s u l t s  
(VJT/MKF/MGJ - 12/31/92); and f ina l  reports  printed and ready f o r  exchange 
by 6/38/93. 

Table 1 summarizes the s t a t u s  of a l l  f lexure and t e n s i l e  specimens i n  
t h i s  task w i t h  the par t ic ipa t ing  countries as of the date shown. 

Germany 

A1 1 f l  exure-strength measurements have been completed in Germany, and 
data  analyses a re  proceeding. 

According t o  Dr. Holls te in’s  (Germany) l e t t e r  o f  February 26 ,  1992, 
the Swedish specimens t o  be tes ted in Germany will  be s t r a i n  gauged i n  h is  
laboratory,  and t h e  Swedish team will gauge the German specimens. Also, 
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Table 1. Status o f  exchange o f  f l e x u r e  and t e n s i l e  specimens 
w i t h  Germany, Sweden, Japan, and Un i ted  States (March 1992) 

Country Flexure specimens Tensile specimens 
-- 

United States Thirty specimens received: five specimens received: 

Germany (ESK), 10/15/91 
Japan (SSN-H), 11/14/90 
Sweden (ABB-Cerama), 
10/15/91; 

All specimens were 
fractured at room 
temperature 3/3-4/92; 

Each country will provide 
100% fractography on the 
exchange specimens; 

A report and the fractured 
specimens will be returned 
to each country. 

Germany (ESK) 1/9/92; 
Japan (SSN-H) 1/27/92. 
Japan--Specimens were 
returned (2/25/92) to 
Japan to be strain gauged 
again as the specifica- 
tions had not been gauged 
according to specified 
guidelines. 

Sweden--Specimens are 
being strain gauged and 
will be sent by 6/92. 

The specimens will be 
fractured at room 
temperature, and 100% 
fractography will be 
performed when all are 
received. 

Germany 

Each country will provide 
100% fractography on the 
exchange specimens. When 
the measurements are 
completed, a report and 
the fractured specimens 
will be returned to each 
country . 

V. J. Tennery delivered Sent to Germany-- 
to German team 1/91, at 12/17/91. Specimens were 
meeting in Florida. received 1/10/92, due to 

error in handling by ORNL 
shipping department. 

Sweden V.J. Tennery delivered to Sent to Sweden--2/14/92 
Swedish team 1/91, at Received 2/19/92 
meeting in Florida. 

Japan Sent to Japan--10/90 Sent t o  Japan--11/17/91 



Dr. Hollstein has informed me that each laboratory will test foreign 
tensile specimens according to the loading rates Lased in each participating 
country, and the Swedish and German Institutes will test/have tested the 
European specimens according tu the CEN and DIN Standards, respectively. 

Sweden 

A1 1 flexure-strength measurements have been compl eted in Sweden, and 
data analyses are proceeding. 

All flexure-strength measurements have been completed i n  Japan, and 
data analysis i s  proceeding. 
strain-gauged tensile specimens from Japan, but it is expected that gauged 
specimens suitable for measurement will be at BRNP by the end o f  May 1992. 
Dr. Awaji informed V .  J. Tennery that he would no longer be the Japanese 
Technical Leader in Japan f o r  Subtask 5 +  Mi.. blineo Mizuno, JFCC, will  now 
be the representative in this S u b t a s k .  

So e difficulty has been encountered with the 

Subtask 6, Advanced Ceramic Powder Characteri za t i .01  

Major responsibility f o r  this subtask in the United States i s  at 

Only a brief 
NIST,  and a detailed report of progress on this subtask is provided in the 
section of this report submitted by N I S T  far this program. 
summary i s  provided here. 

The preliminary results from the powder- subtask, Subtask 6, were 
described a t  the Executive Committee meeting held in October 1991 in Japan. 
Some report-writing assignments were determined a t  this meeting. 

Each technical leader reviewed all procedure writeups and provided 
any changes to NIST by December 31, 1991. A subset on surface analysis was 
included in these procedures. All "da ta  set adjustments" were finalized by 
December 31 ,  1991. 
entered in the Data Compilation Report. 
completed (the statistical data analysis activity is about 50% complete), 
and both will be submitted to the I E A  Executive Committee for review and 
approval in early May 1992, with a request for early release approval to 
national standard-setting organizations for a report containing only the 
"procedures" used fur ceramic powder characterization in Subtask 6. T h i s  
approval is expected to form a basis for release of these procedures i n  the 
participating countries in advance o f  the release of  the final report. 

Each participant received a COPY af their data as  
The data compilation has been 

References 

None 

Status of milestones 

Milestone No. 411510 was completed on October 1, 1991. Other 
mi 1 estones are on schedul e .  
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Pub? ications 

V. 3 .  Tennery, IEA Annex I 1  Operating Agent Technical Representative, and 
Felicia M. Foust, I E A  Annex I 1  Recording Secretary, attended the Second I E A  
Annex I1 Executive Committee Meeting in Nagoya, Japan, on October 15, 1991. 

V. J. Tennery and F. M. Foust attended a working group meeting for  Subtask 
5, U.S .  participants, held during t he  DOE Contractor’s coordination Meeting 
in Dearborn, Michigan, on October 28, 1991. 
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Charac t e r i z a  tjp_n of Ceramic Powders 
S .  G .  Malghan, L . - S .  Lum, J. F. Kelly, E .  Begley and S. M. Hsu 
(National Institute of Standards and Technology) 

Obiective/Scope 

Ceramics have been successfully employed in engines on a 
demonstrat1ion basis. The successful manufacture and use of ceramics in 
advanced engines depends an the development of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Improvement 
in the characterization of ceramic starting powders i s  a critical factor 
in achieving reliable ceramic materials far engine applications. The 
production and utilization o f  such powders require characterization 
methods and property standards for quality assurance. 

The objectives o f  the NIST program are: (1) to assist with the 
division and distribution of ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of powders; and ( 3 )  to conduct statistical assessment, 
analysis and modeling of round-robin data. This program is directed 
toward a crit.i.cal assessment of powder characterization methodology and 
toward establishment of a basis for the evaluation of fine powder 
precursors f o r  ceramic processing. This work will examine and compare 
by a variety of  statistical means  he various measurement methodologies 
employed in the round-robin and the correlations among the various 
parameters and charact:c?ristics evaluated. The results o f  the round- 
robin are expected to provi.de the basis for identiEying measurements for 
which Standard Reference Materials are needed and t o  provide property 
and statistical data which will serve the development o f  internationally 
accepted standards. 

Technical .Pro Ere s s 

The technical progress covered in this report is on the data 
compilation, data analysis, preparation of procedures report, and ASTM 
activities. 

Data Compilation. A t  present, data compilation activity is in the 
final stages of completion. A number of meetings of participants in 
each participating country were held to review data and identify 
outliers. In addition, a meeting of the technical leaders was held in 
Nagoya, Japan to review data and discuss inputs of  participants. 

The powders characterization data obtained froin participants in Japan, 
Germany, Sweden and the U.S. were compiled. Specially developed 
computer programs were used for t1ii.s purpose. Two different reports 
were produced as a result of this activity; 1) detailed tabulation of 
all data in as-received form, 2) detailed information provided by 
participants on the powder sample and changes made to the procedures. 
The first report was distributed to all participants, and second report 
was distributed only to technical leaders since it had a limited utility 



to the participants, All data were included in this exercise, 
irrespective o f  suitability of their fit with the majority of data. 
During this phase, the participants met in the respective countries to 
discuss data obtained and problems encountered during analysis. These 
discussions were helpful in identifying problem areas in the data and 
procedures. 

After receiving these reports the participants met again to review data 
and identify outliers. In addition, specific details of  the outliers 
were developed. Technical. leaders held a meeting on October 14, 1992 to 
consolidate all inputs and discuss technical issues related to the data. 

Data Analysis. Data analysis activity constituted calculation of 
preliminary statistical parameters and graphical presentation of 
summarized data. A l l  data were analyzed to determine mean and standard 
deviation for each laboratory and for each method of  analysis. A report 
containing tabulated data and graphical analysis was prepared, and 
distributed to all participants. This type of preliminary analysis was 
instrumental in identifying outliers. In addition, this analysis 
provided a rough idea of repeatability and reproducibility. By 
combining the information in these reports, we were able to identify not 
only the reasons f o r  outliers, but also the influence of  outliers on the 
rest of the data, 

In general, most data showed improvement over the Subtask 2 data. This 
improvement is attributed to the use of recommended analysis procedures 
in Subtask 6. In some cases, the particle size distributions obtained 
by different techniques showed excellent agreement. The primary basis 
for this agreeinent is the use of  recommended dispersion procedure. Data 
of participants using non-recommended practices showed lack of 
repeatability arid reproducibility. Specific surface area of powders by 
single-point and multi-point BET method showed similar differences as in 
Subtask 2 :  i . e . ,  higher values were obtained by the multi-point analysis 
than by the single-point analysis. In bulk chemical analysis, 
impurities analysis were affected by dissolution techniques. Data of 
bulk impurities, such as carbon and oxygen showed excellent 
reproducibility. 

PreDaration of Procedures Keport. One of  the major accomplishments of  
Subtask 6 is the development of approximately 25 procedures for analysis 
of  powders. The use of these procedures has made a significant 
contribution towards improveiiierit in the data. There is no single source 
of reference which contains such procedures. The procedures were 
compiled, edited and checked for technical accuracy by the participants. 
A special report was prepared to enable speedy distribution to the 
participants. 

In the meantime, the standards setti-rig bodies have been searching for 
procedures for powders analysis. To assist the standards development 
activities in the participating countries, an effort is being made to 
release this report to these activlties. Currently, the procedures do 



not contain supporting data. However, they are expected to serve as a 
starting point. At the time of writing of this progress report, the 
Executive Committee of I E A  Annex I1 is considering to approve the 
release of  this report to the standards setting bodies in Germany, 
.Japan, Sweden, and the U . S .  

&TM Activities. Measurable progress is being made in the ASTM 
C - 2 8 . 0 5 . 0 4  task group. This group is responsible for the development of 
standards for characterizacion of ceramic powders, NlST is providing 
vital assistance in the form of powder samples and leadership in the 
development of standards. A sample of silicon nitride powder has been 
prepared exclusively for the use o f  ASTM C-28 activities. This sample 
can be used for the development and/or confirmation of procedures f o r  
physical properties determination. Sufficient quantity of  sample exists 
for subsequent round-robitt studies. Since the beginning of 1992, S .  G .  
Malghan, has been nominated to chair the C - 2 8 . 0 5 . 0 4  sub-committee on 
characterization. Currently, there are five draft procedures under 
consideration of the sub-committee. These procedures will be submitted 
for ballot at the June 1992 meeting in Louisville, KY. 

Status of  Milestones 

On target ~ 



Ceramic Mechanical ProDertv Test Method Development 
George D. Quinn (National Institute of Standards and Technology) 

Obiective/Scope 

This task is to develop 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 w i l l  be 
surveyed to assess their needs and capabilities. Test met-hod 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 on 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 wi.11  he conducted as 
necessary, but shall be well-focussed, limited in scope and n o t  interfere with 
ongoing I E A  round robins. Procedures developed in this program shall be 
presented as ATTAP or CTAHE "standard procedilres ~ It Alternatively, (and 
eventually) these will be advanced f o r  final standardization by ASTM o r  by the 
U.S. Army as possi-ble NIL STD's. 

Technical Highlights and Results 

Previous work in this project has contributed to the following completed 
standards: 

1. ASTM C-1198-91 "Dynamic Young's Modulus, Shear Modulus, and Poisson's 
Ratio for Advanced Ceramics by Sonic Resonance," by S. Gonczy, G. Quinn 
and J .  Hel-finstine. 

2. ASTM C-1161-90 "Standard Test Method for Flexural, Strength o f  Advanced 
Ceramics at Ambient Temperature," 

3 .  ASTM C- 1211-92 "Standard Test Method for Flexural Strength of Advanced 
Ceramic at Elevated Temperature," by G .  Quinn in cooperation wjth Mr. M. 
Foley, Norton; Nr. T. Richerson, Allied-Signal; Mr. E. Chuck, Univ. 
Dayton; and Dr. M. Ferber, ORNL. 

During this six month period, the high-temperature flexure standard draft passed 
a concurrent main and subcommittee ballot without any negati-ve ballots. Some 
editorial revisions were discussed at the C-28 meeting in Cocoa Beach in January 
and minor revisions were incorporated inlro the document. Professionally drawn 
figures were prepared, and a mistake in one figure (identified by M. Foley) was 
rectified. The document then passed a Society ballot in February and was 
accepted as ASTM standard C-1162 on 15 March, 1992. 

Work has continued in this project on the following drafe standards: 

I. U. S .  Army MIL HBK: "Standard Practice for Characterizing Fracture Origins 
Limiting Defects in Advanced Structural Ceramics", with M. Slavin and J. 
Swab of U. S .  Army MTL. 

2. ASTM draft standard: "Reporting Uniaxial Strength Data and Estimating 
Weibull Distribution Parameters for Advanced Ceramics, by S .  Duffy and G .  
Quinn . 



A draft o f  the standard for fractographic analysis of strength limiting defects 
in advanced ceramics was sent to over 100 reviewers. This was the second major 
review of a draft in thi.s project. The new input received has led to some 
additional revisions and the document is nearing completion as a MIL HBK. The 
fractography standard has been strengthened and modified to make it more in 
harinony with the Weibull statistics standard under development in ASTM C-28, The 
following scheme has been adopted for the characterization of each fracture 
origin : 

FLAW CHARACTERIZATION SCHEME 

FLAW TYPE FLAV LOCATION FLAW SIZE 
(iden;i.ty , and how distributed) (specific location (nominal diameter) 

I_ in a sr,ecimeri) 

Pore, Volume distributed Surface 120 pm 

Inclusion, Volume distributed Volume 50 pm 

Machining Damage, Surface dist. Surface 30 ,um 

In February 1992, G. Quinn visited MTL in Boston to work with M. Slavin and J. 
Swab in preparing a final draft. It is anticipated that it will be completed in 
May 1992. The document will be adopted at that time as a MIL HBK and copies will 
be brought to the next C-28 meeting at Loujsville in mid-June. The flaw 
nomenclature list will be presented. A motion w i l l  be made to prepare a draft 
ASTM standard on the nomenclature. 

Intensive work continued on the Weibull statistical analysis draft standard. Dr. 
Steven Duffy of NASA-Lewis has the lead in this initiative and draft 3 was 
presented at the DOE Contractors’ Coordination Meeting in Dearborn in October. 
G. Quinn visited NASA-Lewis in December and assisted S .  Duffy prepare draft 4 on 
the basis of the input from draIt 3. Several dozen minor revisions were made. 
Draft 4 was presented at the ASTM C - 7 8  meeting in Cocoa Beach in January. After 
this meeting, several long conference calls were held with C. Johnson of G.E.; 
J. Cuccio, Allied-Signal; S .  Duffy, NASA; and G. Quinn, NIST. Draft 5 was 
prepared and submitted for a Subcommittee C-28.02 ballot in March 1992. 

The draft standard utilizes maximum likelihood analysis to estimate the Weibull 
parameters and thus is able to assign confidence bounds to the estimates. 
Unbiasing factors are applied to the estimate of the Weibull modulus, but there 
is no need to do such for the characteristic strength (since the bias is small). 
A speciEic scheme of graphically depicting the data is recommended. For the case 
of  a single flaw population, this draft standard will be completely consistent 
with, and will yield identical Weibull values and confidence intervals as a 
formal German DIN standard: DIN 51-110 Part 3. This is an important contribution 
to consi.stency in international standardization. 

The USA standard is also very ambitious in that it also mandates that 
fractography be applied tu establish whether or not multiple flaw populations are 
present. It has been the experience of nearly all DOE participants that multiple 
flaw popul.ations are the norm, not the exceptZion. Therefore, the USA standard 
incorporates censored statistics to permit a proper analysis o f  multip1.e flaw 
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populations (a procedure that the DIN standard does not include.) As a 
consequence, the statistical standard requires the existence of a fractography 
standard. The following standards are thus interrelated as shown in Figure 1. 

FIGURE 1 Interrelated Standards 

STRENGTH TEST STANDARD STATISTICS STANDARD 
ASTM C - 1 1 6 1  Flexure, Room-Temp. +==). 
ASTM C - 1 2 1 1  Flexure, High-Temp. 
M I L  STD 1942 Flexure 
(ASTM Tension Strength) 

ASTM Weibull Standard 

9" 
FRACTOGRAPHY STANDARD 

MIL HBK 
(ASTM draft) 

\ 

There are some trade-offs in the C - 2 8  statistics draft standard, however. 
Unbiasing factors €or the estimates, and the confidence bounds for these 
estimates are not known for multiple flaw population problems I Unidentified 
origins must be treated in some fashion as well. Fractures outside "gage 
lengths" must be propely dealt with. It i s  well known, and technically accepted 
that fractures outside the inner span should be included in flexure strength 
data and stresses should not  be corrected when t isine Weibull  analvsis. 
Regrettably, there seems to be confusion about this and a draft European standard 
has been prepared that strongly suggests that the stresses should be corrected 
f o r  the location of fracture. The maximum nominal 
stress  must be used.  Detailed correspondence has been sent to the principals in 
Europe and it is hoped this can be corrected before a wrong analysis is codified 
in Europe. Similar problems can be anticipated to arise on how to treat failure 
in the taper of tension specimens. 

This is incorrec t  procedure. 

In addition to the above standards and draft standards, work has commenced on 
fracture toughness and hardness. 

StandardLzation of fracture toughness testing remains elusive. This is a very 
contentious issue since very strong preferences and opinions have developed over 
the years. There is 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 may 
be a difficult process. The author has visited DOE contractors and 
subcontractors and assessed their needs and preferences. 

During this six month period, final analysis was performed on the USA results on 
a VAMAS (Versailles Advanced Materials and Standards) round-robin exercise that 
used three fracture toughness tests as shown in Figure 2. The NIST testing and 
analysis of results were conducted by G.  Quinn as part of  this task. USA 
participants in the twenty-two laboratory international exercise are identified 
in Table I. Two materials, Four of the five are DOE CTAHE program participants. 
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INDENT A POLISHED SURFACE, 

MEASURE CRACK LENGTHS 

n 

IMDENT A S?ECIMEN, INDENT OR SAWCUT A SPECITME?.', 

F U C T U R B  SPECIMEN iN FLEXURE COMPRFSSIOH LOAD IT IN A BRIDGE 
ANVIL UUTIL A PRECRBCK POPS-TN, 

FRACTURE SPECIMEN IN FLEXURE 

FIGURE 2 .  The fractare toughness test methods in rkie VA%S round-robin 
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TABLE I 
USA Participants 

Laboraton Points of Contact 

NIST, Gaithersburg, MD Dr. Edwin Fuller, Jr. 
Mr. George Q u i m  

Norton Company, Northboro, MA Dr. Dennis Tracy 
Mr. Michael Foley 

Allied-Signal/Garrett, Phoenix, AZ Dr. James Wimmer 
Dr. Ho Fang 

Worcester Polytechnic Institute Prof. Isa Bar-On 
Worcester, MA Mr. Kyu Cho 

NASA-Lewis, Cleveland, OH D r .  John Shannon 
Dr. Jonathan S a l e m  

a gas-pressure sintered silicon nitride and a sintered zirconia-alumina 
composite, were tested. Both were furnished by the Japan Fine Ceramic Center. 

Figure 3 shows that very consistent results were obtained for the indentation 
strength (IS) method, although there is an trend of increased apparent toughness 
with indentation load, P. With one exception, the USA labs had very consistent 
fracture toughnesses from the single edge precracked beam method as shown in 
Figure 4 .  On the other hand, inconsistent results obtained for the zirconia- 
alumina composite by the indentation fracture (IF) method are illustraced in 
Figure 5 .  The latter scatter can be attributed to the difficulty in accurately 
measuring the crack lengths, and the dependency o f  the computed toughness upon 
such crack length raised to the 1.5 power. A s  a consequence, the IF method has 
been dropped from consideration as an ASTM standard. (The IF method is included 
as one method in the Japanese fracture standard, JIS R 1607!) 

The successful results f o r  the IS and SEPB metJhods have spurred a new initiative 
to standardize fracture toughness in ASTN. Dr. Edwin Fuller of NIST is the 
leader of the collaboration. A workshop was sponsored by NASA-Lewis in 
December, and a follow up meeting of the principals was held at MIST in February. 
It now appears that a fracture toughness standard will have to be a joint 
undertaking of ASTM Committees C - 2 8 ,  Advanced Ceramics, and E - 2 4 ,  Fracture 
Testing. E-24, a committee with limited ceramics representation, is insisting 
on jurisdictional control. 

A final report on the USA VANAS was prepared in December 1991 and 'was sent in 
April to the USA participants for review. The final report will be published in 
the NIST Journal of Research in 1992. 

Work in this DOE project in 1992 will concentrate on refinement o f  the controlled 
surface flaw method. This is one of the five candidates for an ASTM fractu.re 
toughness standard as shown in Figure 6 .  The standard will undoubtedly include 
several of these configurations, and not be 1-imited to one method. 

An earlier VAMAS round robin revealed that there is inconsistency i n  measured 
hardnesses on advanced ceramics. A new initiative leading to an ASTM draft 
standard for microhardness will commence in this program in 1992. 
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FIGURE 3 
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Fracture toughness results by the indentation s t r eng th  (IS) method 
for silicon nitride. 
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FIGURE 4 .  Fracture  toughness r e s u l t s  by s i n g l e  edge precrackedbeam (SEPB) f o r  
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FIGURE 5. Fracture toughness results by indentation f racture  (IF) for the 

zirconia-alumina composite ( Z A C ) .  
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FIGURE 6 .  The candidate fracture toughness standard test methods under 
consideration by ASTM. 
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Finally, a definitive paper on the influence of twisting and friction errors, 
both at room and elevated temperature, in short arid long duration tests, w a s  
presnted and submitted f o r  publication at the ACS Cocoa Beach meeting in January 
1992. 

Status of Mi.lest-gn2 

All milestones are on schedule. 

Publications/Presentations 

1. G. Quinn, "Strength and Proof  Testing," in Ceramics and Glasses, Volume 4 ,  
Engineered Materials Handbook, ASM, Metals Park, OH, 1991, pp. 585-598. 

2. G. D. Quinn and R. Morrell, "Design Data f o r  Engineering Ceramics: A 
Review o f  the Flexure Test," J. Am. Ceram. SOC., 74  [ 9 ]  (1991)  2 0 3 7 - 6 6 .  

3 .  G. D. Quinn, "Refinements to Flexure Testing," presented at the second 
European Ceramic Society Conference, Augsburg, Germany, Sept. 1991. 

4 .  ASTM St:andard C-1211, "Standard 'Test Method for Flexural Strength of 
Advanced Ceramics at Elevated Temperature, '* ASTM Annual Book of Standards, 
Vol. 1.5.01, March 1992. 

5. G. Quinn, "Twisting and Frict: i .on Errors in Flexure Testing, presented at 
the Engineering Ceramics Division meeting, American Ceramic. Society, Cocoa 
Beach, January, 1992 I 
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