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CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT 
FOR APRIL 1993 THROUGH SEPTEMBER 1993 

SUMMARY 

The Ceramic Technology Project was originally developed by the 
~epartment of Energy’s Office of Transportation Systems (OTS) in 
Conservation and Renewable Energy. This project, part of the OTS’s 
Materials Development Program, was developed to meet the ceramic tech- 
nology requirements of the OTS‘s automotive te~hnolog~ programs. 

Significant accomplishments in fabricating ceramic com~one~ts for the 
Department of Energy (DOE), National Aeronautics and Space Administration 
(NASA), and Department of Defense (DoD) advanced heat engine programs have 
provided evidence that the operation s f  ceramic parts in ~ ~ ~ h - t e m p ~ r a ~ ~ ~ ~  
ngine environments is feasible. 
emonstrated that additional research i s  nee ed in materials and proce 
evelopment, design methodology, and data base and life 
ndustry will have a sufficient technology base from whi 

HQWWW-, t ese programs have also 

re1 iable cost-effective ceramic engine components commercially. 

developed with extensive input from private industry. 
original plan was updated through the estimated c ~ m p l e t ~ ~ n  o f  ~ e ~ e ~ o ~ m e ~ t  
in 1993. 
industrial technology base required for re1 iable ceramics for application 
in advanced automotive heat engines. 

progress has been made in the development of reliable structural ceramics. 
 owev very further work i s  needed to reduce the cost o f  ceramics to 
facilitate their commercial introduction, especially i n  the highly cost -  

To this end, the direction o f  the Ceramic 
Technology Project i s  now shifting toward reducing the cos t  o f  ceramics to 
facilitate commercial introduction of ceramic components f 
engine applications. In response to extensive input F r ~ m  
plan i s  to extend the engine types which were previously s 
(advanced gas turbine and low-heat-rejection diesel engine 
near-term (5-1Q years) applications in c o n ~ ~ n t i ~ n a ~  
truck engines. To facilitate the rapid transfe 

ustry, the major portion of the work is bein 
ustry, with technological support from gover n t  laboratories, other 

industrial laboratories, and universities. 

envisioned. The work elements are as fallows: economic cost ~ ~ d ~ l ~ n ~ ,  
ceramic machining, powder synthesis, alternative forming and densification 
processes, yield improvement, system design studie , standards development , 
1 ow-expansi on ceramics, and testing and data base 

This project is managed by ORNL for the Office of ~~ansp~rtation 
Techno1 ogi es O f f i c e  of Transportation Materi a1 s,  and i s cl osel y 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 applications. A common work breakdown structure (WBS) was developed 
to facilitate coordination. 
according t o  the following WBS project elements: 

An assessment of needs was completed, and a five-year project 
In July 199 

The original objective of the project was t o  develop the 

During the course o f  the Ceramic Technology Project r ~ ~ ~ r k a ~ l ~  

s i t i v e  automotive market. 

f this t e c h n ~ l ~ ~ i ~  to U.S.  
one in the ceramic 

A systematic approach to reducing the c o s t  o f  componen~s is 

The work described in this report is organized 
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0.0 Project Management and Coordination 

1.0 Materials and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1.3 Thermal and Wear Coatings 
1.4 Joining 
1.5 Cerami c Mach i n i ng 

2.0 Materials Design 

2.2 Contact Interfaces 
2.3 New Concepts 

3.0 Data Base and Life Prediction 

3.1 Structwral Qual i f icat ion 
3.2 Time-Dependent Behavior 
3.3 Environmental Effects 
3.4 Fracture 
3,5 Nondestructive Eva1 uati on [bevel opment 

4 .0  Technology Transfer 

4.1 Technology Transfer 

This report includes contributio s from all currently active project 
participants. 
breakdown structure out1 ine. 

The contributions are arranged according to the work 
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0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

Object i ve/scope 

This task inc._rdes the technical management of the proJzct in 
accordance with the project plans and management plan approved by the 
Department o f  Energy (DOE) Oak Ridge Operations Office, and the Office o f  
Transportation Technologies. 
field work proposals, initiation and management of subcontracts and 
interagency agreements, and management of ORNL technical tasks. Monthly 
management reports and bimonthly reports are provided to DOE; high1 ights 
and semiannual technical reports are provided to DOE and program 
participants. In addition, the program i s  coordinated with interfacing 
programs sponsored by other DOE offices and federal agencies, including the 
National Aeronautics and Space Administration (NASA) and the Department of 
Defense (DoD). 
and NASA joint management meetings, annual interagency heat engine ceramics 
coordination meetings, DOE contractor coordination meetings, and DOE Energy 
Materials Coordinating Committee (EMaCC) meetings, as well as special 
coordination meetings. 

This task includes preparation o f  a,nnual 

This coordination is accomplished by participation in DOE 
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1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

This portion o f  the project i s  identified as project element 1.0 
within the work breakdown structure (WBS). It contains five subelements: 
(1) Mono1 ithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, 
( 4 )  Joining, and ( 5 )  Ceramic Machining. Ceramic research conducted within 
the Monolithics subelement currently includes work activities on low cost 
Si&,, powder, green state ceramic fabrication, characterization, and 
densification, and on structural, mechanical, and physical properties o f  
these ceramics. 
subelement currently includes silicon carbide, silicon nitride, and oxide- 
based composites. Research conducted in the Thermal and Wear Coatings 
subelement is currently limited to oxide-base coatings and involves coating 
synthesis, characterization, and determination o f  the mechanical and 
physical properties of the coatings. Research conducted in the Joining 
subelement currently includes studies of  processes to produce strong, 
stable joints between zirconia ceramics and iron-base alloys. 
an expanded effort t o  reduce the cost o f  ceramic components, a new 
initiative in cost effective machining has been started. 

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

Research conducted within the Ceramic Composites 

As part of 
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1.1 MONOLITHICS 

1.1.2 Silicon Nitride 

C f i a r a c t e r i z a t i o i i  of A t t r i t i o n  Milled S i l i c o n  N i t r i d e  P o w d e r  
S .  G .  Malghan, P .  T.  Pei and D. E. Minor 
(National Institute of Standards and Technology) 

Obiective/Scope 

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 specific surface area for achieving a near- 
theoretical density of the ceramic after densification. These factors 
necessitate the use of powder milling as one of the major powder 
processing unit operations. Therefore, milling of powders is an 
integral unit operation in the manufacture o f  silicon nitride components 
for advanced energy applications. The production and use o f  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 o f  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 in HEAM; 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 ProEress 

The focus during this reporting period w a s  on completion of  first 
stage tests on repeatability and data evaluation. One of  the issues we 
have been addressing in this series of tests is more than expected 
variation of particle size distribution and specific surface area of 
milled slurries. The unmilled slurry shows significantly better 
repeatability than the milled slurries, as measured by particle size 
distribution and specific surface area. However, as milling proceeds, 
the divergence begins to enlarge. Results presented in previous reports 
have shown that most of  the milling takes place in the first 20 min. 
For example, in a typical test, the d,, decreases from 1.05 pm to 0.75 
pm in the first 20 rnin. of milling. Subsequent decrease to 0.65  pm 
after milling to 80 min. is much smaller. The underlying size reduction 
mechanism in the initial period is primarily deagglomeration of  softly 
held agglomerates. Some amount of s i z e  reduction of primary particles 
cannot be ruled out. A s  milling proceeds, intergranular fracture of 
primary particles is expected to dominate. Since the kinetics of  
intergranular fracture process is extremely slow, the generation of  fine 
particles by size reduction is also slow. If we accept this argument, 
then the variability in crystalline structure, especially the number of 
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primary crystallites in a given primary particle, can lead to the 
variation of  size reduction kinetics. In addition, the strength of bond 
between the primary crystallites can play a significant role in the size 
reduction process. Hence, any variation in the number of primary 
crystallites in a primary particle and the strength of bond between 
these crystallites can lead to repeatability related problems during 
milling. Though we have not obtained any direct evidence of this 
hypothesis, a close examination of the process of synthesis of Ube 
silicon nitride powders gives credence to this argument. The synthesis 
process constitutes crystallization and grain growth of amorphous 
silicon nitride powders produced by a proprietary process. Therefore, 
the production of SNE-03, SNE-05 and SNE-10 constitutes the use of 
primarily an amorphous powder which is treated at different time and 
temperature profiles to produce crystalline powders of different size 
distribution. This process is likely to produce different degrees of 
crystallites aggregation. We will continue to study this behavior, 
especially to mask these variations so that the product size 
distribution can be controlled within a small range. 

A number of measurements, based on pri-mary and secondary properties 
of  powders, have been used i.n this study to evaluate the variability 
associated with the milling data. The primary properties included 
particle size distribution and specific surface area at 0, 20, 32, 50 
and 80 min milling period. Secondary properties o f  powders included 
electrokinetic sonic amplitude (ESA), pH at which the isoelectric point 
occurs (pHiep) ,  and green density of slip cast green body. All of these 
data are being examined by statistical techniques. In the following, we 
will describe the particle size distribution and ESA as two 
representative primary and secondary measurements, respectively, for 
three tests for which most data are available. Following these data, 
specific surface area data are discussed. 

The particle size distribution results in Figure 1 show that, at 80 
min milling, while the data of two tests ( 5 4  and 55) are fairly 
reproducible, the third test (53) shows a fairly significant difference. 
Since no measurable difference has taken place in the starting material, 
measurement process parameters, and milling parameters for these tests, 
one can attribute most of the observed difference to the milling 
process. However, as we have tsied to explain in the past, this 
interpretation may not be entirely correct. The reason for this is that 
though at ti.me zero of milling the particle size distributions do not 
show a significant difference, within 20 min of milling the differences 
are visible (Figure 2). These differences appear to be small at 20 min 
milling. However, as milling proceeds, these differences continue to 
become larger. Two primary reasons for such a difference could be test- 
to-test change in breakage behavior of particles and effect of change in 
milling system (media size distribution, mill rotor speed, flow rate of 
slurry, etc. ) . In addition, an interaction between these two effects 
cannot be ruled out. We are examining al.1 these parameters in a greater 
detail to provide both qualitative and quantitative influence on 
particle size distribution. 

80 
min milled samples. The data of 50 min milled samples showed similar 
behavior. Though the pHiep values show significantly better 

Figures 3 shows the ESA and p€IieP data of these three tests for 
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r e p r o d u c i b i l i t y ,  the ESA values  show t e s t - t o -  t e s t  v a r i a t i o n .  This i s  
expected s ince  the  pHiep values  a r e  mostly dependent on s p e c i f i c  
adsorpt ion of p o t e n t i a l  determining ions while the  ESA values  are a 
func t ion  of  a l a rge  number of parameters such as p a r t i c l e  concentrat ion 
and s i z e  d i s t r i b u t i o n ,  io.nic s t r eng th  and composition of  s l i p ,  and 
dynamics o f  adsorpt ion-desorpt ion process a t  the  p a r t i c l e  i n t e r f a c e .  
These parameters can inf luence l o c a l  condi t ions a t  the  p a r t i c l e  
i n t e r f a c e ,  therefore  can a f f e c t  the ESA values .  The pHiep values  l i e  i n  
a narrow range of  pH between 6 . 2  and 6 . 3  which shows t h a t  no s i g n i f i c a n t  
changes a r e  evident  with respec t  t o  change i n  the adsorpt ion of  
polymethacrylate d ispersant  

The s p e c i f i c  sur face  a rea  da ta  were obtained using RET multipoint: 
method, and the  procedure used i s  t h a t  recommended i n  the  I E A  Subtask 6 
p r o j e c t .  Our long term r e p e a t a b i l i t y  da t a  on the measurement o f  
s p e c i f i c  sur face  a rea  of s i l i c o n  n i t r i d e  powders shows a s tandard 
devi-ation of the  mean of 0 . 3  mZ/g f o r  powders i n  the range of 10 .0  m2/g. 

The s p e c i f i c  sur face  a rea  da ta  from seven mi l l i ng  t e s t s  a t  f i v e  
sampling per iods a r e  summarized i n  Table 1. The s p e c i f i c  sur face  a rea  
da ta  were measured on three  independent mi l l i ng  samples a t  each mi l l ing  
per iod .  The measurement order  w a s  randomized wi th in  the  batch of  
samples from each t e s t .  These da ta  showed s t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e rences  among the  da ta  from each test:. A t  a l l  mi l l i ng  t imes,  the  
s p e c i f i c  su r face  a rea  increased a s  a func t ion  of t e s t  number. I n  the  
pas t  s e r i e s  of  t :es t :s ,  we had observed an opposi te  t rend .  Thei-efore, a t  
l e a s t  f u r  the  time being,  w e  have ascr ibed  t h i s  t rend  t o  chance. 

Table 1. S t a t i s t i c a l  Data o f  Speci f ic  Surface Area of  Mil-ling 
Experiments 

Lower 95% Upper 95% 

Average of a Single  of  Single  of Single 
Relat ive SD C I  on SD C T  on SD 

TICME:(min) SSA Measurement Measurement Measurement 

0 
20 
32  
50 
8 0  

5 . 5 0  7 . 4 8 %  4 . 8 2 %  1 6 . 5 4 %  
6 . 0 4  l 0 . 2 ( t %  6 . 6 5 %  2 1 . 9 5 %  
7 . 3 8  1 4 . 2 8 %  9.05% 3 3 . 2 6 %  
8 . 5 2  1 4 . 7 8 %  9 . 2 6 %  3 5 . 7 6 %  
9.91. 1 5 . 7 1 %  9 . 8 3 %  3 8 . 1 3 %  

The observed var iance of s p e c i f i c  sur face  a rea  (SSA)  da ta  wi th in  
each t e s t  was found t o  be not s i g n i f i c a n t l y  d i f f e r e n t  from wi th in  time 
var iance f o r  the cont ro l  measurements on the  ca lc ined  kao l in  Reference 
Mater ia l  ( N I S T  RM 8 5 7 0 ) .  Assuming t h a t  the  RM 8 5 7 0  kaol in  i s  very 
homogeneous ma te r i a l ,  the  da ta  suggest t h a t  the  wi th in-  t e s t  v a r i a t i o n  i s  
due t o  the measurement process r a t h e r  than the  mater ia l  v a r i a b i l i t y  
hetiween the  samples within a run ,  and Chat the  measurement e r r o r  
var iance i s  about constant  f o r  the  range of s p e c i f i c  sur face  a reas  
observed i n  these experiments. I n  the above t a b l e ,  C I  and SD r e f e r  t o  
confidence i n t e r v a l  and s tandard dev ia t ion ,  r e spec t ive ly .  
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Since the measurements were obtained in the same order as the 
milling experiments, the variation between the tests could be due to 
either differences in the milled material or to the differences in the 
measurement process. The between- test variance observed in these tests 
is significantly larger than the between-time variance for the control 
data which suggests that the measurement process is not the primary 
source of variance. Moreover, the between-test variation is comparable 
to the results from the past year. Therefore, we believe that the 
differences observed in the milling test are due to differences in the 
milled material rather than the measurement process itself. 

The relative standard deviation of a single measurement, which 
includes both within- and between-test variability has been estimated. 
In addition, the 95% confidence bounds for this relative standard 
deviation has been provided in Table 1. This estimate gives an idea 
about how variable one can expect future results to be due t~ the 
milling and measurement process. The statistical analysis was conducted 
by Susannah Schiller of the Statistical Engineering Division at NIST. 

Status of Milestones 

On target. 

Communications/Visits 

Vimal Pujari, St, Gobain/Norton Industrial Advanced Ceramics visited 
NIST to discuss milling results. 

Publicat ions 

None 
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Microwave Sinterins of Silicon Nitride 
T. N. Tiegs, J, 0. Kiggans, M. Golla, and J. Maria 
(Oak Ridge National Laboratory) 

The objective of this research element is to ide kify those aspects of microwave 
(2) permit sinter 
sintering temper 

tigation of microstructure development is 
e furnace, The 
comprises heating 

in the 2.45- or 28-GHz units. The 
silicon nitride (RBSN) as the starting 

the current report 
perie essing conditions 
~ o m ~ ~ ~ ~ t ~ o ~  for SRBSN.  The experimental array and results are shown in Table 1. For 
these samples, since these were so many materia! variables, n i ~ ~ ~ ~ a ~ ~ ~ ~  was done by 
conventional heating. The po anditions and composition will be 
optimized for both maximum ni 6 gain and a-Si,N, content. The sintering 

xperiments to optimize the 
SRBSN were also perform 
2. One batch sf material was used 
- 3 wt. % AI,O, after nitridation. 
chanical properties in previous tests. 

Every thermal cycle consisted of a temperature ramp up to 11 OO°C at 5"C/min, followed 
by a series of holds and temperature ramps as in icated in Table 2. The conditions were 
optimized far maximum nitridation weight gain and a confirmation run performed as shown 
in Table 2. Analysis of the results indicated th t the important parameters were the ramp 
rate 3, hold times 1 and 3, and the sample thickness. The samples will also be examined 
for a-Si,N, content and the process optimized for maximum content. The sintering 
behavior of the samples will also be determined. 

samples of Norton WBSN have been processed and the mechanical prop 
as shown in Table 3. As indicated, the m ~ ~ ~ o w ~ v e - ~ ~ o ~ e ~ ~ ~ ~  materials e 

n most cases and higher toughness in a11 cases. 
ples of NosRon RBSN have been tested for oxidation as shown in Table 4. As 

indicated, the ~ i c r o w ~ w e - ~ r ~ ~ e s $ ~ d  materials exhibited lower weight gains in two of the 
three cases. 



Table 1. Taguchi experimental design array for optimizing the powder processing conditions and composition for 
sintered reaction-bonded silicon nitride. Nitridation was done by conventional heating. The design 

is an L12 (2l l )  with 11 variables at 2 levels 

Sinter Metal Silicon 
Mill aids additive a-seed , Binder Bisque Sample Green weight 

Test time Sintering amounts Metal content content burnout fire Nitriding thickness density gain 
No. (h) aids (wt %) additive (wt 96) (wt %) atmosphere atmosphere gas (in.) (%TO) (%) 

1 1 

2 1 

3 1 

4 1 

5 1 

6 1 

7 4 

8 4 

9 4 

10 4 

11 4 

12 4 

y2°3- 
A1203 

y2°3- 
A/2°3 

y2°3- 
A1203 

y203- 
si02 

Y p 3 -  
si02 

y203- 
si02 

y2°3- 
A'2°3 

y2°3- 
A'2°3 

y2°3- 
A1203 

y203- 
SI02 

9 0 3 -  
SI02 

y203- 
SI02 

12 

12 

9 

12 

9 

9 

9 

9 

12 

9 

12 

12 

Fe 

Fe 

Cr 

Cr 

Fe 

Cr 

Cr 

Fe 

Cr 

Fe 

Cr 

Fe 

0.5 

0.5 

2 

2 

2 

0.5 

0.5 

2 

2 

0.5 

0.5 

2 

10 

0 

10 

10 

0 

0 

10 

0 

0 

10 

0 

10 

Argon 

Air 

Argon 

Air 

Air 

Argon 

Air 

Argon 

Air 

Air 

Argon 

Argon 

Argon 

Vacuum 

Argon 

Vacuum 

Argon 

Vacuum 

Vacuum 

Vacuum 

Argon 

Argon 

Argon 

Vacuum 

5% He 

No He 

No He 

5% He 

5% He 

No He 

5% He 

5% He 

No He 

No He 

5% He 

No He 

0.375 

0.75 

0.75 

0.375 

0.75 

0.375 

0.75 

0.375 

0.375 

0.375 

0.75 

0.75 

58 61.3 

62 61.9 

62 60.2 

62 60.8 

58 61.4 

58 61.9 

58 60.9 

62 62.2 

58 58.3 

62 60.0 

62 61.3 

58 61.9 
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Table 3. Summary of results on microwave and conventional sintering 
0f Norton Ceramics silicon nitride. 

Flexural Fracture 
Sintering aid Processing strength toughness 

Sample content type (MPa) (Kk, MPadm) 

9032 

9032 

9033 

9033 

9054 

9054 

9059 

9059 

Low 

Low 

High 
High 

Low 

Low 
High 

High 

Microwave 

Conventional 

Microwave 

Conventional 
Microwave 

Conventional 
Microwave 

Conventional 

808 * 130 
804 * 51 
876 * 33 
694 * 44 
599 * 18 
638 i 23 --- 

925 * 51 
834 * 85 

7.4 * 0.1 
7.0 * 0.1 
7.3 * 0.1 
6.5 * 0.1 
5.3 f 0.2 

8.8 * 0.4 

7.7 i 0.4 

Table 4. Oxidation study on reaction-bonded silicon nitride at 1400°C in air 

Weight gain Weight gain Weight gain 
Sample Processing (%) 24 h (%) 48 h (%) 72 h 

9043 Conventional 5.4 5.3 5.7 

9043 Microwave 3.5 3.4 5.2 

9844 Conventional 5.1 5.0 5.1 

9044 Microwave 7.9 7.0 7.8 

8082 Conventional 12.3 14.3 13.9 

8082 Microwave 7.0 5.3 6.0 
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Status of milestones 

ost-effective sintered ~ ~ a ~ j ~ n ~ ~ o n ~ e d  silicon nitride and 
?ties. Publish ~ r ~ ~ r e ~ ~  report." This milestone was 
e and the results published in the $ e ~ ~ ~ ~ ~ ~ ~ ~  progress report 

and bimonthly progress reports for April - May 19 

Travel by T. N. Ti 8 from April 18-22, 1993, to Cincinnati, Ohio, to atten 

aundaty Phases in Silicon Nitri e with Law Additive Contents by Microwave A n n ~ a ~ ~ ~ ~ . "  
Ceramic Society nual Meeting and present a paper entitled ""CrystaKz 

Travel by J. 8. Kiggans from April 18-21, 1993, to Cincinnati, 
Ceramic Society Annual ~ ~ ~ t ~ n ~  and present a paper entitle 
Sintered Reaction onded Silicon Nitri 

Travel by 6. N. Tiegs from May 24-26, 1993, to Cincinnati, Ohio, to attend the American 
Society of Mechanical Engineers (A 
present a paper entitled "Micrawav 
Turbine Applicat!ans," 

E) International Gas Turbine Conference and 
scessing of Silicon Nitride for Advanced Gas 

N. Tiegs from June 23-24, 1993, to Washingt 
for Advanced Heat Engines (CTAHE) Review 

to attend the Ceramic 
at DOE and present a 

talk entitled "Pracessing of Silicon Nitride by Microwave Heating." 

Problems encountered 

None. 

Publications 
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m e -  ofaHi&Qua &, Low GWt Szcm N i  Powder 
D. IF. Carroll, G. A. Cochran, C. L. Conner, S. D. Dunmcad, G. A. Ekman, 
C. J. Hwang, and A. W. Weimer (The Dow Chemical Company) 

The objective of this p r o p i  is to scale a carbothermal nitridation process to the pilot 
plant level for the production of a high quality, low cost silicon nimde powder. The tasks 
of this program arc designed to 1) determine the relationships among raw material 
precursors, reactor conditions and post-processing and their effect on the characteristics of 
carbothemdl powder produced in the intermediate scale reactor; 2) scale the process to a 
pilot plant stage; and 3) identify those characteristics which yield a sinterable powder that 
can be pressureless sintered into dense, high strength components. The results of the 
above tasks will be utilized in the latter stages of the program when high quality, low cost 
silicon nitride powder is produced in our pilot plant facility. 

Task 1 : Reference Process Flowsheet and Cost Estimate 

The objectives of Task 1 are synthesis of 3 kg of powder from a pre-pilot plant facility, 
a process flowsheet, and a preliminary cost estimate of the current process. Task 1 was 
completed in May of this reporting period. 

Task 1.1: Process Flowsheet 

A process flowsheet detailing the unit operations of The Dow Chemical Company's 
silicon nitride process was delivered in May. The flowsheet of proprietary engineering 
elements included all precursor powder handling stages, reaction operations, and all post- 
reaction powder finishing stages. 

Task 1.2: Preliminam Economics 

A preliminary assessment of the costs to produce silicon nitride powder within the 
specifications of the contrydct was delivered in May. The proprietary assessment, carried 
out on the current process, demonstrated that the program price objectives can be met when 
significant volumes are met. 

Task 1.3: Powder Synthesis 

The objective of Task 1.3 was to generate and deliver 3 kg of powder to the contract 
monitor at Oak Ridge. The powder was produced in the current facilities and was 
synthesized in 0.5 to 1 kg batches in an intermediate lab-scale reactor. Excluding the 
carbon removal step, all pre- and post-reactor operations were carried out in the pilot plant 
facility. The reactor conditions including reaction temperature, residence time, and gas 
flow rate were varied in order to determine their effect on product quality. During the 
studies, feed composition was also varied to determine the effect of precursor properties on 
the final powder properties. Once the conditions were established, 6 kg of silicon nitride 
powder were synthesized, 3 for the deliverable and 3 for internal evaluations. The powder 
was delivered in May of this year. Details of the characteristics of this powder as well as 
how processing of the powder into parts and the resultant mechanical properties are 
reviewed below under Task 3.  
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Work at The Dow Chemical Coinpany over the course of the pa5t thee years has 
demonstrated that it is possible to control both the kinetics of the carbothemd reaction and 
the morphology of the product. The work done in this area over the past 6 months has 
concentrated on the optimization of morphology with respat to the sinterability of the 
carbothemal Si3N4 (CSN) product. Figure 1 shows how the surface area of the product 
can be controlled while the scanning electron micrographs in Figure 2 repiexnt how the 
morphology of CSN powder can be mndfieC-9 by the Dow Chemical Coxnymy process. 
Here, it can be seen that the morphology ins can be varied fPom large 
blocky particles to a sub-micron and 

Using conventional densification m ith a higher surface area st-nould be 
easier to sinter. However, the sinterability results presented in Figure 3 indicate that this is 
not the case. The powder with a surface area of 11 m2/g was found to have the highest 
degree of sinterability. The enhanced sinterability of this powder is a t of an OPtimllm 
combination of powder surface area and morphology. The da in m w e  3 Were 
obtained as part of a statistically designed set of expebents c g the relative mes of 
densification between carbothemal powders (see Task 3.2). Plotted in Figure 3 are the 
partial sintered densities after the sintering cycle was intempted prior to the bodies 
reaching full density. 

F l g u r e  1. Effect o f  P r o p r i e t a r y  Synthesis Conditions 

&timization of Carbon Removd 

Figure 4 shows a plot of final product oxygen content as a function of the oxygen 
content in the crude (prior to carbon removal) prduci. 'l'hese data were obtained from 
materials made during the very early stages of our research with a variety of synthesis 
conditions. As expected, these data show that, in general, a higher oxygen content 
coi~esponds to a higher final product oxygen content. These data also show, however, that 
there was a large degree of scatter and lack of reproducibility in our final product oxygen 
even with crude materials of approximately the same oxygen content. In an effort to refine 
the carbon removal step in our CSN process, and develop a solution to this problem, we 
used a statistically designed set of experiments. The statistical design employed was a 
response surface central composite design considering the effects of burn-out temperature 
(T), time (t), atmosphere (A), and gas flow rate (F). This design included 32 experiments 
and was capable of developing a predictive model of the burnout process. The objective 
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Figure 2 .  Scanning Electron Photomicrographs 
Showing Morphological Control i n  Dow Carbothermal 
S i l i c o n  Nitride Powders 
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75 I 1 I 1 

Fraction of Corn nent C in Shterin 

Sintering was intempted prior to ~ J I  demlty ta ex8. ml&iive r a t e  of demifimlian 

Relat ive  S in terab i l i ty  of Cerbothemal S i l i c o n  Nitride Poudars Figure 3.. 
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1 

0 
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Crude OxygeKp (WE%) 

Figure 4 .  
far Early Stage Runs w i t h  a Variety of Synthesis Conditions 

F ina l  Product Oxygen Content a s  a Function of  Crude Oxygen Content 
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P A t m  
t*F 

was to have the highest throughput (short burn-out time) as possible and yet get complete 
removal of the free carbon and minimize the oxidation of the Si3N4 material. Table 1 
shows all of the terns that were considered and their statistical significance for both the 
carbon removal and oxidation models. 

Once we have reduced the models for the carbon removal and oxidation, we can then 
use these algebraic relationships to generate contour plots such as those shown in Figures 5 
and 6. For example, if we decided that we wanted to operate the carbon removal step at a 
coded temperature of 0.28, a coded flow rate of 0 and a coded atmosphere of 0.42, Figure 
5 would suggest that a coded residence time of approximately -0.05 is needed to get 
complete removal of the f?ee carbon. Conibining this infomation with the oxidation 
contour plot in Figure 6, these conditions would produce a low oxygen content product. 
Figure 6 also shows that at the low temperatures < 0.67) the atmosphere composition 

Yes 1 Yes 
No No 

Table 1. Terms Considered in Response SurfacelCentral Composite Experimental Design 
for Si3N4 Carbon Removal Process 

. -  
t*Am 
F * A m  

nun - nm I t;s 1-4 u 
T* t Yes Yes 
T*F No No 

_ _  I 

No 1 No 
No No 

Yes = Statistically Significant 
No = Not Statistically Significant 

F = Gas Flow Rate 
T = Temperature 
t = Time 
A m  = Atmosphere Composition 
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Coded A i r / N 2  = 0.42 

Coded Flow = 0 

Coded Temperature 
Figure  5. 

Powders a f t e r  Burnout as a Funct ion Time and 'Temperature 
Contour P l o t  o f  Carbon Content i n  Carbothermal S i l i c o n  N i t r i d e  

coded time = 0 
C o d e d  flow = 0 

Coded Temperature 
Figure  6. 
N i t r i d e  Powders a f t e r  Burno& as a Function of Temperature and 
Atmosphere Composit ion 

Contour P l o t  of Oxygen Content i n  Carbothermal S i l i c o n  

has little effect on the oxygen content of the product. However, as the temperature 
increases, the oxygen contours begin to get closer together and their slope decreases, 
indicating an atmospheric effect. For example, if the bm-out  was conducted at a coded 
temperature of 0.93, an increase in the atmosphere composition from -0.5 to 0.5 would 
increase the oxygen content of our carbothennal powder from approximately 1.7% to 
1.9%. 

Task 2.0: Process Development and Process Scale-up 

Task 2 began in May, 1993. The primary objective of this task is to scale a process to 
the pilot plant level. The results of the initial efforts will be utilized in synthesizing the 
10 kg deliverable due in November. 
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Activities which took place in Task 2 concentrated on the unit operations associated with 
the pllot plant. The fust campaigns canid out in the pilot plant were nleant to identify the 
challenges and problems associated with moving and handling large quantities of solids 

e to the silicon nitride process, determining the m e  of formulating the starting 

engineering and chemisny issues, and lastly, deveiloping product handling procedures. A 
designed experiment was generated to evaluate the lpdc ns in the larger facility 
to demmine the scalability of the process. During the in gn, hundreds of 
pounds of powder were synthesized and evaluated. The the early runs provided 
a baseline €or both powder properties as well as reactor conditions for the process. As will 
be detailed under Task 3, the product powders were extensivdy characterized. fn addition 
to process development and hardware engineering, p r a m  formulations developed in 
the intermediate reactor were scald to the larger pilot plant facility. The product produced 
from the various formulations were evaluated for powder properties as well as part 
processing characteristics. 

1t7emovial of excess carbon 
by a controlled oxidation reaction, a similar effort was initia the pilot plant post- 
reaction calciner. During this mal, off-spec material ge the synthesis campaigns 
was used €or the evaluations. in the studies, key 

tw of the process, gas composition, and were assessed again by use 
gned experiment. 

terials and generating a reproducible precursor, operating the reactor to determine related 

Based on the data generated in the pre-pilot plant study 

' bles such as the time and 

In the first few pilot plant campaims during this reponing period, a strong emphasis 
was glacd on minimization of impwrities which co 

c a y ,  each unit operation was examined and 

extensive analytical evaluation of the mataial in each unit 
identified and quicMy c~nected. This analytica 
mettxods. The data presented in Table 2 shows 
during this period. 

from powder handling. 
to ensure that the product 

s impacted as little as possible. As an exarnple, at the onset of the campaigns iron 
to be contaminating the material in one gart.icufar stage of the process. After an 

, the problem was 
x-ray fluorescence 
e in reducing impurities 

Table 2. Characteristics of Carbothermal Silicon 
Plant Facility under 

wder p r o d u d  in Our Pilot 

*nd = non delectable 

1 
1.88 
0.44 
240 
120 
74 

n d ~ ~ ~ ~  
nd( 180) 

nd(3 

nd(20) 
7.5 
29.5 

-- 
a- 

9,4 
>95 

As the number of campaigns increased and enhancements were made to the process and 
feed formulations, the run time in the pilot plant trials was extended to greater than 300 
hours. During these longer tests, certain process variables specific to larger units were 
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evaluated. In addition, hrgerquantitiesof crude product w e n  generated andutilized as 
feed for the post-processing unit operations. As an example of the benefits of the longer 
run times, a determum 'on ofreactor stability oould be ascatam * edbyevaluatingthewt% 
oxygen vs. time. These data also sexved the purpose of establishing aperatiag limits for the 
various powderproptrtiCs for quality control purposes. F'igurc 7 is a control chart faa the 
product oxygen and carbon data for a trial lasting close to 450 hours. 

10 
9 
8 
7 

" 6  
= e  

3 
2 
1 
0 

s 4  

Figure 7 .  P i l o t  Plant Si3N4 hwluct 

3.1: Powder- . .  
The 3 kg of powder produced in Task 1.3 as part of the May deliverable to MMES has 

been fully chamcmized with the results summarized below. Figures 8 and 9 am scanning 
and transmission electron microgmphs of this carbothermd powder which was produced in 
reactor coni&umtion #1. The micrographs indicate that the carbothend powder is a sub 
micron, e q h e d  pmduct with no signs of whisker-like product or large agglomemtes. 
Table 3 is a summary of the physical properties for the 3 kg deliverable to MMES. As 

' 1  
r 

t . 
. 
- ,  

.'I . - 

m 
ria 

1 

Figure 8. 
Powder Produced i n  Reactor Configuration #1 and Delivered t o  
MMES i n  May, 1993. 

Scanning Electron Micrograph of the  Carbothermal 
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re 9. Transmission Electron Mi 
Produced in Aesc Configuration X 1  and Delivered to MMES in 
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Task 32: Powder Sinterability 

Sinterability studies were ccaatduc CI identify the characteristics,  actor con 
a high quality, sinterable powder, Jn these material precursors which 

experiments, carboehemal powders were mixed with a luow 
had a total glass content of 7.5 volume %a l%c fomdated c 

ring fornubtion which 
hemal powders were 
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pressed into greenware and parrially sintered at elevated temperatures. This partial sintering 
technique facilitated comparisons between powder characteristics and relative rates of 
densification. The sintering formulations weI-e also systematically varied to determine the 
effects of sintering composition. This experimental effort was utilized to examine the 
effects of raw material Additive #1 on the powder sinterability. These results have been 
discussed under Task 1.3. 

Table 3. Characteristics of the 3 kg Carbothemal Powder Prduced in Our Intermediate 
Reactor and Delivered to MMES in May, 1993 

DOW 

CSN Powder 
2.20 
0.40 

nd(50) 
17 
67 

nd(100) 
nd( 100) 

nd(5) 
nd( 10) 

nd(100) 
10.4 
0.77 

>98.5 

Program 
Goals 
~ 2 . 5  
~ 0 . 6  
-4300 
<2000 
<lo00 
< l o  
4 0  
< 10 
<loo 
<lo0 
5-20 
0.1-0.8 
>90 

Task 3.3: Sintering Aid Optimization 

Statistically designed experiments were utilized to determine the optimum sintering 
formulation that can pressureless sinter the carbothermal silicon nitride powder to greater 
than 98% of theoretical density. Two different sintering formulations were evaluated: a 
Dow formulation (total glass content of 7.5 volume 96) and a generic Y203-Al203-SiQ2 
f o ~ u l a t i o n  (total glass content of 12.1 volume %). The carbothemal powder used for the 
optimization of the ow formulation was produced in reactor configuration #1 and had a 
ox gen content of 1.94 wt%, a carbon content of 0.53 wt% and a surface area of 11.6 

formulation was produced in our pilot plant facility and had an oxygen content of 1.57 
wt%, a carbon content of 0.48 wt% and a surface area of 9.4 d / g .  It should be noted that 
the oxygen content in the silicon nitride powder was assumed to be in the form of Si@ and 
was taken into consideration in the overall sintering composition. The sintering schedule 
used for the Dow formulation was based upon an optimum schedule develioped internally at 
Dow. For the Y20:j-A1203-Si@ formulation, a two-step pressureless sintering schedule 
was utilized where the specimen was fist sintered at 17WT for 1 hr in flowing nitrogen 
followed by an additional 2 hr soak at 1800°C. The results of the composition ophkat ion 
for the Dow formulation and the Y203-A12@-Si@ formulation are shown in Figures 11 
and 12, respectively. The density contours as a function of the volume ratio of sintering 
component A/B and the volume fraction of component C in the Dow sintering formulation 
are shown in Figure 1 1. From these results, it can be seen that a compositional region 
exists where the carbothermal powder can be pressureless sintered to greater than 98.75% 
of theoretical density. The density contour plot for the Y203-A12@-Si02 system is shown 
in Figure 12. The results indicate that the compositions containing a volume fraction of 
Si02 ranging from -0.25 to 0.50 and a Y203/AI203 volume ratio of -1.2 to 2.5 can 
pressureless sinter the carbothermal powder to greater than 98% of theoretical density. The 

M Y / g .  The carbthemal powder utilized for the optimization of the Y 2 a - A l f i - S i a  
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center of the 98% density contour corresponds to a composition of 8’7.93 vol% Si3N4, 
4.77 vol% Y2O3, 2.55 vol% AI203 and 4.78 vol% Si03  

F i g u r e  11. 
Showing S i n t e r e d  Dens i ty  a s  a Funct ion  of Composi t ion 
f o r  t h e  Dow Pressureless S i n t e r i n g  Formula t ion .  

P e r c e n t  T h e o r e t i c a l  D e n s i t y  Contour  P l o t  

0.8 

Q.7 
8 
v) 
’fs 0.8 
c 
0 .- 3 0.5 

L t  

g 6.4 

P 
3) - 

0.3 

0.2 
2.0 2 5 

Volunie Ratio of YXEYA1203 

F i g u r e  1 2 .  
Showing S i n t e r e d  Dens i ty  a s  a Funct ion  of Composi t ion f o r  
t h e  Y203-Al203-Si02 P r e s s u r e l e s s  S i n t e r i n g  Formula t ion  

Perce i l t  T h e o r e t i c a l  D e n s i t y  Contour  P l o t  

Task 3.4/3.5: Suspension Development /Greenware Formation and Part Densification 

In the last six months, the efforts of Tasks 3.4 and 3.5 have focused on making high 
quality greenware and sintered components from carhothema1 powder using both the Dow 
and the Y203-Al203-Si02 pressureless sintering formulations. The sintered components 
produced in this task arc utilized as part of a mechanical property evaluation in Task 3.7. 
The areas of slip preparation and casting procedure were emphasized during this reporting 
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session in order to help eliminate warping and cracking that was occasionally observed in 
our sintered components. "he first area focused on an increased solids loading in our slip 
using the Dow sintering formulation. New dispersants were found which enabled our 
solids loading to be increased fiom 35-37 volume % to 42-45 volume %. This increased 
solids loading was found to reduce our casting time and increase our greenware density. 
The second area dealt with improving our mixing procedures. As the solids loading of our 
slip increased above 39 volume %, a dilatant behavior was observed which prevented a 
complete and effective mixing of the powder. Even with the new dispersant system, slips 
with high solids loading (> 39 volume %) still exhibited a small degree of dilatancy. It was 
found that by altering the mixing procedure and carefully controlling the mixing variables 
(i.e., speed, slip to media ratio, etc.), the dilatancy behavior could be avoided allowing the 
prepafation of slips with solids loading greater than 45 volume %. This newly developed 
slip exhibited rheological behavior similar to our old slips (35 volume % solids) made with 
the old dispersant system. The greenware obtained from the new slip system were crack- 
free and exhibited a two-fold increase in green strength with a green density of 57 to 60%. 
This greenware could be pressureless sintered to greater than 98% density without cracking 
or warping. MOR bars were machined from these parts and supplied to Task 3.7. 

The same technique was applied to preparation of greenware using the Y203-AI2O3- 
Si02 system. Early results showed that high solid-loading slips (45 volume %'o> could be 
obtained and cast into greenware with a density > 58%. This greenware could be sinterad 
to 9698% of theoretical density. Occasionally, thicker slip-cast parts exhibited warping 
and cracking along with a bloating phenomenon after sintering. The warping and cracking 
was believed to be associated with density and compositional gradients in the slip cast 
parts. The bloating phenomenon was thought to be associated with the sintering cycle. 
Experimental designs have been initiated to identify the important mixing, postmixing and 
sintering variables to address these issues. 

Task 3.7: Parts C haracte rization 

In order to evaluate the mechanical properties of components made from the 3,O kg 
powder lot delivered to MMES in May, a total of 47 specimens ( 
specimen B) were machined from the billets fabricated in Task 3.5. Twenty-five of these 
specinlens were sent to MPvlES as part of a July deliverable and an independent e v ~ ~ ~ t i ~ ~ ~  
of the mechanical properties. The other twenty-two specimens were tested in-house to 
determine the average fracture strength and Weibull modulus for this carbtkermal powder. 
The average fracture toughness was also measured on 3 specimens usin 
notched bend beam technique, The results af the mechanical prcpperty a 
sumarized in Table 4. Also, included in Table 4, are the m c h m k d  properti red 
by MlkllES as well as the overall program goals. The average fracture strength, 
modulus and fracture toughness of this materid were measured to be 75UL-50 W a ,  15, and 
7.3M.2 MPa-m", respectively. These mechanical property results compare ~ a y o r ~ b l y  to 
the overall program goals. It is anticipated that with the recent improvements in OUT slip 
formulation and sintering procedures will result in improved strength beyond the program 
goal of 800 h4Pa. 

Mechanical property specinlens were machined from sintered billets made with the 
carbotherma1 powder produced in the second campaign of our pilot plant facility. These 
sintered billets were fabricated in Tasks 3.4/3.5 using the Y2Q3-Al2O3-SiO2 fomiulation. 
The results of the mechanical property analysis of these specimens are summapized in Table 
5. The average fracture strength, Weibull modulus and fracture toughness was measured 
to be 785 rfI 80 MPa, 11 and 6.45 rt: 0.2 MPa-mlD, respectively. The mechanical 
properties also compare favorably to the overall program goals. Fractography of the 
specimens have indicated that the lower than expected Weibull modulus of 1 1  was due to a 
few specimens with machining flaws. The lower fracture toughness, as compared to the 
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results in Table 4, is believe to be due to the Y2@-A120~-Si@ sintering formulation arid 
not the nature of the carbothermal powder. 

Table 4. Mechanical Property Summary for Sintered Parts Made from the 3 kg of 
Carbohemal Powder Delivered to MMES in May. 

Dow M?VES Program 
Results Results Goals 

Average Strength ( m a )  750 -t 50 778 

KIC (MPa-m”) 7.3 k 0.2 --- 
Weibull Modulus 15 15 

>goo 
>15 
> 5.0 

Table 5. Mechanical. Property Sumntary for Sintered Parts Made from Carboahermal 
Silicon Nitride Powder Produced in Campaign #2 of Our F’ilot Plant Facility 

D O W  
Results 

Average Strength (MPa) 
Weibull Modulus 11 
KIC (MPa-m*n) 6.45 f 020 

785 -t- 80 

All milestones are on schedule. 

Dr. D.F. Carroll attended the 1993 American Ceramic Society Meeting in Ciricinna~, 
Ohio and presented a paper on “The Characteristics of a Carbthemal Silicon Nitride 
Powder”. 

A visit to the High Temperature Materials Laboratory at Oak Ridge took piace on 
September 9 for a project review. 

During this repolting period, three patent disclosures were written. All three relate to 
the production of silicon nitride and its related powder properties. 
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Cost Effective Sin terina of Silicon Nitride Ceramics (SlU-C) 
D. E. Wittmer (Associate Professor, Southern Illinois University 
at Carbondale, Carbondale, IL 62901 

Ob jectivelscope 

The purpose of this work is to investigate the potential of cost effective 
sintering of Si3N4 through the development of continuous sintering techniques 
and the use of lower cost Si,N, powders and sintering aids. 

Technical Hiqhliqhts 

The project research goals for Phase I and II were divided into 3 major 
tasks. The approval of Phase Ill (modification IV> of this subcontract for 
funding has added an additional task, Task 4. In this contract modification 
Tasks 2 and 3 will be continued. Task 4 involves the design, construction, and 
operation of a new generation belt furnace with increased capacity and the 
ability to exchange refractory metal and graphite hot zones. 

Task I. Refine Economic Model and Design for Chosen 
Furnace Configuration. 

This task was completed during the previous reporting period. 

Task 2. Continue Evaluation of Sintering Parameters 
on Properties of Selected Si,N, Compositions. 

As reported previously, additional Si,N, formulations, using UBE 
E-10 Si,N, powder were to be processed by turbomilling and pressure casting 
techniques described previously. The formulations were A2Y6, M Y 8  with 5 
wt.% P-Si3N4 seed, and A4Y6 with 5 vvt '36 B-Si,N, seed. Due to the 
previously successful belt sintering of the M Y 8  compositions, the M Y 6  
formulation was added to the composition matrix, In order to determine the 
feasibility of continuously sintering a Si3N4 formulation with only 8% sintering 
additives. The M Y 8  and A4Y6 formulations with the addition of 5 wt.% 
P-Si3N, seed were included to complete the data set for seeded vs. unseeded 
compositions. The data generated will be used in comparing compositions 
sintered in the overpressure furnace with those pressureless sintering in the 
Centorr Model 6-BF belt furnace. 
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During this reporting period, Si3N4 formulations A2Y6, A2Y8, M Y 8  
with 5 wt.% p-Si,N, seed, and M Y 6  with 5 wt.%p-Si,N, seed were sintered in 
the belt furnace at CentorrNacuurn Industries. All compositions reached near 
theoretical density except for the M Y 6  which was about 95% dense after 
sintering at 1750°C for 90 min. The physical properties of these cornpositions 
are currently being determined. 

As part of this task, microwave plasma etching techniques are also 
being developed for each of the various compositions previously sintered in the 
belt furnace. The parameters being investigated are power setting (with and 
without pulse), time, gas flow and CF4/02 ratio. It appears from preliminary 
results, that for plasma etching Si3N4, the quality of the polished surface prior 
to etching and the location of the specimens within the plasma chamber appear 
to have the greatest effect an the quality of the etch. Operating conditions 
have been established to obtain high quality etched surfaces on all of the 
Si,N, compositions studied to date. Far all of these compositions, the 
microstructures for the polished/etched surfaces have all been examined by 
SEM. Figure 1 is a typical SEM photomicrograph of a plasma etched A2Y8 
E-IO Si,N, test bar that was sintered in the belt furnace at 1750°C for 90 min. 

5 Pm 
Figure 1. SEM photomicrograph of plasma 

etched M Y 8  E-IO Si,N, 

This SEM micrograph shows the presence of a significant number of elongated 
p grains after sintering for only 90 min at 1750°C in the present belt furnace. 
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The present belt furnace is currently being modified for a graphite hot 
zone in place of the refractory metal hot zone that has been used for all of the 
previous runs. Additional sintering in the modified belt furnace will aid in 
comparing the affect of hot zone type on sinterability. 

temperature flexural strength was built for installation on the present ATS 
tester, and the power supply for the furnace has been received. The high- 
temperature test system should be on line during the next reporting period. 

Also during this reporting period, a furnace fixture for measuring high- 

Phase 111 Modification of Task 2. 

During this task, work from previous modifications will be continued 
The use of reduced sintering aid additions and incorporation of P-Si,N, 
seeding to induce in-situ toughening of selected cornpositions will continue. 
The major focus will be the influence that continuous sintering has on 
microstructure and phase development and how the physical properties are 
affected by the sintering environment. Density and shrinkage data shall be 
used to determine the sintering kinetics and XR 
the phases present as a function of sintering co ns.  Microwave plasma 
etching techniques will continue to be optimized to allow uniform, consistent 
etching of the Si,N, compositions investigated. Because of the small amount 
of material removed by this etching technique, it allows the examination, with 
minimum alteration, of the as-sintered Si, 

The sintering mechanism of compositions containing reduced amounts 
of liquid phase formers is still not clear. A major portion of this task will be 
devoted to closer examination of the microstructure and properties as affected 
by the sintering environment. Both the heating rate and lack of carbon vapor 
pressure in the present belt furnace may be responsible for the significantly 
increased rates of densification and enhanced physical properties at much 
lower sintering temperatures and times. These effects would be addressed by 
sintering trials in the new prototype furnace as outline in Task 4. The prototype 
furnace would be run using the graphite heating elements and shield packs 
and comparing the sintering behavior, surface reactions, and warpage to the 
same compositions sintered with the tungsten elements and molybdenum 
shield packs installed. Physical properties and microstructures would be 
compared in an effort to resolve this issue. 

The addition of high temperature testing will allow for comparison of 
Si,N, formulations processed by continuous sintering nearer to actual use 
temperatures. During this task, a high temperature furnace, fixture, and test 
frame which was designed and constructed in the previous modifications will be 
utilized. The properties to be measured are elevated temperature fast fracture 
and stress rupture by standard techniques. 

all be used to characterize 

microstructure. 
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n of Low Cast 

This task will be continued primarily to work with the low cost Si,N, 
powders presently being produced by Dow Chemical Company, under contract 
to DOE through Martin Marietta Energy Systems, Inc.. Samples of these Si,N, 
powders are scheduled to be available from Dow sometime in January. Once 
received, M Y 8  and N Y 6  formulations using these powders will be processed 
by turbomilling, pressure filtration, and belt sintering. The physical properties 
will then be determined and compared with results obtained previously from 
other Si,N, powders. 

Task 4. Design and Consta ct Prototype Belt Furnace 

This is a new task under the latest contract modification (Mod. IV). 
During this task a prototype belt furnace will be designed and constructed to 
make possible the sintering of a large number of Si,N, parts whose sizes and 
shapes are typical of those used in automotive applications, ie. small and large 
cam-roller followers, valve guides and seats, tappet shims, etc. This belt 
furnace will be constructed by Centorr FurnacesNacuum Industries (CVI), 
under subcontract to SIU-6, using concepts developed in prior contract 
modifications. The furnace hot-zone will be designed and constructed to allow 
the interchanging of tungsten or raphite heating elements and the respective 
shielding. 'This will allow for experimental verification of the effects of furnace 
atmosphere and construction materials on the sintering behavior of Si,N, 
paris. The furnace will also be designed to use either tungsten mesh, graphite 
fiber or SIC links interchangeably. Using a belt constructed of Sic links is 
based on an innovative design and will allow for maximum loading per unit 
volume of furnacing space. Because of the basic differences between mesh or 
woven belts and a SIC link belt, special mounting and drive fixtures will need to 
be designed to allow for thermal expansion and tensioning. Once the design 
parameters are established, the pilot scale furnace will be constructed and both 
hot zones tested prior to delivery to SIU-C. Some of the decisions that need to 
be made include: furnace element placement, configuration and style; furnace 
size (length, width, and height); power and cooling requirements, temperature 
contrals, design and construction casts, and gas control/handling system. 

During this reporting period, the design work for the furnace and power 
system has been initiated by CVI as part of their matching contribution to this 
program. Construction of the furnace will start as soon as the funding for 
construction of the furnace is in place, which will allow SIU-C to issue the 
subcontract to CVI. 
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Status of Milestones 

1. Refine Economic Model and Design for Chosen Completed 
Furnace Configuration 

2. Continue Evaluation of Sintering Parameters On Schedule 
on Properties of Selected Si3N4 Compositions Continuing 

3. Continue Evaluation of Low Cost Si3Nq Powders On Schedule 
Continuing 

4. Design and construct prototype belt furnace On Schedule 
New Task 

CornmunicationsNisits/Travel 

D.E. Wittmer to ORNL to discuss results of present work and contract 
modifications. 

D.E. Wittmer, J.J. Conover and V.A. Knapp, 95th Annual ACS meeting in 
Cincinnati, OH to present paper covering work performed in this subcontract 

D.E. Wittmer to ORNL to discuss results of resent work and Phase III contract 
modifications. 

Problems Encountered 

Faulty isopres<s pump delayed processing. 

Publications 

D.E. Wittmer, J.J. Conover, V.A. Knapp, and C.W. Miller, Jr., "Economic 
Comparison of Continuous and Batch Sintering of Si,N, I', The American 
Ceramic Society Bulletin, Vol. 72, No. 6 129-137 (1993). 

Presentations 

D.E. Wittmer, J.J. Conover, V.A. Knapp, and C.W. Miller, Jr., "Economic 
Comparison of Continuous and Batch Sintering of Si,N, 'I, 95th Annual ACS 
Meeting, April 18-22, 1993, Cincinnati, OH. 
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Garry Garvey (Golden Technologies Company, Inc,) 

OB_IECTNIE/SCO P E  

The objective of this work is to develop a low-cost process for the manufacture of high qidi ty  
ceramic engine components based on sintered reaction bonded silicon nitride technology. The work 
shall comprise three technical tasks including materials selecrion, process development, and property 
evaluation. The material property goal for this work phase is a mean RT 4-poinr flexure srrength of 
525 MPa with Weibull Modulus equal to 15. 

BACKGROUND 

The commercialization of silicon nitride engine comporients requires thar reliable, high strength 
silicon nirride material be available at a cost effective price. Today, many suppliers offer high 
strength and reliable silicon nitride. However, this material is very costly to produce due to high 
raw material and high processing costs. Typical silicon nitride powders range in price froin $15.00 
to $70.00 per pound. Sintering aides for silicon nirride are equally expensive. Yttria ranges from 
$20.00 to $60.00 per pound. The use of silicon as a raw marerial for sintered reaction bonded 
silicon nitride (SRBSN) can produce raw material savings, however, the current commercial 
practice of non-aqueoiis milling adds substantially to the processing costs. 

In terms of the cost of thermal processing, the current practice of over-pressure sintering of silicon 
nitride requires substantial capitalization compared to ambient pressure sintering. I t  also requires a 
batch type approach to sintering. Both aspects of sintering add to the product costs. 

Ideally, silicon nitride should be sintered at a minimum temperature at ambient pressure in a 
continuous mode. 

Coors Ceramic Company / Golden Technologies Company has an executed License and 
Commercialization Agreement to license patents related to silicon nitride technology from Earon 
Corporation. This technology is based on the aqueous processing of silicon metal to prodlnce high 
quality SWSN and promises to result in reducing the cost of silicon nitride parrs. 
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APPROACH: 

The experimental plan is based on an iterative design in which silicon metal powder and other raw 
materials are characterized (task l), subjected to cost effective processing (task 2), and the silicon 
nitride parts thus produced are evaluated (task 3). The emphasis being on identifjdng low cost 
processes capable of producing high strength, reliable parrs. The program is also designed to identify 
low cost, reliable domestic suppliers of the requisire raw materials that can be used ta produce high 
quality parts. 

Task 1: “Raw Material Selection and Cbaracterizatiun” will be conducted by sampling up to five 
different manufacturers for each component. Ceramic raw material lots will be characterized with 
respect to particle size distribution, surface area, LOI, heterogeneous and homogenous 
compositions. Organic batch components will be analyzed for consistency of manufacturer 
specified parameters. 

In addition to evaluation of raw materials as received from rnanuhcturers, Task 1 will also focus on 
the selection of organic additives as binders, dispersants, lubricants, and electrolytes and levels 
required to facilitate milling, spray drying, forming, and the achievement of reliable product 
properties. 

Task 2: r‘ Material Procersing; The point of departure of this task will be to replicate the 
technology licensed from Eaton Corporation. Once this facet has been completed, Coors / GTC 
will endeavor to develop novel proprietary and patentable technology to simultaneously improve 
properties, reduce costs, and limit environmental risks. Each operation in the process flow path will 
be investigated for opportunities for improvement. Unit operations to be examined include: 
milling, spray drying, forming, debindering, nitriding, sintering and machining. 

Task 3: Propere Testin_p”. Property testing will be used in an iterative manner to  evaluate the 
effects of process modifications. The primary characterizations will include quanritative 
microstructural analysis, strength (MOR) and Weibull analysis. In addition; hardness, phase 
analysis (XRD) and toughness will be determined for selected batches. All testing will be designed 
to obtain statistically significant results. 

The following section reports the progress made during the past 6 months on these tasks. 
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Milestones 

?'ask 1 
Raw Material Characterization 

Samples of each o f  the five ceramic components of the SRBSN formulation were collected from 
several manufacturers, The following table outlines the scope of the study. 

Material 
Silicon 
Ceria 
Alumina 
Iron Oxide 

Suppliers 
4 
1 
1 
2 

Jlotal Lots Analyzed 
20 
5 
10 
10 

A minimum of five lots of material were collected from each manufacturer. Each lot of material was 
characterized with respect to particle size distribution, surhce area and chemical composition. 

Particle size distribution (PSD) was pursued by NIST. (Gratitude is extended to Dr. Subhas 
Malghan of NIST for his contribution.) Technically, PSD's were determined by dispersing powders 
in aqueous medium and evaluating the dispersions by a variety of photon scattering techniques. 
Surface areas were determined by nitrogen absorption technique at GTC. And chemical analyses was 
performed by Elemental Analysis Corporation. The technique utilized was Proton Induced X-ray 
Emission (PIXE). 

From these results, each manufacturer was evaluated for material purity and reproducibility of 
physical properties. Suppliers were selected for coinmercialization based on these results as well as 
the cost to value ratio of their products. 

Task 2 

Aaueous Milling: Surface Area & Oxygen Content 

'I'he relationship between milled surface area and silica content were correlated with sintered 
density, porosity and changes that occur during firing. This knowledge base was expanded beyond 
the linear surface area to oxygen content relationship that results from aqueous milling. This was 
achieved by two methods. First, by milling for various durations in non-aqueous media to obtain an 
oxygen deficienr (with respect to surface area) feed stock and secondly by adding colloidal silica to 
obtain excess silica content. The following dependent variables were correlated with surface areas 
and oxygen contenrs: 

- weight loss on sintering 
- sintering shrinkage 
- porosity 
- density 
- residual silicon gradient 

porosity gradient 
From this study a sintering process model was developed and a reproducible process that results in 
high strength reliable parts was identified. 
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Smav Drv inP: 

A reliable spray drying procedure has been developed and documented. Typical powder yields of 
95% were noted. Batch size ranged from a current standard of 137 Ibs. to 548 Ilbs. Current 
production rate is approximately 100 Ibs/ hour of ready to press powder. 

Drv Press Binder Development 

In the report of April 1993, GTC outlined the first iteration of a binder formulation experiment that 
was performed during February and March, 1993. At that time, it was recognized that the binder 
formulation would require fine tuning once automatic dry pressing became available. The initial 
experiments utilizing those formulations directly in automatic dry pressing resulted in parr 
delamination. So a fine tuning experiment was performed as follows. 

The original binder formulation contained six organic components. Five of these were minor 
components of 1 wtYo or less. The sixth was a major component. The experiment was designed to 
identify the optimal level of this major component. A production size batch (220#) of SRBSN slip 
was split into six equal fractions after milling. The major binder components was varied over six 
levels. Each fraction was processed to sintered parts. Fraccions with low levels of binder delaminated 
during pressing while fractions with excessive binder had low sintered densities and high shrinkage. 
The fraction with the optimal binder level exhibited the highest density and strength. 

Pry Press Development 

In parallel -with iso-presslgreen forming, GTC has been developing dry pressing as a cost effective 
path to automotive ceramics. During this period, a 45 ton Hydramet hydraulic press was 
successfully operated in automatic mode, producing high quality parts in a disk shaped geometry. 
Roller geometry tooling and necessary adapters have been obtained. 

A database has been establishment which documents the behavior of powders during dry press 
consolidation. Dry pressing pressure has been correlated with green density, firing shrinkage and 
sintered density. These relationships have been tabulated for a total of 22 dry press powder 
production samples that exist in inventory. These data will be required to develop a near net 
forming procedure. 

Forminp Technology 

A series of 250 parts have been prepared in a right round cylindrical geometry (rollers) by an iso- 
pressing/green forming procedure. This exercise was conducted for a commercial/non-contract 
activity. However, to evaluate the progress of this contract to develop a low cost manufacturing 
process these parts were characterized dimensionally and mechanically under this contract. Detailed 
characterization of dimensional changes during thermal processing were completed, including: 
cylindricity, concentricity, shrinkage heterogeneity, density, porosity, etc. Mechanical testing of the 
material cut from sections of the aauai parts was completed and is reported in Task 3. 
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Nit riding: I n tell irent Co 11 trol 

The nitriding furnace has been equipped to control nitriding on a real time basis. ‘This was 
accomplished by developing a control scheme based on a pressure derivative/temperatute set point 
approach. ‘The process is normally operated in a flowing gas regime. Periodically, flow is halted a i d  
the timed derivative of pressure is evaluated. This parameter is a direcr measure of nitridation rate. 
Once the derivative has been evaluated, the furnace is returned to flowing gas condition. The 
derivative is used in a non-linear response algorithm to determine a new furnace temperature. In this 
way, nitridation rate is optimized while preventing exothermal melt-down. 

Si nterinp: Continuous 

Four continuous sintering tests have been performed. Equipment type, manufacturers and 
equipment location are summarized in the following table: 

Pusher Alumina 

Pusher Tungsten 

Pusher Alumina 

Metal Belt Tungsten 

Molybdenum 

Tungsten 

Molybdenum 

Tungsten 

____ 
Location 

Coors Ceramics- 
Golden, CO 

C.M. Furnace 

Eaton 

Centorr- Nashua, 
NH 

Lindberg 

C.M. Furnace 

C.M. Furnace 

Centorr 

A broad time/temperature optimization experiment was performed in two stages at each location 
(except at Eaton, optimization had been performed prior to our tests.) At least twelve time- 
temperature combinations were evaluated. Maximum densities as high as 97% were obtained under 
optimized conditions. These rests are not conclusive as we have improved our powder quality since 
these tests were performed. Additional tests have been scheduled at C-M Furnaces. 

Near Net Shape Processing 

Toward the goal of cost effective ceramic processing, it has been recognized that near net shaping i s  
crucial. ‘The marginal costs of removing excessive overstock in ceramic blanks adds significantly to 
the price of automotive parts. A large matrix experiment has been completed which addresses the 
factors affecting the dimensional control of ceramic blanks. 

The experimental design selected was full factorial. The forming technology was iso-presslgreen 
forming (spark plug approach). A total of 50 iso-press tube blanks were pressed. From each, an 
average of five cylinders were machined. All parts were serialized. Three separate firings were 
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applied to evaluate the fire -to-fire variability. The levels and the positions in the furnace during 
firing were tabulated. The following table lists the independent variables. 

I 50 I I Serial rods 

Positions of rod (Average) 

Firings 

Furnace level 

Position of parts in furnace 

5 
3 

5 
20 

DEPENDENT VARIABLES 

Green Density 

Green Dimensions 

Sintered ID Roundness, Top 

Sintered ID Roundness, Bottom 

Sintered OD Roundness, Top 

Sintered OD Roundness, Bottom 

Sintered Concentricity 

ID Shrinkage, Top 

ID Shrinkage, Bottom 

OD Shrinkage, Top 

OD Shrinkage, Bottom 

Height Shrinkage 

Loss on Ignition 

MEASUREMENTS / 
SAMPLE 

1 

1 
4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

1 

An analysis of these data has been completed. Correlations have been identified. Homogenous 
furnace temperature zones have been identified. Fire to fire variations have been assessed and the 
effects of rod position have been evaluated. 
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-.-. '532-128(1) 

Setting 

One conclusion that was drawn from the above experiment was that setter drag during firing 
resulted in heterogeneous shrinkage and out of roundness at the borcom of the cylinder. A follow-up 
experiment was performed in which seven setting techniques were studied. These included: the 
settering surface geometry, setter composition and parr orientation during firing. The optimal 
setteriiig parameters were identified that resulted in an improved shrinkage homogeneity and a 
twofold improvement in bottom roundness. 

532-128 (1) 

Process Reproducibility 

3.3 1 

3.29 

3.29 

3.30 

In order to determine the reproducibility of the overall process, a pilot scale procedure has been 
developed, documerited and strictly repeated a total of six times. These six powder samples were 
nitrided and sintered on at least three different occasions. The densiries, used as a measure of 
process reproducibility, are reported in the following table: 

3.30 

3.31 

3.31 

Sinter Run # 

1 

2 

3 

4 

532-103A 

3.3 1 

3.3 1 

3.33 

3.30 

532-107 

3.30 

3.33 

3.28 

3.30 

3.35 

3.34 

3.34 

3.33 

3.33 

3.34 

The transverse moduli of representative samples are under test and will be presented in the annual 
report. 

Task 3 

As routine procedure, processes were evaluated by studying the physical and mechanical propertied 
of test parts. Over 5315 physical tests (including density, porosity, shrinkage, etc.) and 1375 
strength tests were performed. These test results serve the basis of selection of the above listed 
process development efforts and will not be repeated here. 
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Strenmh & Reliability 

Every powder batch / thermal treatment utilized to produce parts was evaluated with respect to 
strength. Since the current procedure of powder processing was adopted approximately six months 
ago, 22 pilot scale batches (> 125 IbsJbatch) have been produced. The following is a summary of 
strength tests. 

batch strength 

maximum average batch strength 

maximum single sample strength 

minimum batch weibull modulus 

. . . . . ......._ maximum batch weibull modulus -_- 

580MPa 

670MPa 

863MPa 

13.7 

15-7 ...__.__..__II.i_ ~ 

(8 4 ksi) 

(97ksi) 

(1 25ksi) 

Analysis of Section Cut from Industrial Parts 

GTC manufactured parts in the geometry of a commercial cam follower geometry (1.5" OD X 
0.87" ID X 1.00 high). MOR test specimens were cut from these parts and tested for strength. 
Results indicated a strength of 670 +/- 55 MPa (97 +/- 8ksi). A maximum strength of 863 MPA 
(1 25 ksi) was noted. 

Comparison of these results with strength tests performed in parallel on a leading competitors 
silicon nitride is presented in the following table. 
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SRBSN 

Research sponsored by the U.S. Departiaient of Energy, Assistant Secretaiy for Conservation and 
Renewable Energy, Office of Transportation Technologies, as part of the Ceramic Technology 
Project of the Materials Development Program, under contract # DE-AC05-840R2 1480. 
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1.1.4 Processina of Monolithics 

Imr>roved Processing 
V.K. Pujari, D.M. Tracey, M.R. Foley, A.B. Hardy, S.J. Lombaado, P.J. Pelletier, L.C. Sales, 
C.S. White, R.L. Yeckiey (Norton Company) 

Obiective/scope 

The goals of this contract are to develop and demonstrate significant improvements 
in processing methods, process controls, and nondestructive evaluation (NDE) which can 
be commercially implemented to produce high reliability silicon nitride components for 
advanced heat engine applications at temperatures to 1370°C. Achievement of these goals 
shall be sought through: 

Reliability optimization of aqueous colloidal forming using highly loaded 
suspensions and glass encapsulated HIP’ing. 
Application of the high reliability colloidal processing technique to a gas 
pressure sinterable (GPS) composition. 
Demonstration of representative complex component fabrication in both the 
HIP and GPS systems, 

Technical hiahliahts 

TASK 1 Formina Usina Hiahlv Loaded SusDensions and HIP’inq 

i) Powder Processinq 

In  order to obtain high solids loading, the sedimentation behavior of Si3N4 powder 
with five different surfactants (A, 8, C,  D, E) has been measured with time. As 
seen in Table 1, the final sedimentation density has been increased from 1.25 g/cm3 
in the case of no surfactant to a value of approximately 1.50 - 1.55 g/cm3 with 3 of 
the surfactants. 

Table 1 : Surfactant Effects on Sedimentation Density 
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SURFACTANT E 
Density -glee-- 

ii) Density Gradient Control. 

From a matrix of experiments, effects of two parameters (slurry solids 
loading (Pi) and powder surface area (P2)) on the density and density gradient 
have been established. Density gradient has been indirectly measured by 
observing the amount of kending (runout) in cast tensile rods after HIP'ing. The 
higher the runout, the larger is the density gradient. The two parameters influence 
the casting rate (Figure 1) which in turn affects the density and its uniformity 
(Figure 2). As can be seen from the figures, as the powder surface area increases 
the casting rate decreases apparently exponentially. 'The casting rate goes up, 
however, as the slurry solids loading increases. Figure 2 indicates that as casting 
rate increases green density goes down and runout goes up. The control of casting 
rate is therefore the key to minimizing the overall density gradient in the cast part. 
Only low and medium solids loading slurries have been examined to date. Effect of 
high solids loading will be examined in the near future. As described below under 
NlST activity, high solids slurry is being developed using high energy attrition 
milling (HEAM). 

Casting Rate a s  a function of 
Weight % solids of slurry. 

Casting Rate as a functlon of 
Surface Area of slurry. 

__I-- 

E 
.g. 20 

.I_-_ .I .- 

7 
+-+----+- 0 .  

0.4 0.6 0.8 
Welghl YO solids 

b) Slurry Solids Loading 

-.--..I 35 - 
F 3 0  -- 

: 5 -  

0 7  . 
6 7 8 9 10 11 I2 13 

Surface Area (m"2/yrn) 

Figure 1: Dependence of Casting Rata on: 
a) Powder Surface Area 
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Figure 2: Effect of Casting Rate on: 
a) Green Density b) Density Gradient (Runout) 

iii) Castins Process Simulation and Modellinq 

A casting model was developed which accounts for green body density 
gradients through the use of a porosity constitutive relationship. Experimental data 
suggest that the porosity that develops at the casting front, Figure 3, can be 
represented as a function of casting rate as follows: 

E = E * + A E  tanh (---a dF 
dt 

The values E* and E* t A E represent the low and high rate porosity levels, 
respectively. The governing equation for the casting process is given by 

where 
X = solids volume fraction of slurry 

a = cake specific resistance 
= filtrate viscosity 

Equation (2) was solved numerically subject to the porosity constitutive 
equation (1) for representative conditions. Solutions provide cake thickness and 
density (porosity) distribution as a function of time. 
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Figure 3: Geometry of Cake Growth 

60.6 W T Z  

Results for density variations are shown in Figure 4 for the two cases of 
6Q.6 and 68.9 wlo solids with 10 m2/gm surface area and 25 psi pressure. Notice 
that a law density region is predicted near the mold. This results from the very high 
growth rate that the cake initially experiences. With the parameters chosen here 
the low density region extends about 0.1 to 0.2 mrn into the cake. The lowest 
density is about 5% less than the bulk value. These values are in general 
agreement with what has been observed in casting experiments. Figure 5 provides 
results which demonstrate that the density gradient at the mold can be controlled 
through manipulation of the pressure profile. 

I . 9 0  - * 
t- 

0-3 
z 

L13 

,.-.4 

LLI I . a o  - 

0 .  , 1 0 0  . z o o  - 3 0 0  . 4 0 0  . s o 0  
~ I S T R N C E  F R B M  M O L O  [ M M )  

Figure 4: Prediction of Low Density Region Near Mold Interface 
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Figure 5:  Density Variation for Constant and Ramped Pressure Profiles. 

iv) Effect of Mold Material 

Casting of aqueous silicon nitride slurries using piaster of paris molds has 
typically resulted with a 0.1 - 1.0 mm high density skin, as well as a 1-3 mm low 
density cast layer at the surface of the component. It is believed that the low 
density layer is caused by floccing of the slurry in contact with the mold, and that 
the high density skin is caused by diffusion of mold material into the cast body. In  
order to eliminate these undesirable effects, a ceramic mold material has been 
investigated. In preliminary work (Phase I) density gradients were reduced by up to 
75% using this material. To examine the properties of this mold in relation t o  a 
standard plaster mold, pucks were cast using a constant pressure of 30 psi. The 
plot of thickness vs. time from the Kozeny-Carman model should be of the farm: 

L = k * t "  (3) 

where L is the thickness of the cast, t is the time, m = .5 and k is a constant which 
depends on parameters of the slurry and the applied pressure. Fitting the observed 
thickness vs. time data from the two pucks to the model (Figure 6), the estimated 
values for m were 0.485 for the plaster mold and 0.502 for the alternative mold 
material. This indicates that for the plaster mold we have a higher than expected 
initial casting rate, or a lower than expected final casting rate. This experiment will 
be repeated using tensile rod molds and a range of porosities for the alternative 
ceramic mold material. 
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Time 

1 - - - -  Ceramic - - Plaster 1 
Figure 6: Effect of Mold Material on Casting Rate Profile 

v) National Institute of Standards and Pechnoloav (NIST) Activity 

Primary activities during this period were on the development of data for the 
selection of type and concenjration of a polyelectrolyte dispersant for high density 
s u s pens io n s prep a r at i o n . I n addition , s u r f ac e c h e m i c a I characterization of 
constituent materials (silicon nitride, yttria and polyelectrolyte) has been completed. 
Five different methods were used to evaluate two potential surfactants (SI, S2) as 
described below: 
* Interface chemistry of powder in aqueous environment 

Effect of polyelectrolyte concentration 

Density of slip cast green body 
Adsorption isotherm 

* Particle size distribution 
e 

These data showed that both dispersants (SI, S2) provided the same 
amount of dispersion at pH 9.0, while the concentrations to achieve the maximum 
dispersion were different due to difference in their molecular weights. Effect of type 
S i  polyelectrolyte concentration, for example, on dispersions is shown in Figures 7 
and 8. Based on these evaluations, we have selected 300 and 640 ppm (with 
respect to powder weight) as the most suitable concentration for the two surfactants 
to achieve the highest green density. The green densities of SNE-03 powder 
without milling were 61-63% theoretical. 

All three powder components have been fully characterized and 
representative samples for milling have been prepared. The overall purpose of 
these milling tests is to achieve as high a solids loading as possible. Our final 
target is 80-85% solids by weight. Therefore, initial tests on 75% solids as the 
base level and 80% as the high level have been planned. The specific surface area 
of the milled powder will be at 8 and 12 m2/g. 
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Figure 7: Concentration Effect of Surfactant SI on Yttria (#5600) 
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Figure 8: Concentration Effect of Surfactant SI on Yttria (#5600) 
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TASK 2: High Reliability Colloidal Processinq of GPS Composition 

The screening set of experiments to identify methods with which MgO 
hydrolysis can be limited is near completion. Based on the results of bench-top 
experiments, two approaches have been proven successful in limiting hydrolysis: 
the use of surfactants and temperature control during milling. As shown in Figure 
9, from screening tests of various surfactants, a suitable surfactant (labeled I C E )  

has been identified which shows control of hydrolysis up to one hundred hours. An 
observation made during these experiments is that the cast green densities of Mg6 
based slurries have been 5 0  w/o regardless of whether hydrolysis occurs or not. 
It is suspected that a cause other than hydrolysis is limiting the packing during the 
casting process. Experiments are in progress to identify the origin of this behavior. 

In spite of the low green densities obtained to date, gas-pressure sintering’ 
of these samples has resulted in a fired density of >98% of theoretical, Evidence of 
a non-homogeneous microstructure was observed in these samples and is believed 
to arise from a gradient in sintering aid in the components, This gradient arises 
because of the diffusion of the sintering aids at elevated temperature. A set of 
experiments is being conducted ta determine ways in which this inhomogeneity can 
be minimized. 

0 20 40 60 $8 I 0 8  
Time (hours) 

Figure 9: Effect of Surfactants on MgO Hydrolysis 
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References 
None 

Status of milestones 

All milestones are on schedule. Milestones 1-1 and 2-1 (9/30/93) involving identification of 
suitable surfactants for the HIP and GPS compositions were met during the reporting 
period. 

Pu blications/Dresentations 

1. V.K. Pujari and D.M. Tracey, 'Processing Methods for High Reliability Silicon 
Nitride Heat Engine Components', presented at ASME Turbo Expo - Land, Sea & 
Air, Cincinnati, Ohio, May 24-27, 1993, to appear J.Engr. for Gas Turbines and 
Power. 
'Closed Loop Colloidal Processing of High Reliability Silicon Nitride', by V.K. Pujari 
et al was submitted August 20, 1993 for Preprints of Automotive Technology 
Development CCM, Dearborn, MI, October 18-21, 1993. 

2. 

Problems encountered 
None 
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ImDroved Processing 
S. D. Nunn, 0, 0. Omatete, e. A. Walls, D, L. Barker, and R. E. Simpson 
(Oak Ridge National Laboratory) 

Object i v d s c o  p e 

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 riianufacturing use of candidate processes to be evaluated. The 
emphasis is on silicon nitride. Issues of practicality; safety, hygiene, and 
environmental issues; and in-process testing methods are to be addressed in 
addition to technical feasibility. The methodology includes selection of candidate 
processes and evaluation of their range of applicability to various kinds of 
commercially available ceramic powders. 

Technical h ig h l ights 

I. Silicon Nitride Gelcasting 

To assess the reproducibility of the gelcasting process for producing ceramic 
components, a series of silicon nitride batches was prepared under identical 
conditions and gelcast. The batches consisted of 45 vol o/o UBE E-1 0 silicon nitride 
with 5 wt Yo Y2O3 and 5 wt % AI203 in a MAM/MBAM monomer solution. The 
1 -kg-size batches (ceramic powder weight) were turbomilled in a .I-in.-diam vessel 
at 500 RPM for 1.5 h GAF PVP K-15 and Darvan 821 A were added as dispersing 
aids. The initiator, AZIP, was added to the solution in the turbo mill at the comple- 
tion of the milling time. Eleven batches were prepared for the repeatability study. 
Each batch was prepared on a different day over a period of 18 d. Every effort was 
made to be consistent in the preparation method. The pH of the slurries was 
measured after milling and was consistently 8.7. 

tensile rod mold. The molds were then placed in an oven at 60°C for 1 h to gel the 
slurry. After cooling, the gelled samples were removed from the molds and placed 
in a controlled humidity and temperature chamber for the initial drying phase. The 
chamber was maintained at 25°C and 92% relative humidity (RH). The samples 
were left in the chamber for 16 h before being removed to complete the drying 
process under ambient conditions. Samples were then placed in a desiccator for 
storage. 

The dimensions of the dried tensile rod specimens cast from the 1 1  batches 
were measured at the points indicated in the drawing in Fig. 1. These locations 
were chosen because they could be precisely measured using calipers. The 
results of the measurements are given in Table 1. The uniformity of the castings is 
shown clearly by the standard deviation values which indicate a variation sf only 
0.1 to 0.3% about the average value for the dimensions measured. 

The samples cast in the rod molds were fired at 1850°C for 2 h under 50 psi 
nitrogen pressure. The diameter of the green and fired samples, and the density 
after firing, are shown in Table 2. The average value and standard deviation for the 

The milled slurry was cast into rod molds, plate molds, and a buttonhead 
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ORNL-DWG 94-5630 
Position 1 
18.87 mm Position 3 

. I .  Diagram of the buttonhead tensile rod specimen 
showing the location of the positions that were used to deter- 
mine the dimensional uniformity of gelcast silicon nitride 
samples. 

Table 1. Measured dimensions (mm) of gelcast 
tensile rod specimens 

Position 
1 2 3 

M t d  Dimension --->. 18.87 14.15 7.54 
Sample: 

Rl 18.36 13.77 
R2 18.44 13.79 7.26 
FM 18.44 13.77 7.32 
R4 18.36 13.79 7.26 
R5 18.36 13.79 7.29 
R6 18.36 13.79 7.29 
R7 18.42 13.79 7.32 
FIS 18.36 13.77 7.29 
R9 10.47 13.79 7.29 
RlO 18.42 13.79 7.29 
R11 18.34 13.77 7.24 

Mean: 18.39 13.79 7.29 
Std Dev.: 0 .04 0.01 0.02 

Variation ("%]: 0.23 0.09 0.31 
Shrinkaqe (%): 2.49 2.51 3.20 

I__- 



Table 2. Measurements of repeatability study rod samples 

G reeTD iameter Fired Diameter Fired Densify 
Sarnple-~-~@xr (mm) (in in) (g/cm3) 

R1-1 17.13 13.73 3.13 
Rl-2 17.13 13.75 3.13 
R1-3 17.12 13.77 3.13 
R1-5 17.09 13.70 3.12 
R2-1 17.12 13.73 3.10 
R2-2 
R2-3 
R2-4 

17.12 13.70 3.13 
17.13 13.73 3.11 
17.12 13.69 3.13 

R2-5 17.1 1 1 3  74 3 .12  
R3-1 17.07 13.69 3.14 
R3-2 
R3-3 
R3-4 

17.06 13.68 3.1 1 
17.09 13.70 3.1 1 
17.1 1 13.74 3.11 

R3-5 17.08 13.70 3.12 
R4-1 17.12 13.74 3.13 
R4-2 
R4-3 
R4-4 
R4-5 
R4-6 

17.09 13.78 3.11 
17.07 13.70 3 .13  
17.12 13.73 3.1 1 
17.12 13.74 3.13 
17.00 13.70 3.65 

R4-7 17.12 13.64 3.15 
R5- 1 17.13 13.73 3.1 2 
R5-2 
R5-3 
R5-4 

17.1 1 13.73 3.13 
17.1 1 13.73 3.13 
17.09 13.74 3.12 

R5-5 17.09 13.73 3.13. 
R6-1 17.11 13.69 3.14 

_______I-. 

R6-2 17.09 13.69 3.13 
R6-3 17.1 1 13.60 3.13 
R6-4 17.13 13.74 3.13 
R6-5 17.12 13 .73  3.12 

R7-1 17.09 13.70 3.15 
R7-2 17.11 13 .75  3.13 
R7-3 17.09 13.72 3.13 
R7-4 17.13 13.74 3.14 
R7-5 17.09 13.68 3.17 
R7-7 1 7  09 13.78 3.1 1 
R8-1 17.09 13.72 3.10 
R9-2 
R0-3 
R8-4 
R8-5 

13.70 3.10 
13.70 3.10 

17.09 13.70 3.10 
17.00 13.69 3.10 

R8-7 17.1 2 13 .67  3.09 
R9-1 17.04 13.69 3.1 1 
R9-2 
R9-3 

17.00 13.88 3.05 
17 09 13.78 3.09 

R9-4 17.09 13.68 3.1 1 
R10-1 17.06 13.72 3.1 1 
R10-2 17.09 13.75 3.09 
R10-3 17.12 13.69 3.10 
R10-4 17.11 13.69 3.1 1 
R10-5 l_l._ 17.08 13.70 3.11 
R 1 1 - 1  17.09 13.68 3.15 
R11-2 17 1 1  13.69 3.14 

Average = 17.10 13.72 3.12 

SI. Dev. = 0.021 0 .037  0.01 9 

I__- 
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54 samples are also shown in the table. As can be seen from these results, the 
gelcasting process appears to be very reproducible. The rod diameters in the 
green state showed a standard deviation of only 0.02 mm or about 0.1 %. In the 
fired state, the standard deviation of the diameters was about 0.3%. This difference 
is probably due to the slightly higher variability of the fired density, which showed a 
standard deviation of 0.6%. It's interesting to note, however, that the batch-to-batch 
variation was no greater than the typical scatter within a given batch of material as 
shown in Table 3. This suggests that while there is room for improvement in the 
uniformity within a batch, the reproducibility of the process is very good. 

Samples for &point bend strength measurement were prepared frclm plates 
cast from the 11 batches. The plates were fired at 1850°C for 2 h under 50 psi 
nitrogen pressure. The strength tests were run at room temperature. The results of 
these tests are summarized in Table 4. The overall strength for the batches was 
583 rt 84 MPa, giving a Weibull modulus of about 8.0. This indicates relatively low 
uniformity among the batches. This is probably due to the scatter in the measured 
densities for the plates cast from these batches, which is also shown in Table 4. 
This may have resulted from non-uniform heating of the samples during firing due 
to the arrangement of the plates in the crucibles. Further studies are planned to 
evaluate firing conditions. 

II. SRBSN Gelcasting 

Gelcasting of Si metal for forming sintered reaction bonded silicon nitride 
(SRBSN) parts was found to be unsuccessful in the ~ A M / ~ ~ A ~  
Several attempts at preparing gelcast batches were unsuccessfu 
reactivity of Si metal and resultant gas evolution in the basic 
A study indicated that gas formation was eliminated at lows 
(-pH 4). This suggested that Si gelcasti may be possible in an acidic system. 
Two such systems are being evaluated. ne utilizes acrylic acid (H2C = CHCOOH) 
as the monomer, and the other uses methacrylic aclrd (H2C = CCH3COOH). With 
both monomers, the crosslinking agent is a rare-earth salt the acid. For acrylic 
acid, the salt is (H2C = CHC00)3Re, where Re = Y, La, o d. An analogous salt is 
formed in the methacrylic acid. The salt is formed when the rare-earth oxide 
powder, which is used as a sintering aid, is added to the acid solution. When dis- 
solved in the acid, the rare-earth ion reacts to form a tri-functional organo-metallic 
compound which can then crosslink during gel formation. The amount of cross- 
linker available for gel formation varies with the different rare earths and the 
particular acid due to differences in solubility. This was found to affect the charac- 
teristics of the gels that could be formed. The gels varied from brittle and crumbly 
with high levels of crosslinking agent to very flexible and rubbery with low levels of 
crosslinker. In forming gels with the neat acrylic acid and methacrylic acid solu- 
tions, it was found that the system consisting of an aqueous solution of acrylic acid 
(monomer) and the lanthanum salt of acrylic acid (crosslinker) formed the highest 
strength gels. 

A series of solutions were prepared to determine the optimum initiator 
[lo wt Yo ammonium persulfate (AP) in water] and catalyst [tetraethylmethylene- 
diamene (TEMED)] additions to obtain good gels. Aqueous solutions containing 
13.5 wt Yo acrylic acid and 10 wt Yo lanthanum oxide (stoichiometric additions for 



Table 3. Average and standard deviation of the rod 
sample measurements 

-_I_ 

Green Diameter (mm) Fired Diameter (mm) Fired Density (glcm3) 
Batch Number Average St. Dev.----Average St Dev. Average St. Dev. 

R1 17.12 0.01 6 13.74 0.024 3.1 3 0.005 
17.1 2 
17.08 
17.10 
17.1 1 
17.1 1 
17 .10  
1 7  1 0  
17.08 
17 .09  

0.008 
0.01 8 
0 .020 
0.01 4 
0.01 3 
0.01 4 
0.01 4 
0.021 
0.022 

13.72 
13.70 
13.72 
13.73 
13.71 
13.73 
13.70 
13.76 
13.71 

0.01 9 
0.021 
0.041 
0.005 
0.025 
0.034 
0.01 6 
0.082 
0.024 

3.1 2 
3.1 2 
3.1 3 
3.1 3 
3.13 
3.14 
3.1 0 
3.09 
3.1 1 

0.01 0 
0.01 B 
0.01 3 
0.005 
0.006 
0.01 8 
0.006 
0.024 
0.009 

R11 17.10 0 .006 13 .68  0.006 3.1 4 0.005 
Overall 17.10 0 .021 13.72 0.037 3.1 2 0.01 9 

Table 4, Density, strength and Weibull modulus of samples cut from 
gelcast plates of silicon nitride prepared from the 

repeatability study batches 
-- 

Batch Denslry Number Averago Standard Weibull 
Modulus Number % of Samples Strength, MPa Deviation 

R1 96.6 10 61 5 112 6.2 
95.8 
95.0 
95.0 
94.7 
96.1 
96.1 
94.6 
96.1 

15 
12 
11 
10 
12 
10 
10 
10 

612 
542 
567 
544 
62 1 
623 
55 1 
500 

53 
31 
43 
66 
79 
58 
69 
65 

13.4 
20.9 
15.3 
9.4 
9.0 
12.5 
9.2 
8.8 

R11 96 0 6 692 94 8.4 
Overall 95 7 106 583 04 8.0 
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the complete neutralization of the acid) were prepared. Varying quantities and 
ratios of AP and TEMED were added to constant volumes of the rare-earth acid 
solution. All of the mixtures were placed in an oven at 80°C for 1 h to gel. The 
optimum additions were determined to be 0.5 wt 'A AP solution and 0.05 wt % 
TEMED. 

A slurry was then prepared containing 45 vol o/o silicon metal powder in the 
rare-earth acid solution. As the AP was being added to the slurry, it rapidly 
thickened and began to gel at room temperature. The presence of the silicon had 
dramatically changed the gelling characteristics of the solution. A new series of 
solutions was prepared to determine the initiator addition required in the silicon 
slurries. Because the silicon slurry had shown such a high sensitivity to the AP 
addition, a 1 wt % aqueous AP solution was used. It was found that a firm gel could 
be obtained with only 0.01 wt Yo AP solution gelled at 60 to 80°C for 1 h. 

When slurries were prepared containing additional lanthana and alumina 
sintering aids for an SRBSN composirtion, the catalyst addition needed to be 
adjusted again. Clearly, the reactivity of this system is extremely sensitive to small 
changes in the chemistry of the mixture. In addition, the oxides did not disperse 
easily in the acidic solution requiring the solids content to be reduced to about 
35 vol o/o in order to maintain a reasonably low viscosity for milling, deairing, and 
casting. Further studies are under way to continue the evaluation of this system. 

I l l .  Alternate Gelcasting Systems 

It has been demonstrated that several monomers such as MAM, NVP, 
M-PEG, and crosslinkers such as PEG and MBAM form gels that can be used in 
gelcasting. Based on some qualitative characteristics of the gel and the cost of the 
monomers, the MAM-PEG and MAM-MBAM systems, especially the latter, have 
been utilized in most of our work. However, the MAM-MBAM gels may be too weak 
for certain applications. The use of co-monomer systems has been shown to 
produce synergistic effects. furthermore, the co-monomer system of MAM and 
N V P  with the crosslinker MBAM can be utilized to form very hard and stiff gels 
because the NVP serves as a solvent to dissolve more of the crosslinker, MBAM, 

gelcasting properties. 
An automated rheometer has been deliwered by Bohlin Instruments 

Company. As soon as it is fully set up and operational, it will be used to charac- 
terize, quantitatively, pure gels and ceramic-loaded gels. When these quantitative 
values are available, it will be possible to determine the optimum monomer, co- 
monomer, and crosslinker concentrations and concentration ratios for selected 
ge lcasti ng systems. 

The large controlled temperature and humidity chamber has been used for 
the standard drying of our gelcast parts at 25°C and 92% RH. The chamber has 
been very reliable for the standard drying procedure. It is to be used for the study of 
the reduction in the total drying time of gelcast materials. However, the instrumen- 
tation and controls necessary to carry out the study have not yet been installed. 
These should be ready by the next reporting period. 

to the gelcasting solution. The co-monomer system will be studied far improved 
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IV. Garrett Cooperative Research and Developnient Agreement (CRADA) 

As a follow-on to the previsus Collaborative Research Agreement (CRA) 
between Oak Ridge National Laboratory (BWNb) and Garrett Ceramic Components 
(GCC), work on the gelcasting of silicon nitride components is continuing under an 
extension of the CRA. Research under the previous agreement demonstrated the 
feasibiiity of using gelcasting to produce complex-shaped campnnenis (autoinolive 
turbocharger rotors) using GCC's GN-18 Si3N4 composition. Mechanicai property 
testing showed that gelcast Si3N4 could be prodwed that had nieckeanical 
properties. comparable to GCC's siipcasi SQN~..  Under the new agreement, QRNL 
is incorporating one of the new gelcasting chemical systems which has improved 
environmental, safety, and health ratings. (Previous work was dune in the 
acvylarnide system. The acrylarcide monomer has a high toxicity rating.) Work 
focuses or] achieving low-viscosity slips containing high-volume fractions of Si3N4 
powder and an complete removal of the organic materials during birider burnout. 
Garrett is firing gelcast samples using glass-encapsulation hot isostatic pressing 
(HlPing) and measuring the rrsechanical praperiies. 

A batch consisting of 45 vol % of the GN-10 silicon nitride composition in a 
MAWPEG (311) monomer solution was prepared. The batch was  used to cast T-25 
turbocharger rotors in a setup that was designed to allow the molds to be bottom- 
filled inside an evacuated chamber. This procedure was intended to help minimize 
the possibility of farming surface defects and non-filled areas in the thin sections of 
the rotor fins. However, it was discovered after the molds had been filled that the 
bases had not been adequately sealed. As a result, the molds leaked extensively, 
and no conclusions could be drawn regarding the effectiveness of the new casting 
process. Several turbocharger rotor molds that were received from GCC are being 
prepared for gelcasting. 

Status of milestones 

Milestone 11 4208 has been completed. 

Publications and presentations 

S. D. Nunn, 0. 0. Omatete, C. A. Walls, D. L. Barker, and K. L. Ploetz, "Improved 
Processing and Properties of Gelcast Ceramics," paper SXlll-96-93, presented at 
the Annual Meeting of the American Ceramic Society, Cincinnati, Ohio, April 18-22, 
1993. 

S. D. Nunn, "Gelcasting with Water-Based Additives," invited presentation at the 
OBES/OIT Research Assistance Task Force Meeting on Environmentally 
Conscious Synthesis, Processing, and Use of Ceramics, Princeton Materials 
Institute, Princeton University, Princeton, N.J., May 5-7, 1993. 
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1.2 CERAMIC COMPOSlTES 

1.2.2 Silicon Nitride Matrix 

Optimization of Silicon Nittide Ceramics 
K. J, Lee, W. W. Yao and T. Y. Tien (The University of ~ ~ ~ ~ i g a n )  

Obiec tive/ScoD,e 

To develop processing methods to optimize strength, toughness and creep 
resistance of monolithic silicon nitride ceramics, Silicon nitride ceramics with 
fiber-like P-Si3N4 grains will have higher fracture strength an 
and better creep resistance. The fiber-like structure can be obtained by 
sintering the silicon nitride ceramics a t  high temperature under a nitrogen 
over-pressure. The mechanical properties can further be improved by 
controlling the size and the aspect ratio of the fiber like f3-Si3Nq grains an 
the composition and nature of the grain boundary phase(s). The major goal of 
this project is to  develop monolithic silicon nitride ceramics with optimum 
mechanical properties. 

Technical Hichliphts 

The a-Si3N4 to  P-Si3N.4 ratio (5% P-Si3N4) a 
e in all three powders. The particle sizes of 

urity content are the 
, EM, and E10 are 0.95, 

0.45 hm, respectively. s used were U203, A1203, MgO, 
, or  combinations of the . The compositions studied were 

described by the sample designations. Two series of compositions were used 
To study (1) eEect of particle size on grain e c o ~ ~ o s i t i ~ n s  contained 
92 wt% Si3N4,6 wt% Y203, and 2 wt% 
additives, the samples ID 00, 02, and 2 
6% Vz03 and 4% MgO for 00; 89.8% 
CaO for 02; and 88% Si3N4,6% U203,4% 

Starting powders were weighed and attrition eon led under  is^^^^^^^^^ for 
2 hours. Slurries were dried on a hot plate at 85°C under constant stirring Is 
avoid segregation. Dried powders were isostatically pressed under a pressure 
of 14 MPa. Pressed pellets were sintered at  different temperatures for a t h e  
period o€ 0.5, 1, 2 and 5 h under a static nitrogen pressure of 10 atmo 
in a graphite furnace. The specimens were placed in a BN crucible fil 
BN powders. 

The surfaces were ground, polished and etched with molten salts. The 
grains were then disintegrated using ultrasonic vibration. Loose grains were 
collected on a porous medium for microscopic examination. 

Figure 1 shows three photomicrographs of disintegrated P-Si3N4 grains 
which illustrate the grain size differences between specimens using various 
starting silicon nitride powders. The length and width of these grains were 
measured and the results analyzed. A typical size distribution in both length 
and width direction are given in Figure 2. Normal distribution was observed 
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Figure 2. Size distributions of disintegrated p-Si3N4 grains. Specimens 
E03, E05, and E10 sintered at  1800°C for 1 h (a) grain length, (b) 
grain width. 
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for all sintered specimens. The mode from all of these size distribution 
measurements were used as the average grain size €or further data 
treatments. 

Specimens of different starting silicon nitride powders were sintered at 
1800 and 1900°C for 0.5, 1, 2 and 5 h, and the results are given in Table 1. 
Table 2 gives the results of the effect on grain growth of specimens using 
different additives. The silicon nitride powders used for chemical effect 
studies were E1Q. 

The grain size data for specimens fired at 18OOOC for different times were 
plotted in a lag-log scale in Figure 3. These data fit the empirical equation, 
Dn - Don = Kt. However, because of many uncertainties, we will not discuss 
the results in terms of this equation. Since the value of the exponent n 
indicates the growth mechanism, no attempt was made to  assign a value to 
"n". 

(1) Effect of Particle Size 
The size of P-Si3N4 grains in sintered specimens using E3 and E5 as 
starting materials grew larger in both length and width directions than 
those using E10 powder. This phenomenon can be explained using the 
relationship K oc D y Cm where K is rate constant, D is diffusion 

coeficient, yis interfacial energy and Cm is solute concentration. The 
above relationship applies to both diffusion-controlled and interface- 
limited growth processes. The smaller grains tend to  have lower angle 
boundaries which results in a lower mobility, i.e., slower diffusion 
coefficient. Therefore, the specimen with larger particles grows faster. 

(2) Effect of Sintering Additives 
The above relationship can also be used to  explain the effect of 
additives on the growth of D-Si3Nq grains. The eutectic temperature of 
a ternary system will be lower than that of a binary system, Le., when 
one sintering additive is used, the melting temperature of the grain 
boundary phase is higher than when two additives are used. At the 
same temperature, the solubility of silicon nitride in the reactive 
liquid, Cm, is higher in the ternary system than in the binary liquid. 
The solubility is also higher in systems which are less refractory than 
in a liquid which is more refractory. 
The solubility of Si3N4 in the systems studied in this investigation are 
not known. However, the solubility of Si02 in the Y283 and A1203 
system is higher than in the Y2O3 and MgO system at the same 
temperatures. The grain growth results listed in Table 2 indicate that 
the P-Si3N4 grains grew larger when Y2O3 and A1203 were used as 
sintering aids than when Y2O3 and MgO were used. Use of CaO will 
also promote grain growth. 

Status of Mileston es 

On schedule 
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Table 1. Measured average grain sizes and aspect ratios of p-Sifl4 ceramics 
sintered under 10 atm N2. 

Sintering time fir) 
Powder ID Grain size 0.5 1 2 5 
Ube E03 1800°C - L I W 5.25 10.615 5.85 I 0.813 8.90 I 1.00 8.85 I 1.908 

1900°C - L I W 7.55 I 1.415 8.90 I 1.84 10.0W 1.96 10.5 12.33 
1800°C - AR 7.05 6.8 6.42 6.08 
1900°C - AR 5.70 4.94 4.65 4.55 

1900°C - L I W 6.44 I 1.10 8.88 1 1.508 9.15 I 1.92 10.381 2.24 
Ube EO5 1800°C - L I W 4.3751 0.578 5.25 1 0.764 8.305/ 870 8.50 I 1.26 

1800°C - AR 7.3 6.9 6.5 6.4 
1900°C - AR 4.48 5.16 6.22 5.76 

Ube E10 1800°C - L I W 3.82 10.496 4.45 10.60 5.22 10.715 5.75 10.75 
1900°C - L I W 4.38 10.798 6-70 10.988 7.55 I 1.00 9.23 I 1.215 
1800°C - AR 5.35 7.025 7.33 8.00 
1900°C - AR 4.80 5.75 6.02 6.18 

Table 2. Measured average ga in  sizes and aspect ratios of P-Si3N4 ceramics 
sintered under 10 atm N2 with diflerent concentration of CaO 
addition. 

Composition I Sintering time (hr) 
Powder ID Grain size 0.5 1 2 
CaO 0% I 00 1800°C - L /  W 2.102 I 0.563 2.4701 0.590 2.7751 0.810 

1900°C - L I W 2.302 I 0.675 2.711 I 0.712 3.075 10.990 
1800°C - AR 3.453 4.251 4.822 
1900°C - AR 3.733 4.55 1 4.725 

CaO 0.2%1 02 1800°C - L I W  2.4851 0.672 2.9021 0.693 3.5911 0.750 
1900°C - I, I W 3.500 I 0.930 4.375 I 1.010 4.900 I 1.213 
1800°C - AR 4.280 4.801 5.652 
1900°C - AR 4.2’91 5.003 5,830 

CaO 2.0% I 20 1800°C - LI W 2.450 I 0.672 2.622 I 0.690 4.153 I 0.783 
1900°C - L I W 2.625 I 0.813 3.974 I 0.870 5.501 I 0.931 
1800°C - AR 4.721 5.450 5.903 
1900°C - AR 4.102 4.522 4.851 
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Figure 3. Growth behavior of P-Si3N4 grains in ceramics sintered at 1860°C 
for different lengths of time. Compositions were E03, E65, and 
E10. 

CommunicationsNisitlltra vel 

K. J. Lee attended J'MRS meeting in Tokyo, Japan on Aug. 30 - Sep. 3 for 
presentation of paper titled "Grain Growth of p-Si3N4 in Silicon Nitride 
Ceramics " . 
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~hcaractenzation of GraiFl Boundany Phases in Silicon Nitride ~erarnics 
I. M. Peterson and T. Y. Tien (The University of Michigan) 

Obiective/Scolpe 

The objective of this investigation is t o  develop silicon nitride ceramics 
with high flexural strength, high fracture toughness and superior creep 
resistance. The fiber-like structure of the P-Si3N4 grains can be obtained by 
sintering the silicon nitride ceramics at  high temperature under high nitrogen 
pressure. The composition of the sintering additives will affect the 
microstructural development, grain boundary characteristics, and hence, the 
mechanical properties. The grain boundary phases have never been 
synthesized separately and their properties have never been studied. The goal 
of this project is to synthesize and characterize the grain boundary phase and 
t o  understand the relationships between the nature of the grain boundary 
phase and the properties of silicon nitride ceramics. It is believed that with a 
thorough understanding of these relationships, ceramics with optimunn 
mechanical properties can be obtained. 

The energy required to propagate an intergranular crack depends on 
the residual stress present at the grain boundary , the strength of the bonding 
along the interface, and the intrinsic toughness of the grain boundary phase. 
The residual stress can be controlled by tailoring the thermal expansion 
coefficient mismatch between the silicon nitride and the grain boundary 
phase. The intrinsic toughness of the grain boundary phase is dependent on 
both the chemistry and the morphology of the grain boundary phase. The 
effect of residual stresses on the fracture toughness 
was investigated by adding sintering aids containing different amounts of 
cordierite and YAG. The fracture toughness increased as the amount of tensile 
stress a t  the grain boundary increased. The increase in fracture toughness 
was correlated with a decrease n bridging distance and an increase in pullout 
lengths, as measured from SEM photographs of the cracks. 

Technical Hi&liyhts 

Silicon nitride samples with 15 volume % offour different sintering 
aids :YAG , cordierite , 80 wt% cordierite/ 20 wt  % YAG and 60 weight 
percent cordieritd40 w t  % YAG in SigN4. were prepared. The oxide powders 
were attrition milled with silicon nitride for four hours. Different sintering 
heat treatments were used. One batch of samples were sintered a t  1640 "C for 
3 hours under 10 atm of nitrogen A second batch was sintered at 1640°C for 
3 hours, then a t  1800°C for three hours, and then at  1640 "C for two hours t o  
re-equilibrate the grain boundary phase. A third set was sintered at 1640°C 
for 3 hours, then at  1880°C for three hours, and then a t  1640 "C for two hours 
t o  re-equilibrate the grain boundary phase. One set of samples was sintered 
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at 1640°C for three hours and then heat-treated a t  1250°C for 20 hours t o  
crystallize the grain boundary phases. 

The samples were quenched and the fracture toughness was measured 
by the indentation method. The samples were etched in a molten 
KOWNaOH solution SEM photos were used to determine the crack lengths 
and distances between bridging grains. The grain sizes were measured using 
the disintegration method. 

The fracture toughness increased with increasing residual tensile stress 
a t  the grain boundary (or compressive stress in the Si3N4 matrix). The 
residual stress on the Si3N4 grains is expressed as 

S = ESi3N4 (aglass-aSi3N4)DT. 

where DT = 1000°C and Esi3~4 = 300 GPa. 

For the samples sintered a t  1640”C, the lengths of the grains were the 
same for all the additives. Figure 1 shows the length distribution for the 
sample containing 15% cordierite. .(At higher temperatures, the mean grain 
length and width increased slightly with the amount of YAG in the sintering 
aid). The increase in fracture toughness with increasing residual stress is 
shown in Figure 2 for the samples sintered at 1640°C. Results from both the 
quenched and the crystallized samples are shown. The increase in fracture 
toughness with increasing residual stress for the quenched samples is shown 
in Figure 3. 

The fracture toughness can be correlated with the amount of bridging 
and the amount of crack deflection , which were measured from SEM photos. 
The amount of bridging is expressed as a distance between bridges, d, divided 
by the width o f  the grain, 1. The decrease in normalized bridging distance M, 
as residual stress increases is shown in Figure 4. The amount of crack 
deflection and pullout is expressed as a normalized crack length . The actual 
path length, L, and the shortest path length Lo were measured from the 
photos. The normalized path length is (L-Lo)/L. The increase in normalized 
path length with the increase in the amount of residual stress is plotted in 
Figure 5. 

Status of Milestones 
On schedule 

Commun ica tionsNisit sPTravel 
None 

Problems Encountered 
None 

Publications 
None 
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Figure 1- Grain length distribution for samples sintered at  1640°C 
for 3 hours 
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Figure 3 - Increase in fracture toughness with increasing residual 
stress for quenched samples 
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Figure 5 - Increase in the amount of crack deflection with increasing 
residual stress 
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Reaction Sintering of cr'lB' SiAION Ceramics 
K. Houser and T. Y. Tien (The University of Michigan) 

Objective / Scope 

The objective of this project is to develop processing techniques to obtain silicon 
nitride ceramics with a controlled grain morphology for optimum mechanical 
properties at room temperature as well as at high temperatures. Silicon nitride 
ceramics exhibit high fracture strengths and high fracture toughness when the 
microstructure contains fiber-like p'-SiAlON grains. Obtaining these fiber-like p'- 
SiAlON grains depends upon the temperature, nitrogen pressure and the grains' 
interaction with other phases present. Ideally, if the equilibrium conditions 
between the phases present are understood as well as the kinetics controlling the 
growth of these fiber-like grains, one could ultimately tailor a silicon nitride 
ceramic's microstructure for certain mechanical properties. This project will 
focus on these structure-property relationships for a range of compositions in the 
Si,Al,Y /N,O system. 

Background: 

This project will be working with compositions from the a' + P' SiAlON region on 
the a'-SiAlON plane in the Si, Al, Y/N, 0 system. The a' plane is defined by the 
equation Y,/3Si12-(,+n)A1,+,0n~16-n and is illustrated in Figure 1. The p' phase 
is a substitutional solid solution where the (Si-N) is replaced by (Al-0). The a' 
phase is a stuffed derivative of the a-Si3N4 phase that can incorporate some of 
the yttrium atoms into the unit cell as intcrstitials. The formation of these solid 
solutions reduces the amount of residual glass at the grain boundaries, which in 
turn allows for better high temperature mechanical properties. 

There are two competing processes occurring during the sintering of these 
compositions; the transformation of the initial n-Si3N4 to P'-SiAlON and a'- 
SiAlON and the densification of the ceramic. Both of these processes depend 
upon the presence of a transitional liquid phase. If the transformation rate is 
faster than the densification process, the transitional liquid will be consumed by 
the solution/re-precipitation mechanism of transformation, and densification by 
liquid phase sintering will stop. Therefore understanding the kinetics of these 
two processes is necessary lo obtain fully dense two phase si3N.1 ceramics. Once 
fully dense ceramics have been obtained, a controlled study of the effect of 
temperature and time on the growth of the fiber-like PI-SiAlON grains and the a'- 
SiAlON grains will be performed. 
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Technical Hi hl i P;h ts: 

Several compositions were studied in order to characterize the sintering behavior 
of the a'+P' SiAlON region. These compositions were chosen based upon their 
ability to be gas pressure sintered to a density greater than 98% of the calculated 
theoretical density and are summarized in Table 1 below. The various sintering 
schedules are also included. X-ray diffraction (XRD) showed that all samples 
consisted of the desired two phase a' + j3' SiAlONs. 

Compositions Temperature, "C Time 
m=0.3, n=2.00 1900 2 hours 

1800 2 hours 
1700 2 hours 

m=0.4, n=1.75 1900 2 hours 
1800 2 hours 
1700 2 hours 

1900 2 hours 
1800 2 hours 
1700 2 hours 

l64O/ 1840 2 hours at each 

1640/ 2840 2 hours at each 

1640 / 1840 2 hours at each 

m=0.5, n=1.75 

Table 1. List of compositions and sintering schedules studied. The m and n 
represent the values in the formula Ym/3Sil2-(m+n)Alm+nOnN16-n. 

One emphasis of this study was to determine the compositional tie lines in the 
d+P' phase region . These tie lines would establish the upper limit of the single 
phase a' region and allow for a more accurate assessment of the composition of 
the a' and p' phases present. X-ray diffraction methods were used to determine 
the lattice parameters of both of the a' and p' SiAlON phases. Several authors 
have shown the dependence of p' SiAION's lattice parameters on the x-value of 
substitution in Si6-,A1,OXN~-,, where x represents the amount of (Si-N) bonds 
that are replaced by (Al-0) bonds [I-41. This relationship allows for a reasonable 
estimate of the final composition to be made from the determined lattice 
parameters. For the overall compositions studied, p-SiAlONs were found to be 
the range of p1~-@15 (where the 10 and 15 are equivalent A1 percents). 

In order to fix the position of a particular tie line, at least three points along the 
tie line must be known. For each sample, the p' composition has been 
determined and the overall composition has been assumed to have remained the 
same. This assumption is based on the fact that the exhibited weight losses of 
less than 1% could not cause substantial shifts in overall chemistry of the 
composition. There are two ways of obtaining the third point along the tie line. 
One would be to know the exact amount of the a' and p' phases present and use 
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the lever rule of phase equilibria to determine the composition of the a' phase. 
Several methods of determining the amount of phases present in silicon nitride 
ceramics through the use of XRD have been presented in the literature [S-7]. In 
general, each method showed that the amount of the a' phase was related to the 
m value and that for m=0.3, the a' content was approximately 20 ~ 0 1 % .  For 
m=0.4, and 0.5, the amount of the a' phase was 30 and 40 vol% respectively. All 
of the proposed methods are still under consideration as to which one most 
accurately determines the percentage of phases present. 

The second way of determining the third point along the tie line would be to 
determine the exact composition of the a' phase. Several models have been 
proposed that attempt to fit the dependence of a'-SiAlON's lattice parameters to 
the variables XII and n, which represent the amount of substitution occurring 
within the a-Si3N4 structure [8-lo]. Each of these models have been proved to be 
lacking in their prediction of m and n values from the determined a'-SiAlON 
lattice parameters. Therefore, a new model is under development. 

lioorn temperature fracture toughness values have been determined by 
indentation techniques, and range from 4.5-6.0 MPa-m1/2. A grain size study has 
also been started, in an attempt to relate the aspect ratio of the p' phase along 
with the size distribution of the a' phase to the exhibited fracture toughness and 
hardness. 

1 L.J. Gauckler, J. Weiss, T.Y. Tien, and G. Petzow, "Insolubility of Mg in P- 
Si3N4 in the System A1-Mg-Si-O-N," I .  Am. Ceram* Soc., 61 [9-101 397-98 (1978). 

2 T. Eks trom, P.O. Kall, M. Nygren, and P.O. Olsson, "Dense Single Phase P- 
Sialon Ceramics by Glass-Encapsulated Hot Isostatic Pressing," I .  Ma feu. Scii., 24 
1853-186 (1989). 

3 P.L. Land, J.M. Wimmer, R.W. Burns, and N.S. Choudhury, "Compounds 
and Properties of the System Si-A1-O-N," 1. Am. Ceram. Soc., 61 [l-2156-60 (1978). 

A. Takase, S. Umebayashi, and K. Kishi, "Infrared Spectroscopic Study of p- 
Sialons in the System Si3N4-SiO2-A1N," 1. Mater. Sci. Lef., 1 529-32 (1982). 

5 C.P. Gazzara and D.R. Messier, "Determination of Phase Content of Si3N4 by 
X-Ray Diffraction Analysis," J. Am. Ceuurn. SOC.. Rul ., 56 [9] 777-80 (1977). 

6 K. Suzuki and Kanno , Y., "A Conventional Determination of a-Phase 
Fraction in Si3N4,, I t  Yagyo-Kyokui-Shi, 92 [2] 101-02 (1984). 

7 1Z.G. Pigeon, and A. Varma, "Quantitative Phase Analysis of Si3N4 by X-Ray 
Diffraction," 1. Mater. Sci. Let., I1 1370-1372 (1992). 

8 S. I-Iampshire, ILK. Park, D.P. Thompson, and K.H. Jack, "a'-Sialon 
Ceramics," Nature, 274 [5674] 880-82 (1978). 

9 W.Y. Sun, T.Y. Tien, and T.S. Yen, "Solubility Limits of cr'-SiAlON Solid 
Solutions in the System Si,Al,Y/N,O" J. Am. Ceram. Soc., 74 [lo] 2547-50 (1991). 
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M. Redington , K. O'Reilly, and S. Hampshire, " On the Relationships 
between Composition and Cell Dimensions in a'-Sialons," 1. Matm. Sci. Let., 10 
1228-31 (1991). 

Status of Milestones 
On schedule. 

Communications/ Visits /Travel 
None. 

Problems Encountered 
None. 
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Hot Pressed a-SiAION Ceramics 
P. Vlahakis and T. Y. Tien (The University of Michigan) 

The objective of this project is to  investigate two-phase silicon nitride 
ceramics whose compositions lie on the a-Si3N4 solid solution plane 
described by Mm/3Si12-(m+n)Alm+nQnN14i-n in the Si,Al,M/N,O system. 
M represents metal cations and in this project the ions are supplied by the 
rare earth oxides Gd203 and Y2O3. Compositions that lie on the Si3N4 - 
R203:9AlN join in this system have been studied. These materials, 
densified by a transient liquid phase during hot-pressing, showed very good 
mechanical properties a t  room temperature. However, the high 
temperature flexure strength exhibited a marked decrease after 1000 o@ 
and it is thought that the presence of a glassy grain boundary phase is 
responsible. I t  is believed that additions of A1N in excess to that already in 
the compositions will reduce the amount of liquid produced during 
sintering. This should decrease or,  preferably, eliminate the amorphous 
grain boundary phase and improve the high temperature properties. The 
effect of A1N additions on microstructural development and mechanical 
properties of hot-pressed Si3N4 ceramics will be investigated. 

Backmound 

The ceramics investigated in this study are two phase materials in the 13- 
Si3N4 -t a-Si3Nq solid solution region of the a-SiAlQN plane. The solid 
solution is formed by substitutions in the a-silicon nitride unit cell in which 
Al3+ ions replace Si4+ ions, (32-replaces N3-, and rare earth ions of 3-c- 
valency are "stuffed" into interstitials t o  preserve charge neutrality. The 
solubility limits of each particular composition determine how many of the 
substitutions actually take place. During densification the rare earth oxides 
and the oxides present as thin films on the Si3N4 and A1N particles (Si02 
and Al2Q3, respectively) form a eutectic liquid. This liquid assists in 
particle rearrangement in the first stage of sintering. More liquid forms as 
the sintering temperature increases and wetting of AlN and SigN4 causes 
the dissolution of these particles into the liquid. When the liquid reaches 
saturation R-Si3N4 grains precipitate out and this a-O transformation 
continues during, and is completed after, densification has occurred. 
These two mechanisms are competing processes and sufficient liquid must 
be present for both t o  occur. The solid solution formation also takes place 
during the presence of the liquid phase. The amount of each phase in the 
resulting microstructure is a function of the starting composition. For 



79 

compositions in the a'-SiAlON plane this is determined by the m and n 
values in the solid solution formula. The morphology of the microstructure 
for this material typically shows high aspect ratio 13 grains. This tends to  
give good fracture toughness values due to  the tendency of these grains to 
weave together in an interlocking pattern. The grains formed through the 
solid solution (a-SigNq s .s . )  tend to be small and equiaxed. These grains 
yield high hardness values. The resulting microstructure produces a 
ceramic that has excellent mechanical properties. 

Technical HiPhliPhts 

For all the compositions in this study the values of m=4 and n=2 were used. 
Without additional amounts of AlN the compositions with these m,n values 
lie along the Si3Nq - Rare Earth:SAlN join. As the weight per cent A1N 
increases the compositions are pushed toward the nitrogen-rich corner of 
the Rare earth-Si-Al-O-N phase diagram. In practical terms this means 
that the amount of liquid present during sintering is reduced. It's been 
found that as the amount of liquid decreases, hot-pressing the powder 
compacts to  full density becomes increasingly difficult. SEM micrographs 
of the compositions that did densify showed that the amount of residual 
liquid had apparently decreased, resulting in a smaller grain boundary 
phase. The micrographs also indicated that the expected morphology of 
elongated 0 grains and smaller, equiaxed agrains did not develop. Both 
phases consisted of small, equiaxed grains. The reason for this occurrence 
will be investigated. 

Compositions containing Gd2O3 o r  Y2O3 were hot-pressed under flowing 
N2. A variety o f  heating rates, maximum temperature, and time at 
maximum temperature were used in an attempt t o  densify the compacts. 
Heating rates o f  25-350C/min were used in combination with maximum 
temperatures in the range 1650-18OOOC. Several hold times at maximum 
temperature were used. For compositions with small (<3 weight%) or  no 
AlN additions hot press conditions of 250Clmin, 17000C, and 1 hour at 
Tmax resulted in fully dense samples. Density was measured by the 
Archimedes' method. X-ray diffraction patterns in all samples indicated 
the presence of both the solid solution and 13-Si3Nq phases. Further studies 
will be conducted to  determine the effect of AlN additions on microstructure 
and mechanical properties. 

Status of Milestones 

On schedule 

C otnm u n i c a t i  on s /Vi si tlTr av e 1 

None 
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In-Situ Reinforced Silicon Nitride 
H. Yeh and J. Pollinger (AlliedSignal Ceramic Components) 
J. Yarnanis and C-W. Li (Allied-Signal Research and Technology) 

The objective of this program is to develop compositions and processes to obtain 
high fracture toughness and strength for silicon nitride (Si3N4) based ceramic materials 
through microstructure control Resulting microstructures would have elongated grains 
that would promote crack bridging and deflection toughening mechanisms These types of 
materials known as i i i  srlii reinforced (ISR) Si3N4, are intended for application in 
advanced heat engine components A significant amount of 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 ox id ihg  environments The 
mechanical property goals of the program are listed below 

Modulus of Rupture at Z o C *  
Modulus of Rupture at 12OO0C * 
Modulus of Rupture at 1 4OO0C* 
Stress Rupture at 1 OOO°C# 
Stress Rupture at 1 2OO0C# 
Weibull Modulus+ 
Fracture Toughness, K,, at room temperature** 
Maximum Use Temperature 

900 MPa (1 30 ksi) 
630 W a  ( 90 ksi) 
490 RiPra ( 70 ksi) 
630 MPa ( 90 ksi) 
490 W a  ( 70 ksi) 
20 
10 MPadm 
1400oc 

The technical effort is divided into two stages. The first stage shall be a refinement 
stage (Tasks 1 and 2) and shall 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 composition-processing-property relationships. The second stage 
shall 

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

if Stress at which sample shall suivive 100 h at 1000°C. 
* *  Measured by Chevron notch method. 
+ As determined by maximum likelihood method. 
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be an optimization stage (Tasks 3, 4 and 5 )  and shall focus on the developtnent of 
ISR Si,N,with optimized microstructure and properties which meet or exceed the property 
goals and on the establishment of Composition-processing-property correlation. In 
addition, a simulated engine component shall be fabricated in order to demonstrate 
process feasibility. 

The technical effort was initiated in February 1992. In accordance with the 
program schedule, Task 1 - Composition and Process Development was completed end 
of September 1992 (Milestone 12260 l ) ,  Task 2 - Material Property Characterization 
was completed end of January 1993; Task 3 -- Composition and Process Optimization 
was completed during this reporting period (Milestone 122602); and Task 4-- 
Characterization of Optimized Materials and Process, and Task 5 -- Fabrication of a 
Simulated Component were initiated in  this reporting period. 

TASK 1 - Composition and Process Development 

Completed 

TASK 2 - Material Property Characterization 

Completed 

TASK 3 - Composition and Process Optimization 

The objective of this task is to further improve the material properties, based on 
results from Tasks 1 and 2, to meet the program goals. The optimized material will then 
be characterized in-depth under Task 4.  The optimization effort has been completed 
during this repodng period, and the results are summarized below. 

Compositions 2 and 4 were initially selected for further optimization. After a short 
period of investigation, the results led t o  the formulation of Composition 5 which was then 
included in the process optimization effort due to its potential of krther improving the 
high temperature properties of AS800 The green forming process was already considered 
being near optimum, so the emphasis was focused on the optimization of sintering cycle 
and the effect of post sintering crystallization treatment on properties. For consistency, all 
experimental optimization work under this task were continued using the same laboratory 
scale over-pressure sintering furnace used in ‘Tasks 1 and 2 .  

A series of experiments were conducted to fine tune the sintering cycle to achieve 
high density as well as improved properties. A narrow sintering cycle window has been 
established which consistently results in near theoretical density (+99.5% theoretical) 
standard size billets for all three compositions. The typical fast fracture strengths for all 
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three compositions are approximately 850 MPa/25"C, 650 MPd1200"C and 590 
MT'd14OO"C. However, Composition 2 has more consistently exhibited higher room 
temperature strength while maintaining high toughness (8.5 MPad.rn>. 

It has been shown that post sintering crystallization treatment can affect the 
properties of AS800 materials. A standard crystallization thermal treatment cycle has 
been established for evaluating the effect of crystallization on the properties of 
Compositions 2, 4 and 5. . Following the convention used in previous reports, crystallized 
materials are designated Compositions 2c, 4c and 5c, respectively (although the bulk 
chemistry did not change).The effect of crystallization is to crystallize the glassy grain 
boundary phase. 'The major grain boundaiy crystalline phase after crystallization is 
identified as H-phase. 

The response to the crystallization treatment is different for each of the three 
compositions. For example, the room temperature strengths for 4c and 5c are about 15% 
lower than the uncrystallized counterparts, but are almost the same for Compositions 2c and 
2. The effect of crystallization on high temperature fast fracture strengths for all three 
compositions are not noticeable. On the other hand, the oxidation resistance and stress- 
rupture properties at 1000°C can be significantly improved by the crystallization trcatment, 
especially for composition 4. Compositions 2c and 4c showed a weight gain of -0.05 
mg/cm2 after 100 hours at 1000°C in air, and the weight-gain barely changed after additional 
1000 hours at the temperature, suggesting that Compositions 2c and 4c are quite stable with 
regard to the intermediate temperature oxidation. The samples can also survive 100 hours 
under -480 MPa 4-pt bend stress at 1000°C: in air. As for Composition 5c, its oxidation 
weight-gain after 100 hours at 1000°C is higher (-0.12 mg/cm2); however, its 1000°C stress 
rupture property is better than that of compositions 2c and 4c. For example, a few 
composition 5c specimens survived 100 hours at 1000°C under a 550 MPa 4-point bend 
stress, compared to 485 MPa for Coinposition 2c. 

The 1200°C stress-rupture properties of the three compositions aftel- crystallization 
treatment are very similar They all exhibit the property of surviving 100 hours at this 
temperature under a -590 MYa 4-point bend strcss, well above the program goal of 490 MPa. 
At 1 400"C, composition 5c showed a significantly improved stress-rupture resistance over the 
other two compositions. For example, several composition 5c specimens survived 100 hours 
under 400 MPa, while the stress had to be reduced to -350 m a  for Compositions 2c and 4c 
for their specimens to last IO0 hours Furthermore, composition 5c showed a weight-gain of 
-0 46 mg/cm2 after 100 hour oxidation in air at 1400°C This weight gain is -50% lower 
compared with that of the composition 2c but similar to that of composition 4c This 
improved oxidation resistance of the composition 5c over 2c is most noticeable at 
temperatures >-1300"C The post-oxidation strength for composition Sc after the high- 
temperature oxidation (> 1300°C) is also much better than that of composition 2c, and is 
slightly better than composition 4c 
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The microstructure of the three compositions sintered under a variety of conditions are 
similar Composition 2 tends to form a more uniform microstructure than the other two. 
Fractography results suggest that while the common fracture origin for the three compositions 
are super-large grains, the fracture origins for Compositions 4 and 5 tend to be larger. 
Therefore, fkture work to improve the fast-fracture strength of these compositions should 
focus on the understanding of the cause for the formation of these super-large grains The 
fracture toughness for composi tion 5c measured by the indentation strength method ranges 
from 7.7 to 8.2 MPa-dm. 

It should be pointed out that each of the compositions studied has its nierits for a 
specific application. Composition 2 has the highest room-temperature strength, strongest 
1000°C oxidation resistance, and excellent creep/slow crack growth resistance up to 13OO'C. 
Composition 5c is improved in performance in the high-temperature regime (>I 3OO"C), but 
its room-temperature strength is lower, and its oxidation resistance at 1000°C is not as good 
as composition 2 However, composition Sc is relatively new compared to the development 
ofthe other two compositions, and its potential for further improvement in the mechanical 
properties, especially in the area of fast fracture strength, is high Therefore, we recommend 
both Compositions 2 and 5c for in-depth characterization under Task 4 

TASK 4 - Characterization of Optimum Material Cornposition and Process 

The objective of this task is to conduct a more in-depth characterization of the 
materials recommended under Task 3. The test matrix includes flexural and tensile 
strengths and fracture toughness at room temperature, flexural and tensile strength a t  
elevated temperatures of 1 OOOOC, 1 2U0°C, and 1 4OO0C, elevated temperature tests to 
determine oxidation stress rupture and creep behaviors. A large quantity of larger size 
billets are required. Work has begun to fabricate compositions 2 and S materials using a 
larger over-pressure sintering furnace. The initial focus will be to reproduce the densities, 
microstructures and properties achieved under Task 3 using the smaller sintering furnace 
It is anticipated that fine tuning of the sintering conditions will be required. 

. 

TASK 5 - Fabrication of a Simulated Component 

The objective of this task is to demonstrate the capability of the slip casting and 
densification processes refined under this program to fabricate a defect free heat engine 
component. The mixed flow ATTAP rotor has been selected for this purpose. Initial 
process work was initiated in this reporting period. 

Status of Milestones 

Milestone 12260 1 (Refinement of baseline composition) was completed on 
schedule (Oct. 10, 1992). . 
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Milestone 122402 (Optimization of Composition and Process) was completed on 

The progress of all other milestone are on schedule 
schedule during this reporting period. 

C o mmunicat io ndVi si t s/Tra.vel 

M. Yeh andC-W. Li visited ORNL to present an update of this program. 
John Pollinger and C-W. Li visited ORM, to present an update of this program. 

Problems Encounter -  

None 

Publications 

None 
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1.2.3 Oxide Matrix 

Dispersion-Touahened Ceramic Composite 
T. N. Tiegs, S. 0. Nunn, P. A. Menchhofer, N. M. Gorey, 
and C. A. Walls (Oak Ridge National Laboratory) 

Obiective/scope 

Initially, this work involved development and characterization of SIC whisker- 
reinforced ceramic composites for improved mechanical performance. To date, most of 
the efforts involving SIC whisker-reinforced alumina, mullite, mullite, silicon nitride, and 
sialon have been completed. In addition, studies of whisker-growth processes were 
initiated to improve the mechanical properties of SIC whiskers by reducing their flaw sizes 
and, thereby, improving the mechanical properties of the composites. Currently, in situ 
acicular grain growth is being investigated to improve fracture toughness of silicon nitride 
materials. 

Technical hiahliqhts 

In situ Touahening of Silicon Nitride bv Microstructure DeveloDment 

Microstructure Development During Gas-Pressure-Sintering (GPS) - During sintering 
at elevated temperatures, silicon nitride materials exhibit weight losses due to decompo- 
sition and loss of Si, N, and SiO. To minimize weight losses, samples are typically 
packed in powders that create a protective atmosphere. At temperatures > 1825" C, nitro- 
gen gas overpressures must also be used, in addition to packing powders, to suppress 
the decomposition of SI,N, so that materials can be densified. Pressures of 1 to 10 MPa 
(1 0 to lo8 atm) are usually required, and sintering additives are still needed. 

the fired parts and is a normal occurrence. The thickness of the reaction zone can be 
quite variable with visible differences up to 2 mm from the surface common. The reaction 
layer is believed to form due to the interdiffusion of elements contained in the silicon 
nitride sample (including the sintering aids) and those present in the furnace atmosphere. 
This may result from the decomposition of silicon nitride during sintering, from loss of 
volatile sintering aid constituents, and, during GPS, from increased solubility of nitrogen in 
the sintering aid phase. For optimum mechanical properties, these reaction layers are 
machined off. It is well established that machining represents a major portion of the cost 
of silicon nitride parts, and efforts are under way to reduce its impact on the emnomics of 
these materials for engine applications. Consequently, it is desirable to minimize the 
reaction layers and thereby minimize the machining necessary. The ultimate goal would 
be to eliminate the reaction zone completely and use as fabricated surfaces. 

series of tests was performed. Important parameters affecting the reaction layers include 
the packing powder composition, crucible type, sintering temperature, nitrogen pressure, 
sintering time, use of barrier/protective coatings, and setter type. With this many 
variables, a Taguchi experimental array was formulated to assess the impact of each of 
the variables on a two-step GPS process (Table 1). For each of the conditions listed in 
Table 1, three compositions of silicon nitride with different intergranular phases were 
tested. These compositions are Si,N,-6% Y20,-2% AI,O,. Si,N,-Y,Si,O, (at 5 equivalent Ox, 
oxygen) and Si,N,-Sr2La,Yb,(Si04)602 (at 8 equivalent % oxygen). 

The decomposition of the silicon nitride leads to a reaction layer at the surface of 

To examine the effects of processing on the formation of these reaction zones, a 
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Table 1. Taguchi experimental design array for examination of reaction layers on 
the surface of silicon nitride ceramics, The design is a L,, (6' x 36) 

with temperature, nitrogen pressure, time, and coating 
durnmy-loaded to two variables. 

Sintering Nitrogen 
Test Packing Crucible temperature pressure Time 
No. powdeF material ("CPC) (MPa) (h/h) Coaling Setter 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Mixture 

Mixture 

Mixture 

Low ox. 

Low ox. 

Low Ox. 

Oxidized 

Oxidized 

Oxidized 

BN 

BN 

8N 

None 

None 

None 

Mix* 

Mix* 

Mix* 

Graphite 

€3 

RBSN 

Graphite 

BN 

RBSN 

Graphite 

BN 

RBSN 

Graphite 

BN 

RBSN 

Graphite 

BN 

RBSN 

Graphite 

BN 

RBSN 

1 850/190 

1900/1950 

1900/1950 

1 850/1900 

1908/195 

1 900/195 

1900/1950 

1900/1956 

185W 900 

1900/1950 

1900/1950 

1 900/195 

1 900/1950 

1850/1900 

1900/1950 

1 850/1900 

1900/l 

0.3/0.6 

0.6/3,5 

0.W3.5 

0.3/3.5 

0.6/3.5 

0.w .o 
0.6/1 .0 

0 * 6/35 

0.w3.5 

8.6/3.5 

0.3/Q.6 

0.6B.5 

0.6/3.5 

0.6/1 .O 

0.w3.5 

0.6/3.5 

0.3/3.5 

0.6/1 .O 

No 

No 

Yes 

Yes 

NO 

N O  

No 

Yes 

No 

No 

Yes 

No 

Yes 

N O  

No 

No 

No 

Yes 

BN 

None 

SIC 

Sic 

BN 

None 

sic 
BN 

None 

N 

None 

sic 
None 

Si6 

BN 

Nofle 

Sic 

BN 

aMixture-Si3Nq-20% BN-5% Y2S3; LOW 6x.-Si3N4 fired in nitrogen tu 1800" C 
for 2 h; Oxidized-SigNq fired in air to 1000" C for 1 h; m-lOO% BN; m*-Layer of 
Si3N4-20% BN-5% Y203 on bottom of crucible (no contact with samples). 
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The differences in the packing powders allowed an assessment of the roles of Si, N, 
and Si0 in the formation of the reaction layers. The various crucible types examined the 
typical varieties currently used to determine if there is any impact. Temperatures were 
either a low or high two-stage thermal cycle. These have been used in previous studies 
and showed good densification results. Different nitrogen pressures will be used only in 
the second stage of the sintering cycle. The lowest pressure used in the second stage 
was the minimum pressure to prevent excessive decomposition from taking place at that 
temperature (either 1900 or 1958°C). In addition to decomposition, during GPS, nitrogen 
can be dissolved into the liquid phase, which also can contribute to the formation of 8 

surface reaction layer. So a high-pressure second stage was used to ne if 
excessive nitrogen pressure adversely affects the formation kinetics of reactions 
and the phases produced. The time variable only examined the time at the higher- 
temperature second stage of the sintering cycle. The effect of a b~~~er/protect i~fe coatin 
was assessed by painting layers of BN/Si,N, (+ sintering aids) on the surfaces of the 
samples prior to sintering. These coatings were sacrificial and were readily removed by 
simply rubbing with a wire brush. The various setter types examined the typical varieties 
currently used to determine any effect with their use. 

The tests on the reaction layer study were completed, and the results are shown in 
Tables 2 through 4 for the three different compositions. As shown, significant differences 
in weight loss, sintered density, and visible reaction layer thickness were observed at the 
various conditions. The Si3N,-6% V20,-2% A1203 cornposition achieved high densities for 
all of the firing conditions used in the tests. On the other hand, the other Wo composi- 
tions with more refractory grain boundary phases showed quite variable densification. 
The Si,N,-Sr2La4Yb4(Si0,~~~ composition exhibited densities from - 88 to > 100% T. D., 
and the Si,N,-Y,Si,O, composition had densities between 85 to 98% T. D. depending on 
the conditions. Because of the refractory nature of the sintering additives, temperature 
was the most important factor affecting densification. 

Microstructure Development - An important factor in the densification an 
structure development of silicon nitride ceramics is the transformation of the o 
a-phase starting powder to p-phase silicon nitride during sintering. This t~ansformation 
can strongly influence the size and aspect ratio of the silicon nitride grains in the sintered 
material. For in situ toughening, understanding and control of the &-to- t r a n s f ~ r ~ a t ~ ~ n  is 
of critical importance if mechanical properties are to be engineered. 

Samples were prepared from a series of compositions which were being evaluated 
in GPS. These compositions are shown in Table 5. The samples were fired at three dif- 
ferent temperatures (1 700, 1758, and 1800" C) and for three different times (0.25, 1 and 
5 h) under conventional sintering conditions (1 atm nitrogen overpressure) to observe the 
rate of phase transformation which could be expected during the early stages of the GPS 
runs. The results of these tests are shown in Tables 6 and 7. Since the cornpositions 
were intended to be sintered in a two-step GPS process, the densities observed for the 
conventionally sintered samples were relatively low. However, it was seen that for most of 
the compositions, the a-to-p phase transformation was complete after 1 h at 1750" C. 

Status of milestones 

On schedule. 
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e gas-pressure sintere 
silicon nitride, alumina, and *ria 

Reaction 
layer Number of 

Test Test Weight loss Densi Density thickness reaction 
condition number (%I (glcm (“3 TD) (mm) layers 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

1 

8 

7 

18 

9 

25 

11 

4 

19 

10 

14 

6 

5 

12 

20 

24 

26 

13 

2 

3 

1.16 

0.29 

8.97 

1.11 

0.60 

0.83 

1.85 

0.98 

-0.05 

2.48 

2.44 

6.7Q 

4.59 

1.53 

0.0 

1 .Q6 

0.77 

1.66 

0.74 

0.09 

3.1 9 

3.1 4 

3.24 

3.26 

3.24 

3.21 

3.23 

3.1 2 

3.22 

3.24 

3.1 2 

3.25 

3.25 

3.21 

3.1 

3.21 

3.1 9 

3.23 

3.21 

3,15 

97.6 

96.0 

99.1 

99.8 

99.0 

98.2 

98.8 

95.4 

98.4 

99.1 

95.4 

99.4 

99.4 

98.2 

94.8 

98.2 

97.6 

98.8 

98.2 

96.3 

2.0 

1.1 

1.2 

1.7 

1.5 

1.8 

1.2 

3.0 

3.0 

1.4 

3.1 

1.8 

2.5 

1 .o 
1.2 

1.2 

0.1 

1 .0 

1.2 

1.4 

__ 

3 

2 

1 

4 

4 

3 

3 

2 
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Table 3. Preliminary results for the gas-pressure sintered samples containing 
silicon nitride, strontia, lanthana, silica, and ytterbia 

Reaction 

Density thickness reaction 
layer Number of 

Densi3/ ( m 4  layers condition number (%) (g/cm 1 (%TD) 
Test Test Weight loss 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

1 

8 

7 

18 

9 

25 

1 1  

4 

19 

10 

14 

6 

5 

12 

20 

24 

26 

13 

2 

3 

3.81 

1.92 

3.03 

3.25 

1.89 

2.1 2 

4.07 

-0.90 

0.98 

4.75 

3.86 

2.90 

8.57 

3.62 

0.53 

3.35 

1.99 

3.90 

3.37 

0.98 

3.1 0 

3.08 

3.21 

3.1 8 

3.25 

3.06 

3.45 

3.30 

3.1 0 

3.40 

3.32 

3.20 

3.30 

3.44 

3.02 

3.1 0 

3.03 

3.45 

3.1 0 

3.07 

89.9 

89.3 

93.0 

92.6 

94.2 

89.3 

100 

95.7 

90.5 

98.6 

96.2 

92.8 

96.2 

99.7 

88.1 

90.5 

88.3 

100 

89.9 

89.0 

3.2 

3.5 

3.6 

4.9 

3.1 

6.1 

1 .0 

3.2 

2.5 

5.8 

1.8 

3,3 

2.1 

1.2 

1 .0 

3.6 

2.0 

1.1 

1 .? 

4.5 
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Table 4. Preliminary results for the gas-pressure sintered 
samples containing silicon nitride, silica, and grttria 

Reaction 
layer Number sf 

Pest Test Weight loss Densi Density thickness reaction 
condition number (%I (9/cm (%I TD) (mm) layers 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

1 

8 

7 

18 

9 

25 

1 1  

4 

19 

10 

14 

6 

5 

12 

20 

24 

26 

13 

2 

3 

3.75 

1.40 

2.27 

2.88 

2.25 

2.24 

3.66 

-0.74 

1.95 

6.44 

4.1 4 

2.20 

17.8 

4.44 

0.93 

2.65 

3.43 

4.75 

3.1 0 

1.63 

3.05 

3.05 

3.24 

3.22 

3.25 

2.99 

3.21 

3.1 3 

2.97 

3.23 

3.1 0 

3.23 

3.26 

3.1 9 

2.84 

3.03 

2.93 

3.25 

3.06 

2.96 

91. 

91.6 

97.3 

96.7 

97.6 

89.7 

96.4 

94.0 

89.1 

97.0 

93.1 

97. I 

97.9 

95.8 

85.4 

91 .I 

88.1 

97.6 

91.9 

88.9 

1.8 

2.3 

4.5 

4.1 

1.8 

1.7 

2.8 

2.4 

2.8 

5.2 

2.8 

2.9 

3.6 

2.3 

0.3 

2-0 

3.0 

2.8 

3.1 

1.5 

-- 

5 

3 

-- 

3 

4 

5 

3 



Table 5. Compositions for gas-pressure sintering study and evaluation 
of alpha-to-beta transformation in silicon nitride 

7.95 97.47 2.53 
4.39 98.28 1.71 
4.40 98.29 1.71 

TRSN-14 6.15 97.43 2.57 

TRSN-17 Sr2Y8(Si04)602 86.46 1 3.46 

4.40 98.29 1.71 

*RE=Rare earth. 



Table 6. Percent theoretical density of TRSN samples sintered at various times and temperatures 

1 700" C 

Sample I 15 min 60 min 300 min 

67 

1750°C 

15 min 60 min 300 min 

76 79 88 

75 78 86 

74 80 89 

83 86 94 

84 87 92 
84 79 93 

75 80 89 

75 80 91 

72 78 89 

63 65 70 
67 68 75 

65 67 74 
79 81 88 

75 78 90 

71 72 83 
69 71 J4 
78 80 85 

70 72 78 

82 84 90 

75 77 85 
75 79 87 

77 91 

70 82 

83 

71 73 
74 89 

1800°C 

75 min 6Q min 300 min 

82 92 
71 84 93 

68 82 90 

67 89 92 

76 91 98 

90 96 
90 97 

82 93 

85 93 

82 90 

64 70 
69 79 

67 78 

71 88 89 

70 86 91 

68 88 94 
63 95 78 

76 84 92 

64 77 66 

75 88 93 

80 89 
83 91 

88 

77 
77 

62 
83 



Table 7. Percent alpha phase content of TRSN samples sintered at various times and temperatures 

CD w 
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Communicat ions/visits/t r avel 

y T. N. Tiegs from April 18-22, 199 to Cincinnati, Ohio, to attend the American 
Annual Meeting and present a paper entitled "'Effect of Pow 

Characteristics on Properties of Gas-Pressure Sintered Si3N4." 

Travel by T. N. Tiegs from August 31 - September 5, 1993, Bo Tokyo, Japan, to atlend the 
3rd international Union of the Materials esearch Society (IUMRS) International 
Conference on Advanced Materials and present a paper entitled "Effect of Powder 
Characteristics on Gas-Pressure Sintering of Si,N, With Ware Earth Additives." 

Problems encountered 

None. 

Publications 

"Effect of Powder Characteristics on Gas-Pressure Sintering of Si,N, With Ware Earth 
Additives," by T. N. Tiegs, S. D, Nwnn, C. A. Walls, B. L. Barker, C. Davisson, and 
P. 4. Jones for publication in proceedings af the 3rd IUMRS International Conference on 
Advanced Materials. 
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1.2.4 Silicate Matrix 

Characterization and Testina of Low-ExQansion Ceramic Materials 
S.  Subramaniam and D. P. Stinton (Oak Ridge National Laboratory) 

Obiective/scope 

Insulated exhaust port liners are needed in advanced diesel engines to increase 
engine fuel efficiencies by increasing the combustion temperatures and reducing the 
combustion heat that is lost through the head and into the water cooling system, Low- 
expansion materials have potential for this application because of their very low thermal 
conductivity, extraordinary thermal-shock resistance, and potential to reduce attachment 
stresses. Thermal shock resistance is critical because the shape of the port liners 
requires that they be cast into the metallic cylinder head. Because functioning exhaust 
port liners are inaccessible after being cast into cylinder heads, they must not require 
maintenance for the life of the head (-1 million miles). Contracts have been placed with 
Golden Technologies Go., Inc. (GTC), formerly Coors Ceramics Co., and Low Thermal 
Expansion Ceramics, Inc. fLoTEC) to develop cost-effective processes for the fabrication 
of port liners. GTC is investigating AI2TiO, and Ca,-xMgxZr,P,O,, while LoTEC is 
investigating Ca,-xSrxZr,P,O,, and Ba,+gr,P,Si,O,,. A program has been initiated at 
Q R N t  to assist GTC and LoTEC with the characterization and evaluation of low-expansion 
materials. 

Technical hig hi ig ht s 

A systematic investigation of the mechanical and thermal properties of 
Ba,+$r,P,,Si,O,, (BaZPS) ceramics as a function of composition (Si at.%) and grain size 
is being carried out. Five compositions (x = 0.000, 0.175, 0.250, 0.375, and 0.500) were 
synthesized from stoichiometric proportions of the reagent grade oxides using solid-state 
reaction method. To understand the influence of the grain size, three compositions 
(x = O.OO0, 0.175, and 0.500) were additionaly sintered for 30 and 300 min to result in 
smallergrain-sized samples. The densities, bulk thermal expansion coefficients, and 
room-temperature flexure strengths were reported in the last semiannual report. In this 
report, the high-temperature flexure strengths, the room-temperature Young's modulus, 
and the high-temperature X-ray diffraction (XRD) results of one composition (x = 0.1 75) 
are reported. 

0.375, and 0.500) at room temperature, 200, and 600" C (see Table 1 ). The flexure 
strengths varied from 45 to 1 12 MPa for the materials measured and were essentially 
unaffected by temperature. The flexure strengths at all temperatures were quite low for 
compositions with x = 0,000. It was observed that the flexure strength increased with 
increasing Si content until BaZPS with x = 0.375, and then decreased to approximately 
the original value for materials with the highest silicon content (x = 0.500). The fracture 
surfaces of the sintered samples were studied by scanning electron microscopy. it was 
observed from the micrographs that the BaZPS compositions with x = 0.00, 0.1 75, 0.250, 
and 0.375 failed predominantly by transgranular fracture, indicating that the grains were 
strongly interconnected. However, BaZPS with x = 0.500 failed predominantly by 
intergranular fracture, suggesting the grains were not well bonded. 

was determined using a Grindo-sonic instrument (J. W. Lemmens, Inc.), which employs an 

Flexure strengths were measured for all five compositions (x = 0.000, 0.175, 0.250, 

The room-temperature Young's modulus of each of the five BaZPS compositions 
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Table 1. Flexuraf strength results for BaZPS compositions 

Composition Flexural strength (MPa) 
I 

(value af x) 25" C 

0.1 75 I 84.67 f 12.3 

0.250 I 98.40 f 5.7 

0.375 I 112.75 * 10.4 

0.500 I 49.66 f 7.6 

I 600°C 

84.35 f 14.9 

101 -97 * 19.8 I 92.67 * 7.05 

45.13 * 1.89 I 50.94 * 3.50 

impulse excitation technique. In this technique, the transient vibration of a test object is 
analyzed after excitation by means of a mechanical impulse, and an electronic circuit 
isolates the harmonics and determines the fundamental resonant frequency from the noise 
spectrum. The Young's madulus was then determined using the prism equation, and the 
result is summarized in Table 2. It was observed that the Young's modulus increased with 
increasing silicon content to BaZPS with x = 0.175, decreased for BaZPS with x = 0.250, 
again increased for BaZPS with x = 0.375, and then drastically dropped for BaZPS with 
x = 0.500. 

The high-temperature XRD results of B d P S  with x = 0.1 75 (BS17) sintered for 
3000 min were measured this period to determine unit-cell parameters. XRD patterns were 
obtained in an argon atmosphere over the scan range of 17.5 to 67.5"28 at the rate of 

Table 2. Young's modulus results for BaZPS compositions 

0.000 

0.1 75 

0.250 

0.375 

0.500 

Young's modulus (GPa) 

34.4 10.1 

51.7 * 0.7 
-~ 

44.7 1 0.5 

60.0 f 0.1 

20.6 * 0.8 

0.1 "/min at 27, 200, 400, 600, $00, and 900°C during heating, and at 850 and 27°C 
during cooling. Heating and cooling rates were 10" C/min, and data collection was started 
after a l-min hold at all the temperatures. The cell parameters at various temperatures 
were determined from the obtained XRD patterns. The unit-cell parameters, a and c, and 
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unit-cell volume variation with temperature are shown in Figs. 1-3. The cell parameters, 
a and c, increased with increasing temperature to 400°C, then decreased at 600 and 
800°C, again increased at 850"C, and did not vary much at 900°C. The unit-cell volume 
increased with increasing temperature to 40O0C, decreased at 600 and 800°C, then 
increased at 850°C, and slightly decreased at 900°C. The axial thermal expansion 
coefficient at different temperatures can be calculated from the measured lattice 
parameters, and a, and ac, the thermal expansion coefficients in the a and c directions, 
respectively, can be computed using the following formulae: 

a2 --dl 

(T2-Tl)  xa, 
01, = 

and 

where a, and c, are the lattice parameters at temperature T,, and a, and c, are the lattice 
parameters at temperature T2, with T,>T,. The thermal expansion coefficients in the a and 
c directions were found to be 2.76 x 10*"C" and 1.35 x lO""C", respectively between 
27 to 900°C, and the degree of anisotropy, I aa- LL, 1 ,  was found to be 1.41 x 1 O*C-'. 
Since BS17 possesses very iow thermal expansion anisotropy, it is a promising candidate 
for thermal cycling applications. 
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1.3 MERMAL AND WEN? COATINGS 

Fabrication and Testina of Corrosion-Resistant Coat in@ 
W. Y. Lee, Y.W. Bae, and D. P. Stinton (Oak Ridge National Laboratory) 

Sodium corrosion of Sic and SigN4 components in gas turbine engines is a potentially 
serious problem. The outer surfaces of Sic and Si3N4 parts oxidize at high temperatures to form an 
Si02 layer that inhibits further oxidation. However, sodium which is present in high-temperature 
combustion atmospheres reacts with the Si02 layer, such that: it is no longer protective. The 
objective of this program is to develop a coating that will protect the underlying Sic or Si3N4 from 
sodium corrosion and provide simultaneous oxidation protection. To evaluate the behavior of 
ptential materials such as stabilized ZrO2 or Hf02, TiOp, A1203*TiQ2, and Ta2O5 in sodium- 
containing atmospheres, the corrosion resistance of hot-pressed samples of these materials will first 
be evaluated. A chemical vapor deposition (CVP) process will be developed for the application of the 
most promising coatings. The effect of the combustion environment upon coating characteristics 
such as microstrudure, strength, adherence, and other properties will then be evaluated. 

The growth of a dense, void-free coating microstructure was experimentaity observed with 
the use of C02 and H2 as a m u m  of oxygen for the CVD of Ta2O5. As described in the previous 
reports, Ta2O5 coatings deposited from TaC& and 02 typically consisted of highly faceted columnar 
grains or whiskers which did not readily coalesce during growth, resulting in the formation of 
undesirable open voids and pin-holes in the coating microstructure. 

substrate temperature of 1 150'C and a reactor pressure of 5 torr after a deposition time of 70 min. A 
newly constructed dual-path, co-axial injector, which was designed to eliminate some convection- 
related problems discussed in the last report, was utilized for this experiment. The inner path 
(1.19-cm ID) of the injector was used far the chbrination of Ta with C!z, and the outer one (1.91-cm 1D) 
was used to feed C02 and H2 (Fig. 2). Ar was added to the inner path to help carry the TaC15 vapor 
into the deposition zone. The C!2, H2, C02, and Ar flow rates were 4, 40, 40, and 36 cma/min at 
standard temperature and pressure (STP), respectively. 

The coating consisted of "1 -pm size grains that appeared to be relatively well coalesced 
during their growth. The presence of voids and pin-hoks in the coating microstructure was not 
observed during the scanning electron microscope (SEM) analysis. The coating was identified to be 
orthorhombic Ta2O5 by X-ray diffraction (XRD) as shown in Fig. 3. The intensity of the (001) peak was 
relatively high, indicating that the Ta2O5 grains were preferentially oriented to the [OOl] direction. 
Also, TazO5 deposited on SIC (Haxalloy SA) at 1105°C was crystalline and void free (Fig. 4). In 
comparison with the coating microstructures previously deposited using 0 2  as an oxygen source, it is 
evident that the use of the C02 + HZ mixture promotes the growth of the void-free microstructure. 

The coating thickness on the Si3N4 substrate decreased from 10 to 5 pm along the fbw 
direction. It was ais0 observed that metallic Ta was deposited in a COM region located between the 
chlorinator and substrates. It appeared that TaCg and H2 preferentially reacted at the low- 
temperature region, where the water-gas shift reaction between CO;! and H2 was not suffiiently 
activated to supply oxygen adatoms to the deposition surface. In other deposition experiments, it 
was found that Si(100) reacted with TaC15 at 101 Q to 1 130°C to produce TagSig while TazO5 was 
being deposited. 

A set of deposition experiments was performed to study the effects of temperature on the 
growth rate and microstructure of CVD TazO5 and to assess the reproducibility of the coating 
process. As illustrated in Fig. 2, Si3N4 substrates were placed on a 6-cm AI203 substrate holder. 
The substrates and the holder were heated by a 7.6cm-long cylindrical graphite susceptar, which was 
inductively coupled with an RF generator. Figure 5 shows that axial temperature variations up to 

Figure 1 shows the morphology of Ta205 deposited on Si3N4 (GN10, AlliedSignal) at a 
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Fig. 2. Experimental apparatus used far Ta205 CVD. 
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QRNL-DWG 94-561 9 

Fig. 3, XRD pattern of T%Q5 deposited from Taa3I5, H2, and @02 on Si3M4 (GN10) 
at 11 50°C 
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Development of Adherent Coatincrs to Reduce Contact 
Stress Damage o f  Ceramics 
V. K. Sarin (Boston University) 

Object ive/Scope 

The development of oxidat ion/corrosion r e s i s t a n t ,  high 
toughness, adherent coat ing configurat ions for s i l i c o n  based 
ceramic subs t r a t e s  for use i n  advanced gas turb ine  engines. 

Technical Progress 

A1203/Si02 layered coatings have been grown on S i 3 N 4  and 
S i C  s u b s t r a t e s .  These coa t ings  have been t e s t e d  a t  high 
temperatures i n  a i r .  I n  a l l  t h e  coa t ing  conf igu ra t ions  
t e s t e d ,  no major damage t o  the  coat ings was observed up t o  
1200°C on S i 3 N 4  subs t ra tes ,  and up t o  14OO0C on Sic subs t r a t e s  
f o r  short  t imes.  

Two conf igura t ions  of the  multi- layered coat ings have 
been t e s t e d :  T) a t o t a l  of four layers  - two each of Si02 
and A 1 2 0 3  w i t h  Si02 being t h e  i n t e r f a c i a l  l a y e r ,  and 11) a 
total of th ree  layers  w i t h  A 1 2 0 3  l ayers  making a sandwich w i t h  
S i O 2 .  Each of the  layers  i s  approximately 1 pm t h i c k .  Figure 
1 shows a SEM micrograph of t h e  four  layered coa t ing .  L i n e  
scans were performed on t h e  SEM t o  determine t h e  phase 
d i s t r i b u t i o n  i n  the  layered coat ing.  Figure 1 (c)  shows t h e  
l i n e  scan image showing t h e  amount of S i  and A1 presen t  
across t h e  coat ing/substrate  i n t e r f a c e .  

Preliminary h i g h  temperature t e s t i n g  of t hese  samples 
has been performed a t  1 2 0 0 ,  1 4 0 0  and 1 6 O O O C .  The samples 
were p laced  i n  A1203 boats  and were heated t o  t h e  s e t  
t e m p e r a t u r e  and c o o l e d  at r e a s o n a b l y  f a s t  r a t e s  
(approximately 1000°C a minu te ) ,  i n h e r e n t l y  inducing  a 
reasonable amount of thermal shock. The annealing tes ts  were 
performed i n  a p o s i t i v e  argon atmosphere, and the  oxidat ion 
t e s t s  were done i n  s t a t i c  a i r .  

1 2  0 ooc When annealed i n  argon atmosphere a t  1200°C f o r  2 
hours no signi.f i c a n t  change w a s  observed i n  t h e  coa t ing  
morphology o r  t h e  i n t . e r f a c i a 1  c h a r a c t e r i s t i c s  o f  t h e s e  
layered coatings on both  S i 3 N q  and Sic subs t r a t e s .  
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When oxidized a-t 1200'C f o r  2 hours t h e  p l a i n  S i 3 N 4  

s u b s t r a t e s  ga- ined 0 . 1 1 3  mg/cm2 weight, w i t h  a poss ib l e  t h i n  
na t ive  oxide formed. The coated samples gained no weight 
under t h e  Same condit.ions, though loca l i zed  craeking of t h e  
coat ing w a s  observed i.n case of t h e  S i 3 N q  s u b s t r a t e s .  The 
coat ing and the  i n t e r f a c e  between t h e  l aye r s  appeared t o  be 
i n t a c t .  Coated Sic samples remained completely i n t a c t  when 
oxidized for 2 hours but developed cracks i n  t h e  s u b s t r a t e  
immediate t o  t-he c o a t i n g  when s u b j e c t e d  t o  long term 
oxidat ion f o r  4 0  hours.  T h i s  effect .  i s  due t o  t h e  thermal 
mismatch bet.ween the  Sic s u b s t r a t e  and t h e  immediate S i 0 2  
l a y e r .  It. was observed t h a t  f r a c t u r e  occurred  i n  t h e  
s u b s t r a t e  and not  a t  t h e  c o a t . i n g / s u b s t r a t e  i n t e r f a c e  
sugges t ing  t h a t  t h e s e  coa t ings  a r e  extremely a d h e r e n t .  
Figure 2 shows the  SEM micrographs of t h e  samples after the 
oxidation t e s t  a t  120OOC. 

__. 1 4 Q O O C  Both the  coated and t h e  p la in  S i 3 N q  subs t r a t e s  gained 
approximately t h e  same amount of weight a t  t h i s  temperature 
when oxidized f o r  2 h o i ~ r s .  The oxide f i l m  on the  s u b s t r a t e  
i s  approximately 1 pm th ick ,  has the surface roughness of t he  
subs t r a t e ,  and did not appear very dense. F i g u r e  3 shows t h e  
oxide f i l m .  Major cracks and spall.at.ion of t h e  coat ing was 
observed i n  case of configurat ion I,  and loca l i zed  cracking 
.in eonf icji-irat ion I i e I n  both t h e  cases t h e  s u r f a c e  
morphology of t he  coating appears t o  be d i f f e r e n t  and glassy 
i n  na ture  from t h a t  before t h e  oxidat ion t e s t ing .  ( d i s t i n c t  
round g r a i n s ) .  T h i s  may have been due t o  t h e  porous f i r s t  
Al.203 l a y e r  allowing the  diffusion of some s i n t e r i n g  a ids  such 
as Y z O 3 ,  S i O 2 ,  and ,91203 from the  subs t r a t e  i n t o  t h e  coat ing.  
Addit ional ly  the  H2 gas used t o  reduce the  oxides on t he  A 1  
chips i n  t he  A l C L 3  generator may have e f f ec t ed  the  S i 0 2  layer  
a l ready on t h e  s u b s t r a t e .  Experiments a r e  being planned t o  
study these  two effects. T h e  p l a i n  and coated Sic gained no 
weight, and no spa l l inc j  o r  cracking of t hese  coa t ings  was 
observed. Figure 4 shows t h e  SEM micrographs of these  
coatings a f t e r  t he  oxidation experiment a t  1 4 0 0 O C .  

-I ZCaO°C The S i 3 N q  subs t ra tes  completely f a i l e d  when t e s t e d  a t  
160OOC i n  air fo r  2 hours.  I t  appears that a g lassy  phase 
d i f fused  out of the  s u b s t r a t e  possibly f o r  t h e  some of t h e  
reasons s t a t e d  above. i t  i s  not r e l evan t  t o  d i scuss  t h e  
coa t ing .  T I I ~  p l a i n  Sic sarnp1.e gained 0.095 mg/cm2 weight 
w i t h  a 0 . 5  pm t h i ck ,  oxide layer  formed b y  t h e  d i f fus ion  of 
oxygen i n t o  t h e  Sic  subs t r a t e  ( f i g u r e  5 )  j .  The coated sample 
gained 0 . 3 3 3  rng/cm2. The coat ing b l i s t e r e d  and completely 
debonded - 

T o  b e t t e r  understand the  s t r u c t u r e ,  de fec t s ,  t h e  intes- 
d i f f u s i o n  between t h e  l a y e r s ,  a s  w e l l  a s  t h e  
coa t iny /subs t ra te  i n t = r f a c e ,  transmission e l ec t ron  microscopy 
work was i n i t i a t e d .  The c r o s s - s e c t i o n a l  samples were 
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a) 

F i g u r e  2: R e s u l t s  of t h e  o x i d a t i o n  expe r imen t  a t  1200°C i n  
a i r  a )  for  2 hours  showing t h e  l o c a l i z e d  cracks g e n e r a t e d  i n  
t h e  c o a t i n g  on t h e  S i 3 N 4  s u b s t r a t e  -i) c r o s s - s e c t i o n ,  ii) 
s u r f a c e  morphology, and b) for  4 0  hour s  on S i c  showing cracks 
i n  t h e  s u b s t r a t e  immediate t o  t h e  c o a t i n g .  
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Figure 3:.The native oxide f i l m  formed on the S i g N 4  substrate 
when subjected t o  14OO0C for 2 hours i n  a i r  - a )  cross- 
section, and b) surface. 



Figure 4 :  Results of t h e  oxidation experiment a t  14OO0C i n  a i r  for t w o  hours 
showing a) major cracks and s p a l l a t i o n  of the  coating on Si3N4, and b) i n t a c t  
coating on Sic. 
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Figure 5: The oxide film formed on the Sic substrate when 
subjected to 160OoC for 2 hours in air- a) cross-section, b) 
surface. 
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p r o d u c e d  b y  g l u i n g  t w o  f i l m s  f a c e - t o - f a c e ,  fo l lowed b y  
s l i c i n g ,  g r i n d i n g ,  p o l i s h i n g ,  a n d  d i m p l i n g  i n  t h e  u s u a l  
f a s h i o n .  S p e c i a l  care w a s  t a k e n  t o  a v o i d  i r r a d i a t i o n  damage 
d u r i n g  i o n  m i l l i n g  b y  m i l l i n g  a t  low a n g l e s  a n d  b y  c o o l i n g  
t h e  sample u s i n g  l i q u i d  n i t r o g e n .  

F i g u r e  6 shows a TEM b r i g h t  f i e l d  m i c r o g r a p h  of t h e  
l a y e r e d  c o a t i n g  o n  Si3M4. T h e  S i02  l a y e r  d e p o s i t e d  a t  8 O O O C  
u s i n g  t h e  p r e c u r s o r  TEOS [S i (OCzH5)4]  is amorphous ,  a n d  t h e  

A 1 2 0 3  l a y e r  h a s  a corundum (a) s t r u c t u r e .  T h i s  w a s  c o n f i r m e d  
b y  X-Ray d i f f r a c t i o n .  These  c o a t i n g s  were heated t.o 1 2 0 0 O C  
f o r  2 h o u r s  i n  a i r .  EDS a n a l y s i s  on t h e  STEM ( w i t h  a p r o b e  
s i z e  of 1 nm) i n d i c a t e s  t h e  f o r m a t i o n  of a d i f f u s i o n  z o n e  
b e t w e e n  t h e  A1203 a n d  S i02  a t  t h e  c o a t i n g  i n t e r f a c e .  F i g u r e  7 
shows t h e  d i f f u s i o n  zone  a n d  t h e  e n e r g y  d i s p e r s i v e  spec t ra  at. 
t h e  t h r e e  d i f f e r e n t  r e g i o n s ;  r e g i o n  1 s h o w i n g  p u r e  Si.02, 
r e g i o n  2 s h o w i n g  t h e  mixed  compound of A1203 and  S i O 2 ,  a n d  
r e g i o n  3 showing  p u r e  A l . 2 0 3 .  The A1:Si  (a tomic)  r a t i o  i n  t h e  
d i f f u s i o n  z o n e  i s  m e a s u r e d  t o  be 65 :35 .  The A1:Si atomic 
r a t i o  i n  m u l l i t e  i.s 6 0 : 4 0 .  

A n n e a l i n g  s t u d i e s  w e r e  done o n  S I C  a n d  Si3N4 s u b s t r a t e s  
w i t h  A1203 c o a t i n g s .  F i g u r e  8 shows  a TEM b r i g h t  f i e l d  
micrograph o f  a n  as-deposi ted A1203 c o a t i n g  o n  S i 3 N 4 .  The 
samples w e r e  placed i n  a 3/8" High P u r i t y  M u l l i t e  t u b e  p l a c e d  
i n  a A1203 t u b e  f u r n a c e  w i t h  1 SLM Argon f l o w i n g  t h r o u g h  t h e  
M u l l i t e  t u b e .  The s a m p l e s  were hea ted  t o  140O0C f o r  
d i f f e r e n t  t i m e s .  T h e  r a m p i n g  a n d  c o o l i n g  r a t e s  w e r e  
r e a s o n a b l y  h i g h .  

TEM s t u d y  of t h e  a n n e a l e d  s p e c i m e n s  i n d i c a t e s  t h e  
f o r m a t i o n  of S i 0 2  a t  t h e  i n t e r f a c e .  A n  a m o r p h o u s  s i l i c a  
l a y e r  w a s  observed i m m e d i a t e l y  n e x t  t o  t h e  s u b s t r a t e ,  a n d  a 
c r y s t a l l i n e  s i l i c a  l a y e r  w a s  observed b e t w e e n  t h e  amorphous  
s i l i c a  l a y e r  a n d  t h e  A1203 c o a t i n g .  F u r t h e r  i n v e s t i g a t i o n s  
n e e d  t o  be made t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  
c o a t i n g / s u b s t r a t e  on  t h e  f o r m a t i o n  a n d  s t r u c t u r e  o E  t h e  Si02 
l a y e r s .  C r a c k s  were observed i n  t h e  c r y s t a l l i n e  Si02 l a y e x  
i n d i c a t i n g  c r y s t a l l i n e  s i l i c a  l a y e r  may be r e s p o n s i b l e  f o r  
c o a t i n g  d e l a m i n a t i o n .  F i g u r e s  9 shows a schematic a n d  %he  
TEM m i c r o g r a p h  of a n  a n n e a l e d  sample. 

P r e l i m i n a r y  s t u d i e s  a re  underway t o  observe t h e  e f fec t  
of a n  i n t e r - l a y e r  s u c h  as A1N i n  p r e v e n t i n g  t h e  f o r m a t i o n  of 
t h e  g l a s s y  p h a s e  a t  t h e  c o a t i n g / s u b s t r a t e  i n t e r f a c e  a n d  i t s  
e f f e c t  o n  t h e  a d h e s i o n  c h a r a c t e r i s t i c s .  A t t e m p s  a r e  also 
b e i n g  m a d e  t o  depos i t  S i 0 2  f r o m  Sic14 a n d  €320 t o  f a c i l i t a t e  
c o d e p o s i t i o n  of A 1 2 0 3  a n d  S i 0 2  t h r o u g h  a common p r e c u r s o r .  
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Figure 7: Transmission Electron Micrograph showing the Diffused Region 
at the A1203-SiO2 interface 
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Alumina 

Substrate 

Figure 8: A schematic and a TEM micrograph of an as-deposited A1203 
coating on SigNq 
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Substrate 

fracture surface / 

crystalline 

amorphous 

Figure 9: Schematic and TEM micrograph of an annealed sample showing the 
crystalline Si02 layer causing delamination 



S t a t u s  of Milestones 
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edule St;atus 

T a s k  I: Development of A1203/SiO2 
coatings . 
T a s k  2 :  Coating Characterization 
fo r  se lec t ion  of best technique 
f r o m  T a s k  1. 

Task  3: Development of the  complete 
coating configuration f o r  contact 
S ~ K ~ S S ,  oxidation and corrosion 
res i s tance  evaluat ion.  

5/94 On Schedule 

7 / 9 4  O n  Schedule 

9 / 9 4  O n  Schedule 
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Wear-Resistant Coatinqs 
M. H. Haselkorn (Caterpillar Inc.) 

Objective/Scope 

The goal of this technical program is to develop wear-resistant 
coatings for piston ring and cylinder liner components f o r  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 of the 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 
CXPE composition with a minimum af 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 will be determined using 
reciprocating friction and wear testing using both new and "used" 
engine oil. 

Technical Progress 

Task 8, Process Scale-up of Wear-Resistant Plasma Coatings f o r  
Cylinder Liners, is completed. Statistical experiments, which 
determined the effect of primary gas flow, current, voltage, 
spray distance and carrier flow on coating microstructure and 
hardness and deposition efficiency, were used to build a 
predictive model to select three sets of I.D. plasma spray 
parameters for each powder. These parameters were then used to 
plasma spray Hohman A-6 friction and wear specimens. The coating 
parameters selected for each powder produced t he  bes t  combination 
of plasma spray microstructure, coating hardness and highest 
deposition efficiencies. 
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The Hohman friction and wear characterization showed that varying 
the plasma spray parameters f a r  the chrornia-silica powder had 
little influence on the friction and wear performance of this 
powder. For t2ii.s reason, the plasma spray parameters selected 
for the application of the chromia-silica powder to the inner 
diameter of the simulated diesel engine cylinder liners w e r e  
those which result in the highest deposition efficiency. 

The friction and wear properties of the high carbon i ron -  
molybdenum powder were influenced by the application parameters. 
For this reason, the plasma spray parameters selected for this 
powder were those which produce the coating with the best 
friction and wear properties. 

Prior to application of the plasma spray coatings to the inner 
diameter of the cylinder liners, machining is required to 
accommodate the coating thickness. The maehininy of twelve 
cylinder liners has been  completed. This procedure required the 
fabrication of a special fixture for holdiny the Liners. 

Using the plasma spray parameters identified in Task g r  the 
chnomia-silica and high carbon iron-molybdenum powders were 
applied to the bores of cylinder liners (five liners w e r e  coated 
with each powder). The plasma caati.ngs w e r e  then finished 
machined using a Heald 2EF Centernal Multi-Surface horizontal 
0 .  D. /I. D. grinder e 

The grinding wheels selected f o r  f i n i s h i n g  the high carbon iron- 
molybdenum powder included two grit sizes, 15 and 52 micron, and 
two bond types, resonoid and vitreous. The wheels selected for 
finishhg the chromia-silica powder both were vitreous bonded, 
but varied in g r i t  size from 15 to 4 0  micron.  

I n  Task 8 C  the machining parameters which produced the opti-mum 
surface finish and highest material removal r a t e s  vere identified 
f o r  coatings of each powder. U s i n g  t hese  results as a guide, 
machining parameters (grinding wheel composition, feeds, speeds 
and depth of cut) were selected for each powde-c-. The parameters 
selected inc luded  One set which would p r o d u c s  a high rnat~rlal 
removal rate and, one s e t  w i t h  a lowcr material. removal rate, but 
would produce a smoother surface finish. The material removal 
rates selected for each powder were: 

Chromia-silica .- .- 9.04 and 0 . 5  mm3/min/mrn, 
High carbon iron-molybdenum -- IO. 03 and 18.08 mm3/min/mm. 
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Similar surface finishes were obtained with the chromia-silica 
powder irrespective of which set of machining parameters were 
used. The largest difference observed with the two sets of 
parameters was the time required to machine the lines. 
higher material removal rates, a liner could be machined in 6 
minutes, compared to 2 4  minutes for the lower material removal 
rates. It is interesting to note that even with the higher 
material removal rate the force on the grinding wheel was very 
low suggesting that even higher material removal rates can be 
used with this powder. 

Using the 

The surface finish obtained machining the high carbon iron- 
molybdenum powder was affected by material removal rate. The low 
material removal rates produced a surface finish which was within 
the range required f o r  the desired tribolagieal properties. 
However, the surface obtained with the higher material removal 
rates was unacceptable. Scanning electron photomicrographs of 
the surface after machining showed the reason €or the 
unacceptable surface finishes was that the higher material 
removal rates caused spallation of the coating. 

Plasma spraying and the final machining of plasma coated piston 
rings required the design and fabrication of specialized 
fixturing which have been completed. 
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The objective of this progm is to develop advanced ~ ~ - ~ $ ~ ~ ~ ~ ~ ~  ceramic 
sions dies& engines. Cglatin 
to meet the f o ~ ~ o w ~ ~ ~  requi 

cylinder components for future, high efficiency, low 
(for piston rings and cylinder liners) are to be devel 

1. law wear as measured in laboratmy rig tests which ~~~~~~t~ the piston r ~ ~ ~ - ~ ~ ~ ~ d ~ r  liner 
environment near top ring reversal in a heavy duty dkse ine. Test ~ r o c e d ~ r @ ~  
developed during Phase 1 included tests with a fresh C 15VV40 !ubriant at 2QO and 
35OoC, with a high-soot, engine-tested oil at 20Q"C and with no lubrication 
Wear rates are baselined with respect to the ~ o n v e ~ t ~ ~ ~ a ~  electraplatd ha 
chsorniurn/pearlitic 

3. high adherence and compatibility with su 

4. goad thermal shock resistance. 

5, high uniformity and reproducibility. 

During Phase 1 of this eRort, coating techno! ies atxi w f e r k k  were e~a!ceat 
screening &$is to simulate the tribological envir/ironrn of the sop @ompression ring i 
diesel engine. The most promising candidates to emerge from this study were high 
(HVOF) Cr3C, - 20% NiCr and WC - 12% Cs cermets, cathodic arc physical vapor dep 
CrN and plasma sprapd @r203. In addition, plasma sprayed Cr,O, and AI$, - Zr02 materisk were 
found to gke excellent wear resistance at extremely high test tempesatlrses aimel with no Irrbricatiion. 
Cylinder linar materials giving lower system wear tlian peaditk grey cast iron were also identified. Thus, 
advanced ring coating - cylinder liner tribological systems were developed in Phase 3 I Some of these 
systems showed lower boundary !ubricated wear coefficients at 350°C than convertti 
systems gave at 2oQ"C. ?n addition, these systems were much more t. 
and oil degradation kt diesel environments than the conventional elect 
grey iron systcrn. Thus, significant ~~~~~~~~~~~~ in wear 
heat rejection diesel engines were ~ e ~ ~ n ~ t r ~ t ~  during P 

In the Phase 2 effait, processes are being developed for producing top 
coatings using the best systems identified in Phase 1. In addition, fufiher devel 

sslon ring face 
and optimization 

of promising systems identified In Phase 1 is being conducted. Sidmmwcts are in place with three 
cQmpanies/instftution~: Cummins Piston Ring Division (6?WD), Northwes University Basic Industrial 
Research Laboratory (BIRL) and Engineered Coatings, Inc. (Eel). The fo ing section summarizes 
progress in each of the Phase 2 program tasks. 
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Task 1 Oevelomnent of Cr,C,-Based Ce met Coatinas ECI, BIRL CPRD) 

Although a HVOF Cr3C2 - 20% NiCr coating identified in Phase 1 showed excellent wear 
resistance, recent engine tests showed that the ductility of the coating needs to be improved for use as 
a ring coating. Three approaches are being taken to improve ductility: (1) reducing the carbide 
concentration from 80% to 60%, (2) reducing the slze of the carbides, (3) using a more ductile metallic 
binder phase (two Hastelloy compositions) and (4) optimization of deposition parameters utilizing a 
broader range of thermal spray processes, including air plasma spray, low pressure plasma spray and 
high velocity oxy-fuel. 

A variety of Cr3C, - based thermal spray powders is currently under investigation (Table 1). 
Development of 80% Cr3C, - 20% Hastelloy C-22 and 80% Cr,C2 - 20% Hastelloy 8-2 powders Is in 
progress. A ball milling process was developed which produced powders with a 60 - 65 pm mean 
particle size, but with a flattened morphology. The Cr3C, - Hastelloy C-22 powder was plasma sprayed 
successfully, producing a dense coating with melted carbides, but depositii rates were very low due to 
poor flow properties of the powder. Characterization of plasma sprayed coatings produced from 
blended Cr,C, and Hastelloy powders is in progress. Clad Cr3C2 - Ni and Cr3C2 - NiCr powders of 
various compositions and grain sizes have been ordered (Table 1). 

Upon completion of the powder development work, coating process development will be 
undertaken using the thermal spray methods listed above. Coatings will be evaluated by means of 
microhardness tests, indentation fracture tests, microstructural evaluation by iight microscopy and 
scanning electron microscopy and X-ray diffraction. In selected cases, three point bend tests will be 
conducted on free-standing thick coatings to measure strength, elastic modulus and strain-to-failure. 
Wear tests will be conducted to establish relationships between microstructure and tribological 
properties. 

Table 1. 

=-----I Clad - finer carbides 

Clad - finer carbides 

clad 
Clad 

12 67% Cr3C, - 17% Ni - 17% Mo 

Blended 

Blended 

Blended 

Clad/blended 

Cr3C2 - based cermet thermal spray powders under investigation. 
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In Phase A ,  a CrN coatin 
was found to have ~ ~ r ~ ~ e ~ y  low wear 
deposition parameters for 15 pm thick 
sputtering, minim ing the ~~~~~~ d c 
hardness and adhesion. Development ence d three polcntIal 
phases: a Cr - M solid solution, Cr, ~~~~~~~~n~ has been used 68 
explore tho effect d deposition 
a single cathade 
voltage, nitrogen paflial pressure and coating thickness. 

d the coaniPcJs, using 
re, substm?eol bias, 

In the  CrN phase range, hardness was found not to be a strong f i ~ ~ ~ t ~ ~ ~  of nitrogen partial 
pressure (1300 - 1500 VHN), but the deposition rate decreased wRh increasing parttial pressure (Figure 
1). Three independent variables were used for investigating the CrN phase: power (kw, total pressisre 
(mTorr) and thickness (microns) of coating. The nitrogen paitial pressure and substrate bias were 
constant ~t 2 mTorr (N2) (giving a deposition rate of approximately 308 nrn/minute) and -125 V, 
respectively. Two substrate materials were utilized: hi12 tool steel, sepseswntlng a traditional hard (60 
HRC) substrate and 44OC stainless steel heat treated to 38 HRC, representing the proposed piston ring 
substrate for this program. The scratch adhesion (critical load for coating failure) was areasamred as a 
function of the thee variables selected. 

For M2 substrates, the adhesion maximum occurred at ab i pressure, SQ a single 
plot of adhesion against power a 
response (Figure 2(a)). The 
thickness. If thicker coating 
then higher powers are better. For the 4OC substrates, an optimum total pressure sf 10 mTorr was 
found. Figure 2(b) shows the plot of adhesion versus thickness and power far this pressure. The 
variation was somewhat different than for M2 substrates in that the 
coating thickness (> 9 pin) and the value of the maxirnbm was ap 
substrates. This is not surprising, since the 440C material was mu 
runs were made with the 440C substrates: 1 I p n  and 15 prn thick 
power and 10 mTorr pressure. Adhesion testing gave mixed results, with c 
from 2 to 5 kgf. The reasons for this variation are under investigation, One critical factor is ~ h o u ~ h ~  to 
be the orientation of the coating. 

ickness at this pressure ~ ~ ~ ~ ~ n ~ ~ ~ t e $  the ~ o ~ ~ ~ ~ n ~ ~ ~ ~  
adhesion (6.5 kgf load) occurred at about 5 kW and 5 pin 
red, then a lower power is best. If %hila:~er coatings are desired, 

i-I vdue occurred at a higher 
ely 50% lo we^ than for M2 

characterization of the Cr2N and Cr - N solid solution p 
For this work, the substrate material was M2 tool steel only. Th 
with respect to partial pressure, a value d 6.6 rnTorr was selected and h 
power and total pressure. The ness was also fairly constant in this reg! 
VHN. Scratch adhesion values were found to decrease strongly wi 
were also a weak function of bias (Figure 3). For the range where 
hardness was found to be a strong function of nitrogen partiad pre 
(Figure 4 (a)). For 5 p m  thick coatings, a maximum in coating ad 
bias and nitrogen partial pressure values investigated (Figure 4 (b)). Mheslan was Bolsnd to decrease 
with increasing coating thickness (Figure 4 (c)). 

es is summarized in Figures 3 and 4. 

ns were produced, 
function of bias 

The coating program is being transferred to a dual cathode UBM machine which will be used to 
e of coating compositions using parameters identified in the above work. The coatings 

will be 15 prn thick and will be deposited onto 44OC stainless steel 
will be used to obtain correlations between friction and wear properti 
and adherence. A subsequent task will be to develop a 15 pm thick 
alternating layers of CrN with either Cr,N, Cr - N soli 
will be selected based on the above results for the single phases a 

coupons. These samples 
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CrN, Deposition Rate vs. Nitrogen Partial Pressure 

Target Power = 8 kW 

Total pressure P 8 mforr 
Substrate b i a ~  0 -126 V 

CrH 

looo 0 1 
0 0.5 1 1.5 2 2-5 3 3.5 4 

N, Partial Pressure, mTorr 

Figure 1. Coating deposition rates as a function of nitrogen partial pressure. 

Task 3 DeveloDment of Plasma S~raved Ceramic Svstems (BIRI$ 

Recent wear tests performed at Cummins have shown that monolithic zirconia-based systems 
have considerable potential for low wear in diesel engine environments, and it is proposed to try to 
reproduce these wear-resistant features using plasma spray processes. Five ZrO, - N203 - Y,03 
powder samples have been obtained from four vendors of sintered and crushed or plasma processed 
powders. Characterization of coatings produced from the f i e  powders is In progress and one powder 
will be selected for preparation d wear test coupons. 
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Figure 2. 

Scratch Adhesion Load Contours ( k g f )  

-..- _I. 9.000 -rr m- 

Scratch Adhesion Load Contours (kq'f)  

0 

Scratch adhesion load (kgQ versus coating thicknes and power bar CrN coatings: 
(a) M2 tod steel substrates 
(b) 44QC stainless steel substrates. 
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Figure 3. 

Figure 4. 

Scratch Adhesion Load Contours (kgf )  
Made!: 
Quedratic 
Raspanss: 
LC 
Actual variables: 
X = Sub Bias 
Y = Thickness 

(D rcI 

e E 

A= + 
5 3.000 
m .. /--------- 

2.333 

/--------- 

A: Sub Bias 
.O 

Scratch adhesion load (kg9 vs coating thickness and bias for Cr,N coatings. 

Model: 

Response: 
Hv, 25 gf 
Actual variables: 
X = N2 PP 
Y = V b  
Actual constants: 
Thickness = 5.000 a 

Quadratic -200.0 

-175.0 

- 150.0 

.. - 125.0 
m 

- 100.0 

-75.0 

IO 

A: N2 PP 

Contour plot for Cr - N d i d  solution coatings: 
{a) hardness (VHN) vs bias and nitrogen partial pressure. 
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Figure 4. 

Model: 
Quadratic 
Response: 
Lc 
Actual variables: 
X = N2 PP 
'I = V b  
Actual constants: 
Thickness = 5.000 

Scrdi-cii Adhesion Load Contoui-s (kgf) 

\ 

-50 0. / +  / j 
0.050 0.075 0.100 0.125 0.150 0.175 0.200 

A: N2 PP 

Scratch Adhesion Load Con-to11r-s (kgf) 
Model: 
Quadratic 
Respofl3e: 
Lc 

X = N2 PP I 

5.000~ -1 

Actual variables: /' 

Y = Thickness 
Actual constants: g 

3.687 i 

a, 
Y 

.c 
I- 

0 

Vb = -125.0 c 
.u 3.000 li 
.. 

A: N2 PP 

(c) 

Contour plot for Cr - N solid solution coatings: 
(b) scratch adhesion load (kg9 vs bias and N, partial pressure for 5 pm thick coatings 
(c) scratch adhesion load vs coating thickness and N, partial pressure for -125 V bias. 
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Task 4 Intearation of Coatina Technoloav With the Piston Rina Manufacturina Process (CPRD) 

It is proposed to select two coatings based on the Phase 1 results and the additional 
development work in Tasks 1 - 3, with the objective of developing coating and finishing processes using 
actual piston ring arbors. CPRD will send arbors to the coating subcontractors for further processing 
development and coated rings will be returned for grinding and finishing tests. Finally, arbors containing 
up to 50 L10 piston rings will be sent out for coating and will subsequently be finished and processed 
for further evaluation in Task 5. AIS1 4406 steel wire has been ordered for the manufacture of prototype 
rings for coating development. Discussions have taken place between CPRD and the coating vendors to 
identify fixturing concerns for each coating process. 

Task 5 Evaluation of Coated Piston Rinas (Curnrnins. CPRD), 

Tribological properties of all coatings developed in Tasks 1 - 3 will be evaluated, using test 
procedures developed during Phase 1. In addition, coated Li0 piston rings produced in Task 4 will be 
evaluated for dimensional control, coating adhesion, microstructure, fatigue (selected coatings), thermal 
shock resistance and oxidation resistance. 

Status of Milestorpes 

Develop plans for coating deposition . . . . . . . . . . . . . . . .  May-31-1993 . . . . . . . .  Completed 

Develop thermally sprayed Cr&-based cermets . . . . . . .  Nov-30-1994 . . . . . . .  On schedule 

Develop thick PVD CaN coatings . . . . . . . . . . . . . . . . . . .  Nov-30-1994 . . . . . . .  On schedule 

Develop plasma sprayed ceramic coatings . . . . . . . . . . .  Nov-30-1994 . . . . . . .  On schedule 

Integration with ring manufacturing process . . . . . . . . . . .  Feb-28-1995 . . . . . . .  On schedule 

Evaluation of coated piston rings . . . . . . . . . . . . . . . . . . .  Feb-28-1995 . . . . . . .  On schedule 

Publicafions 

A paper entitled 'Development of Wear-Resistant Ceramic Coatings far Diesel Engine 
Components' was presented at the Department of Energy Annual Automotive Technology Contractor's 
Coordination Meeting, Dearborn, MI, 10/18/93 - 10/21/93. 
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T h i c k  -___ T h e r r n a 7 - - . 8 a r r i e r  C o a t  incr ( T T B C I  S v s t e  ms fo r  Low k a t  Re.iect i o n  D i e s e l  
E n g i n s  
M .  R .  B e a r d s l e y  ( C a t e r p i l l a r  I n c . )  

O b i a t  i v e f  S c o ~  

The o b j e c t i v e  o f  t h i s  p r o g r a m  i s  t o  advance t h e  f u n d a m e n t a l  
u n d e r s t a n d i n g  of  t h i c k  t h e r m a l  b a r r i e r  c o a t i n g  sys tems f o r  a p p l i c a t i o n  t o  
l o w  h e a t  r e j e c t i o n  d i e s e l  e n g i n e  c o m b u s t i o n  chambers.  A r e a s  o f  1TBC 
t e c h n o 1  ogy t h a t  w i  1 1  be examined i n c l  ude powder c h a r a c t e r i  s t i  c s  and 
c h e m i s t r y :  bond c o a t  c o m p o s i t i o n ;  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 .  and 
t h i  c k n e s s  as t h e y  a f f e c t  p r o p e r t i  e s ;  d u r a b i  1 i t y .  and r e 1  i a b i  1 i t y  : and TTBC 
“ a g i n g ”  e f f e c t s  ( m i c r o s t r u c t u r a l  and p r o p e r t y  changes)  u n d e r  d i e s e l  e n g i n e  
o p e r a t i n g  c o n d i t i o n s .  

T e c h n i c a l  Proares..s. 

T T B C  POHDERS 

D e t e r m i n a t i o n  o f  d e p o s i t i o n  e f f i c i e n c y  ( D E ) ,  t h e r m a l  c o n d u c t i v i t y  
(TC)  and d e n s i t y  o f  t h e  f i f t e e n  l o t s  o f  c e r a m i c  powders f o r  t h e  i n i t i a l  36 
p a r a m e t e r s  i s  c o m p l e t e d .  A c o m p a r i s o n  o f  t h e  D E ’ S  and TC’s o f  t h e  z i r c o n i a  
i n a t e r i a l s  i s  g i v e n  i n  T a b l e s  1 and 2.  The d i f f e r e n t i a l  DE and TC were 
d e t e r m i n e d  f o r  each p a i r  o f  p a r a m e t e r s  s e t s  and t h e  r e s u l t i n g  a v e r a g e  o f  t h e  
d i f f e r e n c e s  i s  shown. From t h i s  c o m p a r i s o n  i t  may b e  seen t h a t  t h e  
m a n u f a c t u r i n g  method does i m p a c t  t h e  r e s u l t i n g  DE and TC w i t h  a r a n k i n g  o f  
t h e  p r o c e s s e s  as f o l l o w s :  

D e p o s i t i o n  E f f i c i e n c y  

F I C  < S f C f S  < H O S P  = S I D - S  = SOL G E L  < SD * 

Thermal  C o n d u c t i v i t y  

S I D - S  < H O S P  = S f D  = SOL G E L  = S I C I S  < F I C  * 

* d e f i n i t i o n s  a r e  l i s t e d  i n  T a b l e  1 

D E S I G N .  D E P O S I I ‘ I O N ,  A N D  CHARACTERIZATION 

O p t i m i z a t i o n  r u n s  f o r  t h e  base1 i n e  8% y t t r i a - z i r c o n i a  m a t e r i a l  have 
been s p r a y e d  and a p a r a m e t e r  s e t  s e l e c t e d  f o r  t h e  H O S P  t y p e  o f  powders .  
T e n s i l e  and c o n i p r e s s i v e  s t r e n g t h  specimens have been s p r a y e d  f o r  t h e  HOSP 
m a t e r i a l s  and t e s t i n g  i s  underway.  The d e p o s i t i o n  e f f i c i e n c i e s  and t h e r m a l  
c o n d u c t i v i t i e s  f o r  HOSP l o t s  34547.  34143,  and 34302 a r e  g i v e n  i n  F i g u r e s  
1 and 2 f o r  s e t s  o f  p a r a m e t e r s  as w e l l  a s  t h e  “ b o o k ”  p a r a m e t e r s  f r o m  t h e  
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T a b l e  1. Compar ison o f  t h e  d e p o s i t i o n  e f f i c i e n c i e s  o f  t h e  15 c e r a m i c  
powders f o r  t h e  3 6  s e t s  o f  s p r a y  pa ramete rs .  

M a t e r i  a 1  Mfg .  L o t  # 
Method 

8% YSZ 
20% Y S Z  
24% CSZ 
8% YSZ 
81 YSZ 
8% YSZ 
8% Y S Z  
8% Y S Z  
8% Y S Z  
8'2: Y S Z  
8% YSZ 

8% Y S Z  
8% Y S Z  

HOSP 
S I D  
HOSP 
S I D  
S I D - S  
F I C  
So l  g e l  
S I C I S  
SID-S 
HOSP 
HOSP 
S I D - S  
S I D - S  

34547 

34209 
32678 
34850 
28 1 
34440 
39073 

34143 
34302 
34992 
34993 

34108 

i o a i  

Average 
D i f f e r e n c e  f r o m  
Base l  i n e  

B a s e l i n e  
- 2 . 4  
- 1 0 . 4  
- 1 1 . 6  
0 . 5  
13.8 
- 0 .8  
5 .9  
1 .o 
1 .o  
2 . 0  
5 . 0  
- 3 . 0  

S i g n i f i c a n c e  
(95% c o n f i d e n c e )  

N / A  
equa 1 
l e s s  t h a n  
l e s s  t h a n  
equa 1 
g r e a t e r  t h a n  
e q u a l  
g r e a t e r  t h a n  
equa 1 
equa l  
equa 1 
g r e a t e r  t h a n  
l e s s  t h a n  

HOSP - Metco p r o p r i e t a r y  p r o c e s s  
S I D  - s p r a y  d r i e d  
S I D - S  - s p r a y  d r i e d  and s i n t e r e d  
S I C I S  - s p r a y . d r i e d .  compacted, s i n t e r e d ,  c r u s h e d  
F I C  - f u s e d  and c rushed  

T a b l e  2 .  Compar ison o f  t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  t h e  15 z i r c o n i a  
powders f o r  t h e  36  s e t s  o f  sp ray  p a r a m e t e r s .  

M a t e r i  a 1  

8% YSZ 
20% Y S Z  
24% CSZ 
8% YS2 
8% Y S Z  
8% Y S Z  
8% YSZ 

8% Y S Z  
8% Y S Z  
8% Y S Z  
8% YSZ 
ax Y S Z  

8% Y S Z  

Mfg. L o t  B Aver  age S i  g n i  f i cance 
Method D i f f e r e n c e  f rom ( 9 5 %  c o n f i d e n c e )  

Base l  i ne 

HOSP 
S / D  
HOSP 
S / D  
S / D - S  
F I C  
Sol  g e l  
S / C f S  
S I D - S  
HOSP 
HOSP 
S I D - S  
S I D - S  

34547 
34108 
34209 
32678 
34850 
281 
34440 
39073 
1081 
34143 
34302 
34992 
34993 

Base l  i ne 
0.16 
0 . 0 4  
0 . 0 4  
0 . 1 1  
- 0 . 2 9  
0 . 0 3  
0 . 0 3  
- 0 . 0 5  
-0.18 
-0 .19  
0 . 0 5  
0 . 0 7  

N / A  
1 ess  
1 ess  
e q u a l  
1 ess  
g r e a t e r  
equa 1 
equa 1 
g r e a t e r  
g r e a t e r  
g r e a t e r  
1 e s s  
1 ess  
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. . . . . . .  

. . . . . . . . . . .  ....................... 

. . . . . . . . .  

SET 3 S E T  4 B O O K - &  B O O K - N 2  S E T  1 S E T  2 
Spray Paametcr Set 

b34547 b34302 [=I L34143 

Figure 1 
Deposition efficiencies for HOSP 8% yttria-zirconia lots 

for parameter sets and “ b o o k ”  parameters recommended by Metco. 

........................................... 

SFT 1 SET 2 SET 3 SET 4 BOOK-Ar 800K-N2 
Spray Parameter Set 

L34547 W43O2 a I34143 

Figure 2 
Thermal conductivities for HOSP 8% yttria-zirconia lots 

f o r  same parameter sets as shown in Figure 1. 

F o r  parameter Set 4, the 34302 and 34143 had insufficient 
laydown to measure thermal conductivity. 
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manufac tu re .  The pa ramete r  Se t  2 was s e l e c t e d  f o r  s p r a y i n g  of specimens f o r  
s t r e n g t h  d e t e r m i n a t i o n .  T h i s  pa ramete r  s e t  was s e l e c t e d  f o r  t h e  good 
c o m b i n a t i o n  o f  h i g h  DE and l o w  t h e r m a l  c o n d u c t i v i t y .  The t e n s i l e  p r o p e r t i e s  
o f  t h e  t h r e e  HOSP 8% y t t r i a - z i r c o n i a  m a t e r i a l s  a r e  g i v e n  i n  F i g u r e  3 .  
Specimens f o r  d e t e r m i  n a t i o n  of  t h e  compress ive  s t r e n g t h s  have been sp rayed  
and t e s t i n g  i s  underway.  

Parameter  s e t s  have been s e l e c t e d  f o r  t h e  sp ray  d r i e d  and s i n t e r e d  
powder l o t s  a s  w e l l  a s  t h e  24% c e r i a - z i r c o n i a  and 20% y t t r i a - z i r c o n i a  
powders .  S p r a y i n g  o f  specimens f o r  t h e s e  l o t s  o f  m a t e r i a l s  i s  underway.  

DURABILITY/RELIABILITY 

e l c o m p r e s s i v e .  c o a t  
has been d e l a y e d  due 

The i n i t i a l  s e t u p  and t e s t i n g  o f  t h e  t e n s i  
f a t i g u e  t e s t  machine a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  

ng 
t o  

f l o o d i n g  o f  t h e i r  l a b o r a t o r y  cause by t h e  heavy r a i n s  i n  t h e  Midwest  t h i s  
p a s t  summer. T h i s  has a l s o  d e l a y e d  t h e  t e s t i n g  o f  t h e  a d d i t i o n a l  m a t e r i a l s  
f o r  t h e  f a t i g u e  response  p r e v i o u s l y  seen i n  t h e  8% y t t r i a - z i r c o n i a  m a t e r i a l .  

A G I N G  EFFECTS 

T e n s i l e  and compress i ve  s t r e n g t h  samples o f  t h e  t h r e e  HOSP 8% y t t r i a -  
z i r c o n i a  m a t e r i a l s  have been aged for 500 hours  a t  800 C i n  a s i m u l a t e d  d i e s e l  
e x h a u s t  e n v i r o n m e n t .  These samples a r e  c u r r e n t l y  under  e v a l u a t i o n .  The 
t e s t i n g  o f  t h e  26% c e r i a - z i r c o n i a  and c a l c i u m  t i t a n a t e  f o r  t h e  s t r e s s /  
t e m p e r a t u r e  a g i n g  e f f e c t  d u r i n g  f a t i g u e  t e s t i n g  has been d e l a y e d  due t o  t h e  
f l o o d i n g  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s .  

S t a t u s  o f M i  1 e s t 0  nes 

A l l  m i l e s t o n e s  a r e  on schedu le .  

m l i c a t i o n s  

A paper  t i t l e d  “ C y c l i c  Compress ion o f  T h i c k  Thermal B a r r i e r  C o a t i n g s ”  by 
K .  F .  W e s l i n g  and 0.  F.  S o c i e  o f  U n i v e r s i t y  o f  I l l i n o i s  and M.  B .  B e a r d s l e y  
o f  C a t e r p i l l a r  I n c .  has been accep ted  f o r  p u b l i c a t i o n  by t h e  Amer ican Ceramic 
S o c i e t y  . 
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SlLE PROPERTIES 
Ground . No aging 

30 

20 

10 

Pa 
0 

L34547 L34302 
L34143 ZRCOA 

Figure 3 
Tens i l e  s t r e n g t h s  determined by 4 - p o i n t  bending f o r  
HOSP 8% y t t r i  a - z i  rconi a 1 o t s  sprayed u s i n g  parameter 
Set 2 from Figures 1 and  2 .  F i f teen  specimens were 
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1.4 JOINING 

1.4.1 Ceramic-Metal Joints 

Joinina of Ceramics for Heat Enaine Applications 
M. L. Santella (Oak Ridge National Laboratory) 

Obiective/scope 

The objective of this task is to develop strong, reliable joints containing ceramic 
components for applications in advanced heat engines. The overall emphasis of this task 
is on studying the brazing characteristics of silicon nitride and silicon carbide. The 
techniques of direct brazing, as well as vapor coating, ceramics to circumvent wetting 
problems are being applied to these materials. The planned activities during FY 1993 will 
include continuing the study of both the high-temperature brazing of silicon nitride and the 
mechanical behavior of braze joints. The work will encompass creep testing of silicon 
nitride braze joints, further evaluation of a materials system and analysis package 
developed specifically for silicon nitride-to-metal braze joints, and evaluating nonmetallic 
bonding materials for joining silicon nitride. 

Technical hiqhlicrhts 

Si,N, brazing: A study of bonding Si,N, with nonmetallic materials was continued 
by formulating a series of both MgQ-AI,O,-SiO, (MAS) and Y,O,-AI,Q,-SiQ, VAS) mixtures 
and examining their general melting and wetting characteristics. Three compositions of 
each type of mixture (MAS1 -3 and YAS1-3) were prepared by milling together individual 
oxide powders as described in earlier reports. Additional cornpositions were prepared by 
adding either 20 wt % Si,N, powder or a combination of 20 wt % Si,N, + 5 wt % Si 
powders to the base oxide mixtures. Two silicon nitride substrates were used: GS44 for 
the MAS compositions and PY6 far the YAS compositions. The substrates were 
approximately 12 x 12 x 5 mm in size, and, to ensure uniformity, the surfaces used for 
wetting were surface ground and then finished with 6-pm-diamond paste on a 
metallographic wheel. 

lightly pressed onto the Si,N, surfaces using a template with dimensions of 6.4 mm diam 
by 0.6 mm height. These specimens were then heated by RF induction using a Ta 
susceptor under a nitrogen pressure just below 1 atm. Temperatures were monitored with 
an optical pyrometer. Once complete melting of the powders was visually confirmed, 
specimens were held at their melting temperatures for 10 min or until the melt began to 
foam. 

The results from the inital set of experiments are summarized in Table 1 ~ which 
shows that three general types of behavior were observed: (1) a stable droplet formed; 
(2) a stable droplet formed, then chemical reactions created a moderate level of porosity; 
or (3) relatively strong or rapid chemical reactions caused the droplet to foam. In all 
cases, adding Si,N, powder to the oxide mixtures reduced their chemical stability. For all 
mixtures except the one based on MAS3, a further addition of 5 wt % Si suppressed the 
tendency for chemical instability. 

The various oxide-based mixtures were made into slurries with isopropyl alcohol and 
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Table 1. Behavior of oxide mixtures melte 

The photographs taken of the specimen surfaces and presented as Fig. 1 illustrate 
cts of the SI,N, and Si metal additions on 

specimens, compositions based on MAS1 (26 M 
on GS44; in the lower set, compositions based 
melted on PY6. In both cases, the oxide mixtures resulted in stable droplets whic 
appeared relatively translucent. The addition of Si,N, powder t~ these mixtures produced 
a milky appearance with many small bubbles visible on the droplet surfaces. Further 
additions of Si powder appeared to suppress the bubble formation and produ~ed an 
opaque appearance on both droplets. 

The contact angles of the various mixtures, measured at room temperature, are 
given in Table 2 and are in a range that would make them suitable for brazing operations. 

melt stability. Jn the upper set of 
8 AI,Q,-62 sio, wt %) 
SI (33 Y20,-21 AI,O,- 
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YP17445 

I 

Fig. 1. Photographs of the surfaces of specimens of the MAS1 series melted on 
OS44 (top), and the YAS1 series melted on W6 (bottom). From left to right, the meb 
contain only oxides, oxides + s13N4, and oxides + Si3N4 + Si. Magnification: 2.2~. 

Table 2. Contact angle measurements for selected oxide mixtures melted on S13N4 

+ 20% Si3N4 1360 31 

+ 5% Si 1420 38 

YAS1 PY6 1350 26 

+ 20% Si,N4 1350 27 

+ 5% si 1360 33 
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- status of milestones 

Nons. 
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93-0551 -1 

93-05614 

1 
I -  

F@. 2. Scanning electron microscope micrographs of 
cross-sectioned droplet of YAS1+ 20 wt % SisN, + 5 wt % 
Si melted on W6. Droplet shape is shown in (a). Distribution 
of Si and reaction layer at the droplet surface am shown 
in (6). 
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3. Comparison of no e mixture compositions 

I.D. Condition 

MAS1 I Nominal 

I Actual 

MAS2 I Nominal 

I Actual 

c~n~ration, wt % 

57.0 I 19.0 I 24.0 I 0.0 

72.1 I 16.6 I 11.3 I 0.0 

I 10.3 I 48.7 I 0.0 

46.7 I 16.7 I 36.6 I 0.0 

47.0 I 23. I 30.0 I 0.0 
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1.4.2 Ceramic-Ceramic Joints 

Analytical and Experimental Evaluation of Joining Silicon Carbide to 
Silicon Carbide and Silicon Nitride to Silicon Nitride for Advanced Heat 
Engine Awlications 
G. J. Sundberg, J. A .  Wade, and C. S. White (Norton Company) 

OBJECTIVE/SCOPE 

Joins of hot isostatically pressed (HIP‘ed) Si3N,-4wt% Y,O, (NCX- 
5100 family) and sintered Beta-SiC (NCX-4500) were developed during 
Phase I of the contract and were demonstrated to have mechanical 
properties attractive for  advanced heat engine applications.’ An 
experimental database was developed for both materials based upon 
limited MOR and buttonhead tensile tests. Within the limitations of 
this database, analytical/numerical models were developed for 
prediction of join reliability. The purpose of this program is to 
develop joining technologies for HIP‘ed SiJ, with 4wt% Y,O, and for a 
siliconized Sic (NT-230) for various geometries including: butt 
joins, curved joins and shaft to disk joins. In addition, more 
extensive mechanical characterization of silicon nitride joins to 
enhance the predictive capabilities of the analytical/numerical models 
for structural components in advanced heat engines will be provided. 
Mechanical evaluation will be performed by: MOR at 22OC and 137OoC, 
stress rupture at 131OoC, high temperature creep, 2 2 O C  tensile testing 
and spin tests. 

‘TECHNICAL/HIGHLIGHTS 

Silicon Nitride Shaft To Disk - Spin Test (‘Task 1.4B) 

The demonstration of curved join quality similar to planar butt 
joins developed during Phase I of this contract allows application of 
the joining technique to more complex shapes, such as a simulat.ed 
rotor geometry. Five curved NCX-5101 joins o f  a shaft-to-disk 
configuration were fabricated (Figure 1) . Grinding of the densifi-ecl 
joins yielded the four-bladed spin test specimens (Figure 2). Five 
additional joins of the shaft-to-disk configuration were used to 
manufacture tensile specimens to determine tensile strength of the 
actual spin test specimen join geometry. 

The tensile specimens were pin-loaded with flat grip sections 
and cylindrical gage section with 0.1 in diameter a n d  1.0 in length 
(Figure 3). Two join interlayers were within the gauge of each 
tensile specimen oriented perpendicular to the gauge length. The 
tensile specimens are identified with two numbers: the first number 
was the shaft-to-disk join from which the specimen was ground and the 
second number differentiates between specimens from the same parent 
join (Table 1). Six of eight specimens tested failed from surface 
origins wit.hin t.he gage section away from the join interface (Figure 
4). The remaining two tensile specimens failed at the clevis-pin hole 
and were not considered valid. The mean tensile strength was 598 MPa. 
Weibull analysis of this limited data set suggests 0, = 636 MPa, m = 
8.2 (Figure 5). 

damage induced by machining in the regions of high curvature near the 
shaft, but away from the join. An example of surface damage is 
provided in the SEM micrograph in Figure 6. The failure speeds of the 
spin tests are given in Table 2 .  

Fractography suggests that all of the spin specimens failed from 
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Figure 1: Spin Test Specimen Blanks (Dimensions In Inches) 
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@ .420 

2.  

Figure 2 :  Spin Test Specimen Design (Dimensions In Inches) 
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Figure  3 :  Pin Loaded Round Gauge D Q ~ ~ O A Q  Tensile Specimen 

T a b l e  1: Round Gauge Dogbone Tensile Test Specimens 

Roam Temperature Fast F r a c t u r e  Data 
___ I ~- 1--- 

F a i l u r e  

Location 

L 

I -~ ( m a )  

Specimen # 1 Failure Stress 

9 #1 I 710.25 I qauqe ,  n o w j o i n  

9 # 2  I 6 6 0 . 5 0  I gauqe, non- - - jo in  

gauge, non- j o i r i  
c l e v i s  p i n  h o l e  

non- j  o i n  

17 #1 491.14 aauae I non-i  o i n  

13 lfl 

~~~~ ~~ ...... ....... ~~~~ 

.~ ....... ......... ~~ 

4'70. 9 3  
491.06 

....... ~ 

~- ...... ~ .~.~- .. 

17 #2 

19 #1 1 592.39 
3 5 9 . 7 6  

gauge, non- j oin 
I clevis Din hole 
! -~ ~- 
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Figure 4: Failure Origin Ccf A Silieoa l ? A t d & e  busad &wge Dogbone 
Tenoile Specimen #17-1 A t  SOOX Xagnification 
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p 8 0  R 
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o c  30 
F D  20 F 
F 
A z 10 
I 
L 
U 
R 
E 

5 

2 

188 1888 

STRENGTH CMPa) 

Figure 5: Weibull Probability Plot Of The Round Gauge Dogbone Tensile 
Specimens 
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1 
a) 500X Magnification 

b) 2000X Magnification 

F i g u r e  6: Failure O r i g i n  O f  A Silicon N i t r i d e  Spin Teat  Spechen #11 



Table 2:  Spin T e s t  Failure D a t a  

SPEC IHEN 

1 

2 

3 

4 

5 

Finit .e element analysis has been conducted to assess t.he stress 
levels assoc ia t ed  wi.th the s p i n  test and i s  near  completion. The 
stress d i s t r i b u t i o n  det.ermined f r o m  this analysis w i l l  be used i n  
conjunct ion wi th  the a v a i l a b l e  strength dat.a t o  es tabl ish failure 
predictions using CAF'.ES for comparison with the experiment,al data.  
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STATUS OF MILESTONES 

The following modifications to the S . O . W . ,  requested by Norton 
Company during this reporting period, have been accepted by MMES/ORNL. 

Milestone 2.1A will be considered complete; 
Milestones 2.1B, 2.2, 2.4A and 2.4B wi.11  be dropped; and 
the subcontract w i l l  be extended through December 31, 
1993. 

Milestones are on schedule according to the revised statement of work. 

COMMUNICATIONs/VISITS/TRAVEL 

None. 

PROBLEMS ENCOUNTERED 

See STATUS OF MILES'i'ONES section. 

PUBLICATIONS 

None. 
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1.5 CERAMIC MACHINING 

Cost-Effective Ceramic Machininq 
P. J. Blau (Oak Ridge National Laboratory) 

Obiective/scope 

The objective of this effort is to develop, in c~njuflction with bl, S. industry, 
advanced technologies and the associated scientific and economic concepts necessary to 
reduce the costs associated with the machining of structural ceramics, especially as 
related to the use of these materials in energy-efficient, low-emissions transportation 
systems. This effort consists of subcontracts to industry and in-house research at 
Oak Ridge National Laboratory (ORNL), Argonne National Laboratory, an 
Institute of Standards and Technology. Progress reports for other than t 
house research portion of this work may be found elsewhere in this pub 

of machining practices on the durability of ceramics for valve and valve seat appiications 
and (2) understanding and characterizing the detailed nature of machining-induced 
surface and subsurface damage and its evolution in advanced ceramic materials using a 
range of analytical tools. ?he scope of the first subtask includes both development of a 
repetitive impact testing machine to simulate operation of a valve and valve seal. in 
combustion engines and studying the effect of machining methods on the repetitive 
impact behavior of machined ceramics. 

The ORNL in-house research is ai ed at two subtasks: (1) investigating the effects 

Technical hiahliqhts 

Repetitive impact tests designed to simulate the interaction between valves and 
valve seats were continued on a range of Si,N, specimens obtained from different 
suppliers. The impact test configuration has been discussed in previous reports. The 
three silicon nitride materials being tested are: Kyocera SNZOM, Eaton sintered reaction- 
bonded silicon nitride (SRBSN) (six different conditions of machining), and Norton/Saint 
Gobain NCX-5102. 

The significant effects of relative humidity (RH) on the impact wear were reported in 
a technical paper accepted for publication in the Journal of the American Ceramic Society. 
Tests conducted in flowing dry nitrogen atmosphere ["dry" tests (< 3% RH)] showed 
significant amounts of wear compared to tests done under "humid" conditions. This 
difference is attributed to a change in the fracture mode of the ceramic surface 
microstructures. The formation of brittle SiO, glass at the crack tips may be mitigated by 
the presence of water, leading to a reduced crack propagation rate due to crack blunting 
in the region of the reaction products. 

In related work, NCX-5102 silicon nitride was machined by Chand Kare Technical 
Ceramics, Inc., under seven conditions to systematically investigate the effect of 
machining parameters on repetitive impact wear behavior. Tests have begun on these 
materials. 

been measuring the residual stresses of variously machined specimens that have been 
subjected to repetitive impact tests. Correlations between the residual stress state and 
the rate of impact wear are being studied. This work may lead to an article or short 
communication. 

In a cooperative effort, J. Bjerke of Caterpillar Technical Center, Peoria, Illinois, has 
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Work began on using the new Leitz scanning acoustic microscope, purchased 
c ~ e ~ h ~ o ~ ~ ~ ~  Proj 
and p ~ ~ i s ~ e ~  silk 

PI as feedback on his work. 

Future plans 

Work will continue on repetitive impact testing usin specimens of production metal 
ison with the ceramic valve ~ ~ ~ c ~ ~ ~ n ~ .  
e on correlating residual stress data with impact wear results. 
f Qptimizing acoustic ~ ~ ~ r ~ s ~ ~ ~ y  far ceramic ~ a ~ ~ i n ~ ~ g  studies will 

Status of milestones 

Qn schedule. 

North Dakota, s 
3 ,  W ~ r k i ~ ~  with 

~ u l ~ o ~ t  measurements and he! 
based on specific energy and surface roughness. 

a new parameter to assess ~ a ~ ~ ~ ~ a b ~ i j ~  

Dr. Joe Kovach and K. Ziegler, Eaton Corporation, visited OWNL on July 23, 199 
discuss results from the joint project on surface damage ch racterizatisn of ground 
ceramic specimens. 

P. J. Blau and S. Srinivasan attended the International Conference on Machining of 
A ~ v a n c e ~  Materials at the National Institute of Standards and Technology, Gaithersburg, 
Maryland, on July 19- 

~ Q o r ~ i n a t ~ n g  Meeting was he! ~ ~ f o ~  Inn, Oak Ridge, Te 
September 8, 1993, to review progress on the various subcontracts and in-house projects. 
Descriptions of all CECM projects were presented as was as a description of the related 
Defense Programs and User Center activities. 
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COST-EFFECTIVE C E W C  MACHINING 
Project Review and Coordination Meeting 

Comfort Inn 

Illinois and Rutgers Avenue 
Oak Ridge, Tennessee 

September 8, 1993 
8:15 a m  - 4:OQ pm 

Purpose of this Meeting: TAe purpose of this meeting is to review progress in the Depamnent of Energy, Office of 
T r a q o r ~ i o n  Materials. p j e c t  an Cost-Effective Ce.ramic Machining (CECM). Most invited speakars principal 
investigators from CEGM projects. A w d e e s  will be encouraged to critique aid discuss the amxu proje~~s.  A collection 
of extended abstracts for all CECM projects will be provided at the meeting. 

8:15 

8:45 
9:oo 

9:15 
9:45 

1o:oo 

10:30 

1l:QQ 

11:30 

1 :QQ 

1:3Q 

2:OQ 

2 3 0  

2:45 

3:15 

3:3o 

3:45 

Schedule of Presentations 

Overview of the Cost-Effective Ceramic Machining Project - P. J. Blau, ORNL 

Relationship ofthe CECM Project to the Low Cost Ceramics Effort - D. R. Johnson, O W L  

Environmental Stpfety and Health Aspects of Ceramic Machining - R. Ogle, ORNL 

Japanese Ceramic Machining Technology - 3. P. Bandhyopadhyay, U. of N. Dakota 

Break 

High-speed, Low-Damage Grinding - J. A bvach ,  Eaton Corporation; S. Malkin, U. of Massachusetts 

NIST Ceramic Machining Consortium - Said Jahanrnir, KIST 

Development of the Next-Generation Grinding Wheel for Ceramics - speaker to be announced 

Lunch 

Development of a Compact Gdndability Test System for Ceramics - speaker to b announced 

Repeated 'impact Testing of Ground Ceramics for Valve Applications - S. Srinivasan, ORNL 

Chemically-Assisted Grinding of Ceramics - S. M. Hsu, NIST 
Break 

Development of Novel Laser-Scattering Methods for In Situ Flaw and Damage Detection - 
W. Ellingson, ANL; M. Hazelkom, Caterpillar, Inc. 

Status of the Ceramic Manufacturability Center and Machining CRADA's - speaker b be announced 

F'uture Plans and General Discussion 

Concluding Remarks - P. J. Blau. ORNL 

Fig. 1. Program for the CECM Coordinating Meeting in September 1993. 
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Problems encountered 

None. 

ay and P. J. Blau, Suwev 08_ Ceramic Machinins in Jagan, 
Marietta Energy Systems, Inc., Oak Ridge Natl. Lab,, July 1993. 

2. S. W. Srinivasan and P. 4. Blaiu, "Effect ob Relative Humidity an the Repetitive Impact 
achined Silicon Nitri e Surfaces," accepted for publicali PI by J. Am. G e r m .  

SOC. (1 993). 

3. J. A. ~Q~~~~~ P. 4. Bhu, S. Malkin, S. Srinivasan, €3. 
"A Feasibility lnvestigatisn of High Speed, bow Damage 
in P r ~ c .  of the Fiffh International Grinding Conference, Val. I ,  Octo 



Grindinp Optimization f o r  Advanced Ceramics 
Said Jahanmir (National Institute o f  Standards and Technology) 

Obiective/Scope 

The overall objective of this project is to develop guidelines and 
recommendations for grinding optimization o f  advanced structural ceramics 
to achieve minimum cost arid maximum reliability. The following steps are 
being taken to achieve the objective: conduct grinding experiments jointly 
with industrial participants, determi-rie effect of  grinding parameters on 
machining damage and strength, elucidate mechanisms o F material removal 
and damage formation, evaluate several damage detection techniques , and 
transfer data and information to industry in computerized database format. 

Technical Progress 

a) Backnround 

Advanced structural ceramics, such as silicon nitride, are attractive 
for many advanced engine applications due t o  their high strength at 
elevated temperatures, resistance to chemical degradation, abrasive wear 
resistance, and Low density, Despite these advantages, there are 
considerable impediments to the introduction of ceramics. Recent 
comprehensive studies have indicated that with current technology, 
fabrication costs are high and component re1 iability is uncertain. 
Machining was identified as a major contributor to both high c o s t  and low 
reliability. The cost of  machining can he as high as 90 percent of Lhe 
total cost o f  some high precision components. Damage produced during 
machining can be detrimental to the performance, and can produce premature 
failure. Many industrial laboratories and companies have indicated that 
machining data and guidelines are badly needed for optimization of 
grinding, in order to produce cost-effective ceramic components. 

The NTST Ceramic Machining Corisortium has been established to provide 
measurement methods, data, and mechanistic information needed by industry 
to develop innovative cost-effective methods for machining advanced 
structural ceramics. Currently, the consortium has 17 members - Ceradyne, 
Cincinnati Milacrori, Corning, Dow Chemical Company, Ea ton Corporation, 
Ford Motor Company, GE Supcrabrasives, General Motors, Nortcn, SAC 
International, Sonosean, Stevens Ins titutc o f  Technology, Texas A&M 
University , Therm Advanced Ceramics, Tower Oil and Technology, University 
of Maryland, and W. K. Grace 6 Company. In addition to the projects on 
Grinding Optimization for Advanced Ceramics, Ceramic Machinability 
Database, and Characterization o f  Machining Damage, which are described 
herein, research is performed on Nano-precision Grinding o f  Silicon 
Nitride Bearing Materials, Chemomechanjcal Effects in Drilling and 
Grinding of Ceramics, and Characterization of Ceramic Grinding Process. 
Consortium members participate in these projects by providing materials, 
testing, advice, and other in-kind contributions. Funding for the 
projects are provided by DOE - Ceramics Technology P r o j e c t ,  DARPA - 
Ceramic Bearing Technology Program, U.S. Navy - Manufacturing Technology 
Program, NIST - Ceramics Division, NIST - Office of Intelligent 
Processing of  Materials, and NlST - Standard Reference Data Program. 
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b)  In t roduc t ion  

Grinding with diamond whee1.s i.s the  m o s t  p reva len t  method of machining 
advanced ceramics .  This machining method i s  high1.y complex and i t s  
op t imiza t ion  r equ i r e s  d e t a i l e d  knowledge of many interdependent  f a c t o r s .  
The major elements of a gr inding  system a r e  the  g r ind ing  wheel, the  
g r ind ing  f l u i d ,  t he  machine t o o l ,  and the  workpiece. Each of these  i s  
a s s o c i a t e d  wi th  s e v e r a l  parameters that: can inf luence  the gr indixg 
p rocess .  For  example, the  type o f  diamond g r i t ,  i t s  s i z e  and 
concen t r a t ion ,  as we l l  a s  t he  bonding ma te r i a l  c o n t r o l  t he  behavior  o f  the  
g r ind ing  wheel. The chemical and phys ica l  p r o p e r t i e s  o f  the  gr inding 
f l u i d ,  and method o f  de l ive ry  t o  the  gri-nding zone c o n t r i b u t e  to the  
g r ind ing  r a t e  and the  q u a l i t y  of f i n i s h e d  surEace. The v a r i a b l e s  used i n  
g r ind ing  such a s  feed  r a t e  and wheel su r f ace  speed,  and the machine t o o l  
c h a r a c t e r i s t i c s  such as s t i f f n e s s  and v i b r a t i o n  a r e  major f a c t o r s  i n  
g r ind ing .  The workpiece materi-a1 and i t s  p r o p e r t i e s  a r e  important f a c t o r s  
i n  the s e l e c t i o n  of t he  gr inding  parameters,  s i n c e  each m a t e r i a l  responds 
d i f f e r e n t l y  t o  the  gr inding  a c t i o n .  

Optimizat ion o f  the gr inding  process  c o n s i s t s  of f i n d i n g  the  most 
appropr i a t e  s e t  ( o r  s e t s )  o f  parameters t o  be used f o r  each ma te r i a l  such 
t h a t  a maximum machining r a t e  i s  obtained and a t  t he  same ti.me r e l evan t  
performance paraiiieters such as s t r e n g t h  and/or su r face  roughness a r e  
maintained a t  t he  r equ i r ed  1-evel. This ob jec t ive  requi-res da t a  and 
information on the  e f f e c t  of gr inding  parameters on m a t e r i a l  removal r a t e ,  
s t r e n g t h ,  su r f ace  roughness,  su r f ace  i n t e g r i t y ,  r e s i d u a l  s t r e s s  and 
o t h e r s .  I n  a d d i t i o n  t o  these  dalsa, d e t a i l e d  i-nformation on the  mechanisms 
of m a t e r i a l  removal. p rocesses ,  and r e l i a b l e  methods f o r  damage de tec t ion  
a r e  r equ i r ed .  

c )  Grinding - Optimizat ion SAC& 

Thi.s p r o j e c t  has been planned i n  th ree  phases .  I n  Phase I ,  the  
p a r t i c i p a t i n g  consortium members were asked to use t h e i r  experience i n  
s e l e c t i n g  gr inding  condi t ions  t o  be used i n  the  s tudy .  Each p a r t i c i p a n t  
machined one s e t  o f  f l exure  t e s t  b a r s  ( 2 8  t o  3 0 ) ,  which were then  t e s t e d  
and cha rac t e r i zed  a t  N I S T  f o r  sur face  i n t e g r i t y  and f r a c t u r e  s t r e n g t h .  
Grinding was performed along the  length  of the samples,  i . e . ,  p a r a l l e l  t o  
t:he major t e n s i l e  a x i s  i n  fou r -po in t  bending. The s u r f a c e  roughness w a s  
determined by a 3-D s t y l u s  su r face  prof i lometer ;  and the  su r faces  were 
cxnmi-ned by scanning e l e c t r o n  microscopy t o  eva lua te  the  su r face  
cond i t ion .  The t e s t  b a r s  were subjec ted  t o  fou r -po in t  bend t e s t s  according 
t o  t:he ASTM Standard C 1 1 6 1 .  The f r a c t u r e  s t r e n g t h  d a t a  were analyzed 
us ing  Weibull s t a t : i . s t i c s .  Two types o f  s i l i c o n  n i t r i d e  materia1.s were 
s e l e c t e d  f o r  t h i s  s tudy:  reaction-bonded (RBSN) and s i n t e r e d - r e a c t i o n -  
bonded (SRBSN) . Six d i f f e r e n t  gr inding condi t ions  were used t o  prepare 
the  f l e x u r e  ba r s  us ing  volumetr ic  ma te r i a l  reinoval r a t e s  which v a r i e d  from 
30 t o  1 7 3 7  mm3/min. The d i f f e r e n t  removal r a t e s  w e r e  achieved by using 
va r ious  combinations o f  down feed ,  c ros s  f e e d ,  and t a b l e  speed. I n  
a d d i t i o n  t o  these  experiments ,  t h ree  of the  gr inding  cond i t ions  were used 
t o  g r ind  f l e x u r e  b a r s  i n  the  t ransverse  d i r e c t i o n ,  i . e . ,  g r ind ing  
perpendicular  t o  the  major t e n s i l e  ax-is i n  f o u r - p o i n t  bending. These 
samples were used t o  eva lua te  the  eEEect of gr inding  d i r e c t i o n  on s t r e n g t h .  
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Figure 1 shows that although the volumetric material removal rate 
(if e. , grinding condition) had no influence on the characteristic strength 
of the samples ground in the longitudinal direction, the strength of the 
samples ground in the transverse direction is reduced as the removal rate 
is increased. The strength reduction by grinding in the transverse 
direction appears to be material dependent, and is larger for the sintered 
reaction-bonded silicon nitride (SRBSN) than for the reaction bonded 
silicon nitride (RBSN). This finding can be justified due to the lower 
microstructural defects in the latter material. 

I n  phase two of- this project, a statistical design of experiments will 
be employed to systematically analyze the effect of various grinding 
parameters. The aim of  this study is to achieve high removal rates while 
maintaining an acceptable level of surface roughness and strength. It is 
also planned to identify the material removal mechanisms as a function of  
grinding parameters, and to use fractography to identify fracture 
initiation sites. A factorial design of experiments has been developed 
fur this study, which will be performed on three types of silicon nitride 
materials: reaction-bonded (RBSN), sintered reaction bonded (SRBSN), and 
sintered si.licon nitride (SSN). The material billets have been obtained 
from the consortium members, and have been sent out for slicing and sample 
preparation. 
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Figure 1. Effect of  grinding direction and volumetric material removal 
rate on characteristic strength of two types of silicon nitride. 

The factorial design developed for the next phase consists of a z 4  
partially confounded, incomplete black design, with two replications for 
each material. In addition to the eight consortium members, who will 
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p a r t i c i - p a t e  i n  these  t e s t s ,  two mcmbers and NIST w i l l  perform optlional 
t e s t s .  The pararrietiers planned f o r  t he  gr inding  t e s t s  a r e  o u t l i n e d  i n  
Table 1. According t o  t h i s  p l a n ,  t a b l e  speed,  down f e e d ,  wheel g r i t  s i z e ,  
and g r ind ing  d i rec t i .on   will^ be used as the  v a r i a b l e s ;  a l l  o the r  factors 
a r e  d e f i n e d ,  and w i l l  be kept: c o n s t a n t .  The gr inding  wheels have beer! 
prepared i n  one ba tch  by Cinciririati Milacron wich diamond p a r t i c l e s  
supp l i ed  by GE Superabrasives .  A l l  s l i c i - n g  and p re -g r ind ing  w i l l  be done 
by one vendor ,  s e l e c t e d  by the  consortium rnembcrrs, t o  ens ine  uni formi ty  o f  
su r f ace  cond i t ion .  The f l e x u r e  b a r s  wi1.l be prepared 0 , 1 2 5  mm oversized 
i n  t h i c k n e s s ,  t o  a l l o w  a s u f f i c i e n t  amount o f  ma te r i a l  f o r  removal during 
f i n a l  g r ind ing .  .,The f l e x u r e  b a r s  w i l l  be r e tu rned  t o  NTST by the  vendor 
f o r  randomization and d i s t r i - b u t i o n  t o  the  p a r t i c i p a n t s .  

Table 1. Grinding Parameters Used i n  the  F a c t o r i a l  Design 

Level 1 JdeYd.2 Lr;rell 
(optiom!) 

Table Speed: 0.025 m / s  0.125 m/s 0.250 m k ,  0.0025 mls 
15 ftirmn) (25 Wmin) (50 ttlmin, 0.5 Wmin) 

Down Feed: 0.050 m 0.125 0.500 mm 
1 0.002 "1 (0.005 ' I )  (0.02") 

Cross Feed: full sample width for 11 and 3.5 ram for I - 
Wheel Speed: - 3 0 d s  

(rn Wmin) 

Wheel Grit Size: lj0* so* 320** 

Concentration: 100 100 63 

Grindmg Fluid: ---- CIMPEFUAL HD90 -_ *** 

Direction: 1 both 

Defme coolanr flow rate and pressure. 

* Phenolic resin bond uneeys-ro'be supplied by Cinemati Milacron and 
GE Superabrasives 

* Example: SD 320R 100 BX 619C 

T**Select from: CIMTECH GL2015, CiMTECN 420, CX-451A 
or use NIST additives 

Each p a r t i c i p a n t  w i l l  r ece ive  complete i n s t r u c t i o n s  f o r  perEorming the 
f i n a l  g r ind ing .  The t e s t  order  w i l l  be  randomized t o  elirnixiate sys temat ic  
e r r o r s .  I n s t r u c t i o n s  w i l l  inc lude :  a method f o r  t r u i n g  and d res s ing  the  
wheel,  d re s s ing  frequency,  and va lues  of f i x c d  parameters .  A sample t e s t  
o rde r  f o r  one p a r t i c i p a n t  is shown i n  Table 2 .  The p a r t i c i p a n t s  w i l l  be 
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asked t o  subinit information such a s  machine too l  c h a r a c t e r i s t i c s ,  gr inding 
fo rces ,  and o the r  p e r t i n e n t  da t a .  Throughout the  s l i c i n g ,  pre-gr inding ,  
and f i n a l  gr inding ,  each f l exure  ba r  w i l l  be t racked a s  t o  the  ma te r i a l  
type and b i l l e t s  and\or batch number. The f in i shed  f l exure  ba r s  w i l l  be 
re turned  t o  the  vendor f o r  chamfering, before  f i n a l  submission t o  NIST.  

Table 2 ,  Sample Test  Order f o r  One Pa r t i c ipan t  

Laboratory 5:  
Date: 

4 

Ccnnmcnts: 

4 

Ccnnmcnts: 

.............. .... _____ 

1.m 

........ 

80 

........... 

5 t m s  cacti from billclF l.2,1.4.5. and 6 

4 l i m  c3cli Tmni hillcts 1,2,3,4.S.h, and 7; 
? IXWS rrcrnl billct 8 

10 b2rr 

30 bsrs 

5 Imrs Eixh frwn Ml lcu  1,2.3,.4.5, and 6 

4 bars cacti from hillets 1.2.3.4.5.6, and 7: 
2 bars from billct 8 

. .............................-.....__I 

n 
......... . - 

.......... .. ~~.___.___I_______ 

..... - ____ 

......... 'I 

The f l exure  ba r s  w i l l  be charac te r ized  a t  NIST f o r  sur face  i n t e g r i t y  
and dimensional t o l e rance .  A l l  samples w i l l  be t e s t e d  f o r  s t r eng th  using 
the  ASTM four -poin t  f l exure  t e s t i n g  procedure,  and the  da t a  w i l l  be 
analyzed using the  Weibull s t a t i s t i c s .  S t a t i s t i c a l  comparison w i l l  be 
made t o  eva lua te  the  e f f e c t s  of main parameters and i n t e r a c t i o n s  between 
the  main parameters.  Although it would be des i r ab le  t o  perform complete 
f ractography,  t h i s  may not  be poss ib le  due t o  the  l a rge  number o f  f l exu re  
b a r s ,  i . e . ,  over 3000. Therefore,  only s e l e c t e d  f r a c t u r e  surfaces w i l l  be 
analyzed t o  d e t e c t  f a i l u r e s  due t o  machining damage. These da ta  and those 
cu r ren t ly  being gathered from l i t e r a t u r e ,  w i l l  be used i n  the  Ceramic 
Machinabili ty Database. 

b) Ceramic Machining Database 

The Ceramic Machinabili ty Database w i l l  provide easy access  t o  
machinabi l i ty  da t a  f o r  d i f f e r e n t  types o f  ceramics and w i l l  he lp  use r s  
such as manufacturing engineers ,  too l ing  managers, and machinists develop 
machining plans f o r  c o s t - e f f e c t i v e  production of  ceramic p a r t s .  For 
example, the  manufacturing engineer may have already se l ec t ed  the ma te r i a l  
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t o  be used f o r  the  p a r t  and the  necessary machining opera t ions ,  bu t  does 
not know what machining parameters t o  u se .  The database w i l l  provide t h i s  
inEormation f o r  the se l ec t ed  materi-al .  

Sehrch Cntena 

Marh;rung Operailon 

Alununm O d e  

&con Carlndc C ____- 

wh moiise or use tab to 
0 / I  

Figure 2 .  Mater ia l  Se lec t ion  Screen i n  the  Database 

The func t iona l i t y  o f  the  database has been developed. The user  w i l l ,  
i n  general., input c r i t e r i a  t o  ob ta in  the da ta  t h a t  i s  desi.red from a l l  of 
the  da ta  wi th in  the  database.  A t yp ica l  search of the  database begins 
with the  user  choosing the mater ia l  o f  i n t e r e s t .  One o f  the  screens used 
f o r  conducting such a search i s  shown i n  Figure 2 .  The user  then chooses 
the  machining operat ion o f  i n t e r e s t .  Next, the user  may view a l l  of the 
records corresponding t o  t h a t  materi-a1 and machining opera t ion ,  o r  may 
f u r t h e r  narrow the  search by soiiie c r i t e r i a .  For example, the  user may 
wish t o  look  only a t  records where the r m s  roughness produced by machining 
the  mater ia l  is  wi th in  a c e r t a i n  range. This i s  shown i n  Fi.gure 3 .  After 
al.1 of  the search c r i t e r i a  has been en tered ,  the  user  h i t s  the "DONE" 
bu t ton  and the records contained i n  the  database t h a t  s a t i s f y  the  search 
c r i t e r i a  a r e  displayed.  The user  can order ~ I i e s e  records ,  view them one 
a t  a time o r  see  them a l l  a t  one t ime. The records contain complete 
machining parameters and measured r e s u l t s  o f  machining such as s t r eng th ,  
sur face  roughness, and machining forces .  The user  can fu r the r  manipulate 
these  results by comparing them graphica l ly .  

The datiabase package FoxPro f o r  Windows (Microsoft)  has been purchased 
and the  ac tua l  dataliase t ab le s  f o r  th i s  app l i ca t ion  have been crea ted .  
FoxPro was chosen because it  has a l l  t he  f ea tu re s  needed t o  c r ea t e  t h i s  
a p p l i c a t i o n ,  i.t i s  easy t o  u se ,  i.t i s  a popular and wel l  es tab l i shed  
database package, and the programs can be compiled t o  run on D O S ,  Windows, 
Macintosh, and Unix based computiers . 
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. . . . . . . .. . . . . . . . . . . . 
_..____ 

Material 

Slbcon Nimde Equrvaltnt Chp Thickness 

Qrce I 

Figure 3 .  Search Criteria Screen in the Database 

c) Characterization of  Machininn Damane 

The objective o f  this study is to compare various techniques fo r  
detection and evaluation of  machining damage. Taper-sectioning has been 
used for this purpose, and a few samples have been analyzed for machining 
damage by ultrasonic techniques and thermal wave measurement. It is also 
planned to use x-ray diffraction for residual stress measurement. The 
results of taper-sectioning and fractography on the longitudinal ground 
samples have been complementary in showing no machining damage under the 
various grinding conditions used in the first phase of this project. The 
preliminary results obtained by ultrasonic techniques and thermal wave 
measurement are encouraging; some of  these results are described in this 
report. 

The thermal-wave measurement technique is a powerful tool for 
evaluating the thermal properties o f  materials. This technique i .s based 
on the measurement o f  temperature distribution (both in time and in space) 
generated by localized heating o f  the material being tested. It has the 
advantages of being non-destructive and non-contact, and it can provide 
information on the thermal properties of the material as a function of 
depth. In our study of ground silicon nitride specimens, the samples were 
locally heated by a modulated laser beam. T h i s  modulated heating 
generates a changing temperature distrjbution, i.e. thermal wave, in the 
sample and in the air above the sample. The thermal wave in the air 
causes a modulated change of  the index o f  refraction. The temperature 
distribution is then detected by measuring the deflection of a probe laser 
beam passing through the air near to the sample surface. This method is 
sometimes referred to as the mirage-effect thermal wave technique; and it 
is, in principle, sufficiently sensitive for the detection o f  surface and 
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near sur face  microcracks,  because the  microcracks can change the  l o c a l  
thermal f l u x .  

The prel iminary r e s u l t s  obtained f o r  ground SKBSN specimens a r e  
summarized i n  Figure 4 .  The gr inding condi t ions ,  the volumetric removal 
r a t e  and the  sur face  roughness of the samples a r e  l i s t e d  i n  Table 3 .  In 
Figure 4 ,  the  phase o f  the  mirage d e f l e c t i o n  s i g n a l  ( i n  radian)  i s  p l o t t e d  
aga ins t  the  r e l a t i v e  pos i t i on  between the  two l a s e r  beams. The d i f f e r e n t  
s lopes  observed i n  Figure 4 f o r  the  samples prepared under d i f f e r e n t  
condi t ions  ind ica t e  di . f ferent  time delays f o r  the  hea t  d i f fus ion  process 
i n  the  specimens. Figure 5 ind ica t e s  a d i f fe rence  between a base l ine  
pol ished sample and the  ground samples, and a l s o  a poss ib l e  c o r r e l a t i o n  
between the  thermal wave si.gnal and vol.umetric removal r a t e  f o r  the ground 
samples. Although the sur face  roughness o f  the  ground samples does no t  
c o r r e l a t e  wi.th the  thermal. wave r e s u l t s ,  Figure 6 shows t h a t  the  base l ine  
pol ished sample produces a s i g n a l  which i s  d i s t i n c t  from (:he ground 
su r faces .  A more de t a i l ed  study i s  planned t o  explore f u r t h e r  the 
f e a s i b i l i t y  of the  thermal wave technique f o r  de t ec t ion  o f  machining 
damage of  ceramics.  

2.0 

1 .o 

0.0 

-1 .0 

Position (pm) 

Fi.gure 4 .  Thermal wave r e s u l t s  obtained on SRBSN samples prepared by 
pol i sh ing  and by d i f f e r e n t  gr inding condi t ions .  (The da ta  poin ts  a r e  
i d e n t i f i e d  i n  Table 3)  
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Table 3 .  Ground Surfaces Evaluated by Thermal Wave Measurement 

+ (Condition A) 

(Condition 8)  

(Condition D) 

(Condition H) 

(Polished) 

30 

59 

31 0 

1737 

Surface roughness 
(!-w 

0.32 

0.2 

0.1 8 

0.37 

0.01 

35 

P 
30 - 

25 - 

20 - 

15 - 

f $  Polished 

10 I I 1 

1 1 0  1 0 0  1000 10000 

Volumetric Removal Rate (mm 3 /min) 

Effect  oE volumetric mater ia l  removal rate on the slope o f  the  
phase change detected by thermal wave measurement 01-1 SRBSN. 
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Figure 6 .  A comparison between the  thermal wave r e s u l t s  on a pol i shed  
b a s e l i n e  sample and ground samples o f  SRBSN. 

S t a t u s  of M i l e s t o j s s  

1. Prepare 300 specimens ground under " b e s t  in-house" condi t ions  t o  
e s t a b l i s h  bounds f o r  a more extensive d a t a  program (Sep t .  I, 1 9 9 2 ,  
Completed). 

2 .  Complete f r a c t u r e  t e s t i n g ,  c h a r a c t e r i z a t i o n ,  and prel iminary 
s t a t i s t i c a l  a n a l y s i s  of da t a  (Dec. 1, 1992, Completed). 

3 .  Evaluate f e a s i b i l i t y  of  thermal wave measurement on s e l e c t e d  f l exure  
specimens ground under d i f f e r e n t  condi t ions  (Apr. 1, 1993, Completed). 

4 .  S e l e c t  gr inding  condi t ions  based on s t a t i s t i c a l  design o f  experiment:s, 
and d i s t r i b u t e  a d d i t i o n a l  2000 f l exure  ba r s  f o r  gr inding  (Jun .  1, 1 9 9 3 ,  
On Schedule) .  

5 .  Develop a pre l iminary  database s t r u c t u r e  t o  be used f o r  da t a  c o l l e c t e d  
i n  t h i s  s tudy and those toll-ected from l i t e r a t u r e  (Sep t .  1, 1993, 
Completed). 
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C/wnicallv Assisted Machining of Ceraraics 
S. M. Wsu, T. N. Ying, J. Gu, Y. S. Wang 
(National Institute of Standards and Technology) 

Obj ective/Scope 

The ceramic industry has identified the lack of a rapid low-cost ceramic machining 
technology as one of the major barriers for widespread use of ceramics. Current machining 
technology for ceramics is slow and labor intensive. Residual surface damage on machined 
surface and the characterization of such surface defects are the key industrial concerns. This 
project aims to increase the machining rate of ceramics using chemical reactions at the interface. 
The chemical reactions could change the hard ceramic surface into somcthing softer hence 
reduce the contact stresses and damage. The reaction product layer produced could also change 
the conditions at the interface between the diamond abrasive and the ceramic surface seducing 
the wear of the diamond thus increasing the machining rate, Si,N, is the main material of focus, 
but other materials such as SiAlON or Sic  will also be cxamined. 

The project involves several subtasks including: 

1. Development of a bench test simulation to allow screening of chemistries under 
well-controlled conditions. Identify new chemistries that can significantly improve 
the rnachining rate of ceramics, especially for silicon nitrides" 

2. Set up a surface grinder and develop test proc ures to test and validate various 
chemistries identified in the bench test. 

3. Characterize the quality of the machined surface. Develop a simple test method 
that can link surface damage from machining to strength. Establish surface 
quality using such technique for various chemistries. 

4. Establish limits of performance and applicability of the chemistry on different 
material compositions and processes. Establis optimum machining conditions 
for each chemistry, material combinations. 

5 .  Validate the concepts and methodology in industrial applications. 

Technical Progress 

SCREENING OF CHEMISTRIES 

A simple cutting device (VC-SO diamond saw made by Leco Corp.) was used as the 
screening tool for various chemistries. The cutter has a maximum linear speed of 3.3 m/sec. 
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with a diamond cutting wheel of 12.7 cm diameter, 0.35 mm thick. The average diamond grain 
size is 50 pm and the diamond is bonded by copper. Before each test, the diamond wheel is 
dressed by a dressing stone for consistent initial cutting condition. The loading mechanism was 
modified to accommodate a dead weight loading system. A displacement transducer was 
attached on the loading arm to measured the cutting rate. The transducer was linked with a data 
acquisition system and a computer. The cooling fluid container was replaced by a plastic zipper 
bag. For each test, a new bag is used to avoid cross contamination of chemicals from test to 
test. The apparatus is shown in Fig. 1. 

Baseline data on a silicon nitride supplied by Kennarnetal Corp. were obtained using 
cunent commercial cutting fluids used in NIST machine shop. For a rectangular bar of 4.6 x 
16.5 mm, the time it takes to cut through the bar under a constant load of 7 N is from 248 sec. 
to 700 sec. depending on the fluid. For deionized water, the cut-through time is 1800 sec. 

Previously we have demonstrated the functional dependence of cutting rate of silicon 
nitride as a function of the cutting fluid chemistry. Different fluids have different time decay 
characteristics, i.e. the cutting rate decreases with time. The cutting rate can be divided into 
two stages: the initial rate and the steady state rate. The initial cutting rate K, can be 
measured by the steepest slope method based on the cutting data at the beginning of the test. 
After some time, the cutting rate gradually decreases towards a steady state rate which can be 
measured by the average slope of the data using a least square method and can be defined as K,. 
The interception of the two slopes defines the transition time Ti which measures the time it takes 
for the initial rate to change to the steady state rate. The loss of cutting efficiency L, then can 
be defined as: 

Ki - Ks 
Le=- % 

Ki 

Using these terms, we now have a quantitative description of the process. This is important to 
characterize different fluids. 

Tables and 2 present the data collected to date in organic and aqueous solvents. The tests were 
conducted with different chemical compound classes. In general, the loss of cutting efficiency 
in aqueous fluids is much higher than that of the organic-based fluids. This suggests that the 
current technology in water-based fluids can be improved significantly. The data also suggest 
that one of the ways to achieve high cutting rate is to use a fluid chemistry that can keep the 
initial cutting rate as long as possible. 

So far, almost all of the data were obtained from a diamond blade cutting a rectangular silicon 
nitride piece. Although the data are useful to screen the chemistries, some issues important in 
the grinding operation cannot be simulated, such as the constant feed rate, down feeding, cross 
feeding etc. To validate the effect of the cutting fluids on grinding operations, the fluid has to 
be tested on a surface grinder. 
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Displacement 

1!-_ Computer 

Figure I Schematic diagram of modified cutting tester. 
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GRINDING TEST 

The model of the surface grinder used is MD-1428AD from Mitek Machine Tools. The 
grinding machine is schematically shown in the Figure 2. A three dimensional force transducer 
is mounted underneath the sample. The normal force and the tangential force can be measured 
as the sample is machined. A software named Labview i s  used to record and analyze the data. 
During the machining, the sample was just submerged in the. fluid contained in a small reservoir. 
This modification is necessary to avoid cross contamination of the fluids and also to avoid the 
sometime inconsistent cooling which is a function of the nozzle position. 

The transducer is calibrated by dead weights. Figures 3 and 4 show the calibration data on the 
three dimensional force transducer. X represents the grinding direction, Y cross table movement 
direction, and Z the normal direction perpendicular to the specimen surface. The sensitivity of 
the transducer in the 2 direction is 0.17 pmlv-N. The sensitivity in the Y direction is 0.57 with 
the extension voltage of 10 volt. The gain of the amplifier is 4,oocB. The relationship between 
the input load and output voltage readout for the Z direction is: 

1 N = 0.17 x 

In the X and Y direction, 

1 N = 0.67 x 10" (v/v) x 

(v/v) x O(v) x 4000 = 0.0068 (v). 

0 (v) x 4000 = 0.0268 (v). 

After calibration, fluids were tested on the surface grinder. 

Based on the results of the cutting tests, selected chemicals were tested on the grinding 
machine. The chemicals used in the initial tests are CMOl, CM03, CMM, CM10, CMI 1 and 
CM47 (where CMOl, CM03, CM04 and CM47 are water based, CMlO and CM11 are organic 
based). The conditions of the grinding tests are: diamond abrasive size= 180 grit, wheel linear 
speed=23.4 m/s, wheel diameter=260 mm, wheel width=6.5 mm, down-feed s@=0.0127 
mm deep, average table speed=O.12 m/s, cross speed=2.5 mmjstroke. The silicon nitride 
specimen was immersed in the grinding fluids during the grinding tests. The specimen holder, 
the diamond abrasive wheel and the cover are thoroughly cleaned with water and alcohol and 
wiped to dry with paper towels before each test to prevent cross contamination. The specimen 
was mounted on the 3-D force transducer. The horizontal forces, the normal forms, the friction 
coefficient and the surface roughness are the primary parameters which were taken to evaluate 
the grinding process. 

TEST RESULTS 

The results of the grinding test are shown in Table 3 and Figures 5-10. Table 3 shows 
the summary of the maximum horizontal and vertical forces under different chemical fluids, the 
corresponding ratio of the horizontal and vertical forces (or friction coefficients), average surface 
roughness and the maximum surface roughness after grinding test with each chemicals. 
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\ X direction movement *- 

Surf ace Grinder 

I Computer1 

------I 

Figure 2 Schematic set-up of grinding machine. The wheel linear speed: 23.4 d s ;  
down feed speed: 0.0127 m/s; table speed: 0.12 d s ;  cross speed: 2.5 d s .  
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Figure 3 Calibration curves on the forces in the X and 2 directions. 
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Table 3 Summary of horizontal force, vertical force, friction coefficient and 
roughness of ground surfaces 

SURFACE 

ROUGHNESS 

(/lm 1 

HORIZONTAL VERTICAL FRICTION 

FORCE COEFFICENT FORCE 1 GRD 
I 

# 
FORMULATION 

AQUEOUS BASED 

42 Deionized 30.0 127 0.236 0 .65  5 . 5 0  

44 21.4 123 0.174 4.70 CMO1 (4%) 0.56 

0 . 5 3  

(commercial) in 

DI H,O 

-- 
171 43 0.202 CM04 ( 1  %) in 

DI H,O 

CM47(5%) in 

DI H,O 

ORGANIC BASED 

34.5 4.48 

4.92 45 150 0.1 84 0.59 27.5 



0.5 

0.4 

0 . 3  

0.2 

0.1 

0.0 
0 

Figure 5 

I 

200 400 
Time 

1 

600 
(0.1 s e c )  

800 1000 

Friction coefficient of grinding test in CM03 with down feeding speed of 
0.0127 mds, cross feedhg speed of 2.5 d s t r o k e .  
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Figure 6 Friction coefficient of grinding test in CMOl with down feeding speed of 
0.0127 d s ,  cross feeding speed of 2.5 &stroke. 
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Figure 7 Friction coefficient of grinding test in CM04 with down feeding speed of 
0.0127 d s ,  cross feeding speed of 2-5  m/st roke .  
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Figure 8 Friction coefficient of grinding test in CM47 with down feeding speed of 
0.0127 d s ,  cross feeding speed of 2.5 d s t r o k e .  
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Figire 9 Friction coefficient of grinding test in CMlO with down feeding speed of 
0.0127 mxn/s, cross feeding speed of 2.5 &stroke. 



183 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

I I 7 1 

0 200 400 600 800 1000 

Time (0.1 s e c )  

Figure Ib Friction coefficient of grinding test in CMll  
0.0127 d s ,  cross feeding speed of 2.5 d s t r o k e .  

with down feeding speed of 
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Figures 5-10 show the coefficient of friction measured from the grinding tests. Figure 
5 shows the friction coefficient in water (CM03). Figure 6 shows friction coefficient results 
in a commercial water-based fluid (CMO1). Figure 7 shows the coefficient of friction results 
in a candidate fluid, CM04. Notice the increase of the vertical force from 123N and 127N to 
171N as shown in Table 3. Figure 8 shows the coefficient of friction results in another 
candidate water-based fluid, CM47. In this case, there are spikes in the friction trace, but the 
normal force is still substantially higher. For water-based fluids, we need to explore the 
concentration effects. The surface roughness measurement suggests that there are some 
improvements, but the effect is minor. 

For organic-based fluids, Figure 9 shows the coefficient of friction results in a 
commercial baseline fluid, CMlO. Figure 10 shows the coefficient of friction results in a 
candidate fluid, CM11. Notice the low friction value and the extraordinary high normal force. 
The surface roughness of the machined surface is significantly lower. 

DISCUSSION 

The cutting test results in the last report have shown that the cutting rate is in the order 
of: CMl1> CMlO > CM04 > CMO1> CM03. The horizontal forces are in the ball park of 32 
N for all the chemical fluids tested under the specific machining condition, however, the normal 
grinding forces differ substantially when the different chemicals are used. One speculation for 
the different normal forces under different grinding fluids with other grinding condition fixed 
is that the material removal during grinding is controlled by the diamond abrasive penetration 
depth. Since the horizontal forces for all tested chemicals are essentially the same and the 
vertical forces are substantially different. The greater vertical (or normal) forces causes deeper 
penetration of diamond abrasive into silicon nitride specimen surface which results in faster 
material removal. The low friction coefficient will reduce the wear of the diamond abrasive, 
leading to the longer high grinding rate. 

SURFACE QUALITY 

The quality of the as machined surface is an important issue with respect to the strength 
and durability of ceramics. The issue is complex and commonly used bend-bar tests and tensile 
tests are expensive and require relatively large number of samples for statistical significant 
correlation. 

Eventhough the chemically assisted machining appears to be able to increase the 
machining rate and also able to improve the surface roughness, precise measurement of the 
quality of the surface as related to the strength is difficult. Towards this end, effort to develop 
such a measurement has been made, especially for the relatively smooth surfaces generated 
under the chemically assisted conditions. A single diamond indentor scratching on an inclined 
plane technique is being developed to assess the quality of the surface. 
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The experimental set-up of this apparatus is schematically shown in Figure 1 1 .  The 
specimen surface is inclined with an angle 0 (which is adjustable) with respect to the horizontal 
plane. A spherical diamond indentor (with 0.2 mm radius) is used. The horizontal farce (F,) 
and vertical force (FJ are measured by force transducers. 

The whole concept is to introduce well-controlled defects such as micro-indentation marks 
on the surface systematically before the sliding. When the indentor begins to slide: on the 
surface, due to the increasing angle, the force increases with sliding distance. When the force 
reaches a certain level, the cracks at the tips of the preexisting indentor marks will propagate. 
The location can be identified and the stresses can be calculated. 

For a sphere sliding on a plane, the maximum tensile stress (amJ during the sliding 
which has been derived by Hamilton is given by: 

where: po is the maximum Hertzian contact pressure, p is friction coefficient, and v is the 
Poisson ratio of the. specimen. The calculation of the external critical tensile stress at which 
crack propagates is based on the linear elastic fracture mechanic. We also consider the effects 
of internal residual stress on the propagation of preexisted cracks and arrived at the following 
expression for the net stress intensity factor for an equilibrium crack: 

Kli + KO = To 
i 

(3) 

where K, is the stress intensity factor due to the applied loading. The term KI, represents 
contributions of "internal" forces on the crack, such as those associated with microstructure and 
machining. To i s  taken to be the intrinsic material toughness (Le., the effective IClc for bulk 
cleavage or grain boundary fracture) and is strictly independent of crack size. Neglecting 
gradients in the stress distributions over the flaw dimensions, the equilibrium requirement may 
be expanded in the form: 

where I) is a crack-geometry coefficient, Eo; are the summary of internal stresses retained from 
the thermal process, with compressive stresses are represented a negative sign, c is the 
preexisted crack size and a, is the critical tensile stress induced by external sliding required for 
microfracture. Equation (3) can be rewritten as follow: 
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Figure 11 Schematic of sphere-scratch on inclined plane, contact configuration and 
damage patterns of scratch. 
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EQuation (4) shows that the critical external stress to propagate the cracks on the ceramic 
surface inversely proportional to the square root of the crack length and is proportional to the 
residual tensile stress on the surface. When micro cracks and/or residual tensile cracks exist on 
the surface due to machining, the external stress necessary to propagate these cracks will be 
lower. By using the diamond scratching on an inclined plane, the critical stress at which cracks 
will propagate can be determined. This critical stress can be used as the criterion to evaluate 
the effect of the machining process on the property of ceramic materials. 

Figure 12 shows the results of an experiment where Vickers and Knoop indentations are 
introduced on a silicon nitride surface. There are no cracks on the surface except radial cracks 
at the corners of the Vicker’s indentation mark. After scratching with the a spherical silicon 
nitride ball (3.2 mm diameter) close to the indentation marks on an inclined plane, some cracks 
are generated near the edges of indent. No such crack was observed at other places. This 
observation suggests that the residual stress near the indentation marks are high, when the 
external stress induced by scratching superimposes on the residual stress and exceed the strength 
of the material, cracks propagate and are then observed. 

Figure 13 shows optical micrographs of the sphere (3.175 mm radius silicon nitride ball) 
scratched on the as-machined silicon nitride surfaces. Figure 13a shows the results of grinding 
test with CMOl fluid and Figure 12b shows the surface grounded with CMll  fluid. Figures 14 
and 15 shows the forces, stresses and friction coefficient curves corresponding to the scratches 
shown in Figure 13. 

The scratch test results on the as-machined surface show that the critical stresses for the 
microcrack initiation (am ) are observably different on the surface with CMl1 (ow = 4.5 & 
0.5 GPa) as the grinding fluid than with CMOl (aDc = 3.0 rfi 0.5 GPa) as the grinding fluid. 
With the lab developed grinding fluid CM11, both cutting rate and the surface quality are 
substantially increased. One explanation for the increased critical stress is as the following: with 
CMll as the grinding fluid, higher normal forces generate higher residual compressive stress, 
Table 2, on the surface which will increase the critical stress for the microcrack to propagate. 

FUTURE PLAN 

* Continue screening chemicals with the cutting tests to improve further the cutting rate 
and surface quality. 

* Mechanistic study of abrasive wear: 
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Figure 14 Horizontal and vertical forces, friction coefficient and maximum tensile stress 
vs. distance on the inclined surface, corresponding to the scratch shown in 
Figure 
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Figure 1 5 Horizontal and vertical forces, friction coefficient and maximum tensile stress 
vs. distance on the inclined surface, corresponding to the scratch shown in 
Figure 
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(1) Design and set up a mini-grinding test capable of grinding small sanaple under 
constant loading and constant feeding conditions. 

(2) Conduct single grain scratch tests in different fluids to investigate the mechans- 
chemical mechanisms of ceramics during the machining. 

(3) Develop analysis to understand why the normal forces are different with different 
grinding fluids under the same grinding condition. 

STATUS OF MILESTONE 

On schedule 

COMMIJNICATIONS AND VISITS 

S. M. Hsu participated at the t h t  annual Cost-effective ceramics program review at ONKL and 
presented a talk on the project. 

Kennametal Inc. has furnished test procedures for corrosion evaluation and additional sample 
for machining evaluation. 

PAPERS/PATENTS 

A patent disclosure has been submitted to the NIST patent office for processing. 
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High-speed, Low-Damaae Grindinq of Advanced Ceramics 
Dr. Joseph A. Kovach (Eaton Manufacturing Technologies Center) 
Dr. Stephen Malkin (University of Massachusetts) 

Ob SectivelScoW 

The fundamental objective of this project is to conduct a feasibility 
investigation of High Speed Low Damage (HSLD) grinding relative to the 
development of a single step, roughinglfinishing process suitable for producing 
high quality silicon nitride ceramic parts. Current industrial grinding approaches 
sacrifice productivity and costs in order to achieve good surface finishes. 
However, by using high wheel speeds and fine grits to achieve the small grain 
depths of cut necessary for low damage grinding, it is anticipated that a process 
can be identified to finish grind silicon nitride at high material removal rates while 
producing acceptable surface integrity at substantially lower costs than 
traditional, multi-stage grinding processes. 

Technical Hiahliahts 

This semiannual progress report describes some of the program technical 
highlights developed over the period from April 1 1993 through September 30, 
1993. The primary focus is on milestones 153203 (laboratory grinding studies), 
153204 (specimen Characterization), and 153205 (HSLD model development). 
The majority of the high speed laboratory grinding studies were performed in the 
Eaton MRC (Machining Research Center), while detailed specimen surface 
topographical characterization was conducted at the ORNL HTML, and HSLD 
model development taking place at the University of Massachusetts Grinding 
Laboratory. 

To date, over 300 Eaton S/RBSN MOR bars were fabricated and 
prepared for use in the laboratory grinding studies. In addition, over 200 Eaton 
S/RBSN cylindrical rollers have been received and prepared for test purposes. 
Additional Silicon Nitride (SN-220) test specimens were also obtained from 
Kyocera. The majority of the grinding wheels and dressing tools were purchased 
from Norton, Universal/Beck Supercut, Abrasive Technology, and Coors 
Technical Ceramics in Oak Ridge. However, in an effort to avoid wheel rupture, 
only plated or brazed diamond wheels (from Abrasive Technoiogy) were 
evaluated at the highest speeds (up to 35,000 SFM, 178 m/s). 
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Using a relatively coarse (1 20 grit) brazed diamond wheel, some of the 
most extreme tests were designed to identify how high wheel speeds and 
removal rates might impact resulting grinding forces, finishes, and surface 
quality. For the ~ U ~ ~ Q S E S  of this set of experiments, su 

ut or surface fra mentation. As rapo . Bifano and 
J. Mayer, a percent damaged are on the order of 10% to 15% was used to 
roughly identify the 
quantifying surface 

uality was given by 

mode grinding threshold. The method employed for 
ntation at the HTML is based on the point-counting 

by Vander Voort and in 

he process under examinatio , the following conditions 
were collectively varied to establish low damage grin ing behavior at high 
material removal rates- Wheel speed was increased from 5000 SFM (25 m/s) to 
35,000 SFM (178 m/s) in increments of 1(%,000 SFM (51 m/s) while the material 
removal rate was varied from 0.1 25 inZ/rnin (1.34 mm2/s) to 1 in2/min (1 0.75 
rnm2/s) by incre the depth of cut and workpi ce velocity as follows: 

Depth of Cut 
inches (mm) 

0.0025 (.0635) 
0.0850 (. 1 270) 

0.0050 (. 1270) 
0.0150 (3810) 
0.01 00 (.2540) 

0.0025 (.0635) 

Part Velocity 
in/min (mm/s) 
_____ll__-_l_---- I 

50 (21) 
50 (21) 

100 (42) 
100 (42) 

100 (42) 
50 (21) 

Removal Rate 
invmin (mmYs) 

0.1 25 (1.34) 
0.250 (2.69) 
0.250 (2.69) 

0.750 (8.06) 
0.500 (5.38) 

1.000 (10.8) 

Under the conditions outlined above, it can be seen that the grinding 
forces decrease considerably with increased wheel speed and/or reduced 
material removal rate (sea Figures 1A &1 B). In general, the 
reduced by approximately a factor of two when increasing th 
conventional speeds (e.g. 5000 SFM, 25 m/s) to over 25,000 
From a production grinding standpoint this can be significant when rough 
grinding a relatively weak or difficult to fixture component. Also, as expectsd, the 
grinding forces decrease nearly linearly with decreased removal rate. 

Figure 2 illustrates the wheel speed effects on surface finish for the Eaton 
SN material. This graph shows a tendency toward improved surface finish 

as wheel speed is increased. Hypothetically, this is a direct result of increased 
workmone temperatures which tend to promote increased ductite/glassy flow. 
Additional tests will be conducted to confirm this hypothesis. Note however, in 
several cases, the surface roughness increased somewhat at the highest wheel 
speed (35,000 SFM, 198 rn/s). This is most likely the result of a slight ivheel 
imbalance which was observed at the highest speed. 

More interesting is the improved surface finish achieved by goin 
material removal rates - - even while operating at conventional wheel speeds. 
Realize that typical industrial ceramic roughing rates do not go much beyond 
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0.125 inz/min (1.34 mm2/s). However, by dramatically increasing the removal 
rate, an improved surface is developed. Again, it is speculated that this may be 
a result of increased workzone temperatures which promote plastic flow. 

Possibly the most significant findings to date are graphically illustratsd in 
Figure 3. It can be seen that increasing wheel speed, while operating at a 
relatively !OW material removal rate of 0.125 inYmin (1.34 mm*/s) OF less, can 
~ r ~ ~ a t j c a ~ ~ ~  reduce surface fragmentation. A five fold wheel speed increase 
from 5006 SF 
factor of four. To a lesser extent, the s 
removal rates. Surface fragmentation 

s when operating at 1 in2/min (1  
al removal rate was also shown 
imately a three fold reduction i 
I rates from 0.125 inYmin (1.3 
erating at c ~ n v ~ n t ~ ~ n a l  wheel 

(25 m/s) ta 25,000 SFM (127 m/s) reduced "pull out" by almost a 
rue at higher material 

fold reduction in surface fr 
removal rats. It is importa 
f r ~ ~ ~ ~ ~ t a t i ~ n  (6%) was a he highest removal rate sand highest ~uheel 

nderway, these results tend 

within the workzone. 
I attempt to gain some w re^^^^^^^ ~ ~ d ~ r s t a ~ ~  
ers might affect the w ~ r ~ ~ f l e  temperatures, a 

t h e ~ ~ a ~  ~ ~ l ~ u ~ a t i ~ ~ s  ere performed usin egef m ~ v i n ~  ban 
heat source solution It must be smphasi 
analyses, a linear heat transfer model has been used with the assumption (of 
constant thermal praperties independent of temper re. in addition, this initial 
model does not include convective cooling effects. 
(E) of the total g ~ ~ n ~ ~ ~ ~  energy (utotal) which enters the wo&cpiace as bleat is yet 
to be identified; but, was assumed to be 50% for these preliminary calculations. 
Nevertheless, based an the following relationship it can be seen that increased 
specific grindhg energy or increased material removal rates can lead to 
increased temperature rise (0") within the workzone. 

reover, the actual fraction 
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Om = maximum grinding zone t ~ ~ ~ ~ r ~ t ~ r ~  rise 
a = thermal diffusivity = 0.01 6 inzlsec: = 0.1 Ocrn2/ses: 
d = depth of cut 

E = fraction of total grinding m e r  d as heat into the 
rkpiece velocity 

workpiece 

snductivity = 17.34 BTbl/hr.ft."R = 30 WaWmOK 
d ,  = equivalent grinding wheel diameter 

General temperature tre pEotted in Figure 4 by usi 
data and the actua relationship with mean thermal 

Recognize that the primary purpose of this gra 
warbone temperatures, but rather to illustrate 

perature trends as a function of wheel speed and materi 
this perspective, the graph clearly sh 

workzone temperatures at elevated wheel s 
Int@restingly, the bwest level of surface bra 
highest temperature conditions (Le. highas 
the lowest temperatures resulted in the hig 

In an eff~f-t to gain additional insight 
e measurements usi 

r id  EHTIQVal rates. 
rred under the 

embedded thermocouples w e r ~  also 
p for measuring 

ipse 5. For these 
uple (type M, 36 ga 

temperature response and 
ts a hole is drilled in each 

wire) is installed and held 
with high temperature cement. The thermocouple junction is initially abmt 1.2 
mm from the top surface sf the work 

The grinding test is continued 
constant conditions until the thermocouple is ground and destroyed. The last 
grinding pass is taken for reference as zero depth, and the locations of the 
previous grinding passes are then calculated. The machine is left idle for a few 
minutes between successive passes in order to ensur8 that the te 
the workpiece returns to the ambient temperature before the next 

All grinding passes were p domed in the upgrinding mode 
soluble oil in water and a Norton SD150-Rl 00BX619C wheel. A plot of the 
maximum temperature rise for each rinding pass versus depth with this 
configuration is shown in Figure 6. though there is s ~ m e  scatter, the maximum 
grinding zone temper d with each subseq~ient pass to the 
surdace tended to ine 

ce before the grinding begins. 
taking successive passes under 

cted. An example ~f the tern re 
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response for a depth of 0.0375 mm below the workpiece surface is shown in 
Figure 7. The horizontal scale is the dimensionless length x/l, where x is the 
distance from the center of the heat source at the grinding zone (positive ahsad) 
and 21 corresponds to the theoretical geometrical wheel-workpiece contact 
length IC. 

Using moving heat source theory, the measured temperature response 
can be compared with the theoretical temperature response for the input heat 
flux to the workpiece Eq, where E is the fraction of the total energy transported 
as heat to the workpiece and q is the total heat flux at the 
total heat flux at the grinding zone was obtained as q=.P/Ic 
measured net grinding power, IC is the geometrical w h e e ~ ~ ~ ~ r k p ~ e c e  contact 
length, and b is the workpiece width. The net grinding power was about 1.8 kw, 
which corresponds to a specific energy of about 36 J/mm3. The theoret~ca~ 
temperature response was numerically calculated us 
method and the assumption of a triangular heat sou 

Unfortunately, poor correlation was found 
measured temperature responses, as the measu 
tended to lag significantly behind the theoretical response (see Figure 7) 
Therefore, a time constant T was also introduced into the t~eor5tical mo 
which essentially models the temperature measuring system as a first order 
system. By selecting appropriate values far E an odified t ~ ~ ~ ~ ~ t ~ ~ a i  
results can be matched to the experimental resu re 7, a time conslant 
of 25 rns and an energy partition of 16% provide a reasonable match. From the 
above analysis, it would appear that the measuring system has a ti 
of about 28 ms and the energy partition to the workpiece is about 4 
than the 50% assumption used previously. 

It is important to realize however, that due to the time delay 
thermocouple measuring system for the ceramic workpiece, the peak 
temperature can not be accurately measured during the grindi 
possible reason is poor contact between the t ~ e r ~ ~ c o u ~ ~ ~  tip 
workpiece. With a metal workpiece, the thermocouple is welded to the 
workpiece, thereby providing better contact and a shorter time constant of about 
5 ms based on results obtained in the, U. Mass. laborato . The accuracy may 
also be worse due to the lower thermal conductivity of the ceramic workpiece, 
which increases the thermal inertia of the t h 0 ~ m o c ~ ~ ~ i e  junction and heat 
conduction from the junction down the thermocouple wires. A system with a 
faster time response and smaller heat transfer from the measuring area is 
required to improve the accuracy. 

the signal from the workpiece to a sensor, is being developed at the University of 
Massachusetts. The experimental setup of the proposed infrared system is 
shown in Figure 8. Based on detailed thermal analyses, an optical fiber made of 
chalcogenide, which can transmit radiation from 3 pm to 11 pm, has been 
chosen. The thermal signal is transferred from the workpiece to the fiber holder 
and through a chopper. (The chopper transforms the DC signal to an AC signal 
so that background radiation does not influence the measurements.) The signal 

a finite difference 
at the ~ ~ n d i n ~  zone. 

een the theoretical and 
peraturs response 

Consequently, an infrared system, which uses an optical fiber to conduct 
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then goes to the WO-G lor detectors. Note that the lnSb cell will absorb and detect 
radiation at wavelengths from 1 .O ta 5.5 pm while the HgCdTe ce13 will detect radiati 
with wavelengths I 

to produce a DC 

8 r  than 6.0 pm, thus giving a total system range from room 
tsmpsrature to ab sequently, the si rial is than ~ m ~ ~ i f ~ 0 d  an 

Based on the milestone/gantt chad given in the February, 1993 bi-monthly 
report, the majority of project is on schedule. HOWBV~T, a 220 day no-cost extension 

* rnents. Thus far 
specimen preparation (miJesbone 153 . All  ex^^^^^^^^ 
  lop^^^^ (I  532O2) is wall nearly finished, with the exception of the infrared 
pyrometry system. M~reo t r~ r ,  most of the laboratory grinding studies have been 
completed (1 53203). Additional tests are currently underflay to identify the affects of 
wheels spsed an MWR on G-Ratio and MOR. some additional specimen 
characterization (1 53204) will be rtPquiretd once the%@ tests are completed. Portions of 
the HSLD energy partition and thermal mode! (153205) have be will 
be refined by use of the infrared pyrometer system. 

has been granted %a complete all the 

~ ~ ~ ~ ~ ~ t e ~ ,  

A paper entitled "'A Feasibility Investigation OB High Speed, Low Dama 
Grinding for Advanced Gerami~s"  was assembled for the Fifth I 

rmce I-ssM October 26-28 in Cincinnati and also for the S 
rsit (October 18 - 21 >. 

rnatbnal Grinding 
CCN meeting 
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Effect of Wheel Speed on Normal Force 
Eatan Ceramic Bars - 120 Grit Wheel 

T 1 600 

5.000 [25] 15,000 p6 ]  25.800 1127 35.000 1178) 
Wneel Speed ~ft /mrn)  [rn/s] 

0 w= 0.125 sq i n m i n  I1.34 sq  rnrn~sec: --- Q w= 0.5 so snmm p.38 sa mm/sec] 

Q w= 1 .O sq inimin [10.75 SQ rnm/sec] _I__- 

Figure 1 -A 
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Effect of Wheel Speed on Tangential Force 
Eaton Ceramic Bars - 120 Grit Wheel 

200 

150 - z 
2 
Q, 

0 
U 

100 3 .- - 
C 
a, 
0-l 
C 
n; 

50 

0 
5,000 1251 15,OOQ r76j 25.000 11 271 35.000 [178] 

Wheel Speed (Wrnin) [m/s] 

- Q’w= 8.125 sq m/rnin 11 3 4  sq mrn/sec] - - - B w= 8.5 sq idrnin 15.38 sq rnmisec] 

-- Q’w= 1 .Q sq Wmin [I 0.75 sq mm/s@c] 

Figure 1 -B. 

5.000 1251 15.000 1761 25.000 112.71 35.000 [l 
Wheel SDeed (Wrnin) [rn/s] 

1.3 

0.9 

0.8 v, 
a 
3 
”... 
L 

0.7 
781 

Q’w= 0.125 sq rnmin [I .34 sq rnrn/sec]--- Q’w= 0.5 sq inirnin 15-38 sq rnm/sec] 

-- Q‘w= 1 .O sq infmin (1 0.75 sq rnmisec] 

Figure 2. 
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b = 8 5  mrai 
a=0.0375 rnm 

- ., 
13 c 

3. 

I 
0 

O \  
80 I- 

‘3 o, o I 

i 
60 c 

power transducer 
/-- 

0 

A S A  I c/ I 

fluid 
I I 

” 
I 1 workpiece 

Depth into the  workpiece  (mm) 

Figure 6 . Maximum temperature rise versus depth into the workpiece. The hole diameter 
for the embedded thermocouple was 1.0 mm. 
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250 I _I__...- 

Silicon nitride (S/RBSN) 
ds=250  mrn 
v s = 3 0  m / s  
v W =  158 m m / s  
b-0.5 rnm 
a=0.0345 rnm 

:oo 

The ore t 1 cal re  suits 

Modified theoreticai results 

time constant T = 25 m s  
Experimental results 

! 50 k- __._~_I_ 

I 
i 
' Depth below surface = 0.0375 mm 100 I- 

.***......*....-*- .....-**. -*........ 
t _ -  .- 
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Figure 8 . The expewmend setup of the infrared two-color detector system. 
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Laser Scatter Methods for Detection of Subsurface Machininn Damane in Ceramics 
J. S .  Steckenrider, W. A. Ellingson, G. A. Forster, M. H. Haselkorn, and 
C. J. Anderson (Argonne National Laboratory) 

Ob-iit=ctive/scope 

which would provide a direct (near real-time) indication of changes in the subsurface (and 
surface) during machining - both machining induced damage such as median crack 
fromation and S L J I ~ ~ C ~  roughness. A second minor objective is to evaluate dye penetrant 
technology for crack detection as an off-line indicator. The laser program will be executed 
in three steps. The fxst step will be to optimize the laser scattering procedure by examining 
specimens machined using innovative machining techniques. The second step will involve 
conelalion of these lascr scattering results with mechanical properties in "red" machined 
ceramic specimens. The final step will be to develop a prototype instrument to be evaluated 
for on-line irnpleinentation in a production environment. The investigation into dye- 
penetrants for surface defect detection will be conducted in two steps: literature and on-site 
reviews and laboratory experiments. 

The primary objective of rhis program is to develop a laser scattering procedure 

Technical mogress 

The work accomplished during this period involved two areas: (1) acquisition and 
initial optical properties determination of Si3N4 samples, and (2) initiation of exploratory 
work on dye penerrants. In addition, we prepared and submitted an abstract and 30 minute 
review of our project for the Project Review and Coordination Meeting of the Cost- 
Effective Ceramic Machining Program held September 8, 1993 at Oak Ridge. 

Part 1: Ontical nroperties determination 

optical transmission properties of the Si3N4 specimens. This infomation should be useful 
not only for derermining the relavtive sensitivity to submface damage in various type of 
Si3N4, but also for quantitative measurement of defect depth. This "calibration" procedure 
requires a specimen 3mm x 4mnirtm x 5 O r m i  or larger for specimen preparation, and such a 
specimen was initially unavailable for one of the materials of interest in this program 
(Sialon). The other material of interest, Garrett's GN-10, has been replaced by Caterpillar 
Ine. with Gmett's GS-44, owing to the high cost of GN-10. A Sialon specimen will be 
obtained presently, sarnples of other Si3N4 niaterials which were avaliable, including GS- 
44, have been prepared and analyzed, and these results are illustrated in Fig. 1. As is 
shown, there is a wide distribution of optical trmsmission properties among the various 
Si3N4 types. Sensitivity to subsurface defects will therefore be highly dependent on the 
material used. This is indicated in Fig. 2, which plots the detected signal for laser scatter 
from the front surfax of a specimen whose back surface has been ground to steps of 
various thicknesses. Here, Kyocera's SN 253, which has a lower optical transmittance, 
shows a lesser depth of sensitivity (as evidenced by the flat response at thicknesses above 
-200 pn) than does Garrett's GS 44, which has a higher optical transmittance (whose 
response does not flatten until beyond 80Oprn). However, because a specimen of zero 
thickness does not scatter at  all, the scattered intensity must return to zero at a thickness of 
zero, This is shown for the GS 44 specimen, whose scattering is sufficiently weak as to 
peak in intensity around a ihickness of -100 p i .  Such behavior may introduce an 
ambiguity in detemiining defect depth for shallow defects. 

Initial procedures and protocols have been established for the determination OF 
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Figure 1. Graph of measured optical transmission properties for several Si3N4 materials. 
Lines are best fits to optical transmission T = It / I, = e -at, where t is thickness. 

Figure 2. A comparison of laser scatter response to subsurface "defects" of varying 
depths for two materials. The curves are best fits to an exponential decay. 
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Part 2: Dve Penetrant 

Detection of surface cracking via dye penetrants is a well-developed technology and 
ASTWASME standards are available covering the technique (ASTM E16591 - Standard 
Test Method for Liquid Penetrant Examination). 

This standard covers the basic methods for penetrant examination of non-porous 
materials such as metals, glass and other ceramics, and some plastics. This standard is 
supplemented by a group of standards that cover different penetrant and developer types. 
ASTM El65-91 specifically does not address any safety problems related to the use of any 
materials and leaves this responsibility to the user, ANL's inspection department us,es dye 
penetrant material in small amoutats from spray cans. They follow the safe handling 
procedures listed on the Material Safety Data Sheet from the manufacturer. This mainly 
involves ventilation and protective masks if needed. 

technique may improve detection of finer cracks than possi le with large molecule liquid 
penetrants. The method uses gaseous diffusion. Contact has been made with the 
developers in Moscow and arrangements for cooperative exchange of information is being 
worked out. 

A 486-33 computer with a Data Translation frame grabber boiird has been set-up to 
capture images of dye penewant inspection with a 5 12 x 512 eight bit digital camera. 
Digital enhancement of images may improve crack detection in some instances. 

Tn future work, we will investigate the applicability of dye penetrant techniques 
used by ceramic bearing manufacturers such as SKF and CERBEC. An electronically 
charged powder technique tjsilble on iristilators such as glass arid other ceramics will also 
be investigated. 

Status of Milestones 

A new method of crack detection is under development in Moscow, Russia1. The 

. 

All are on schedule. 

ComrnunicationslVisi ts/Travel 

Attended 

W.A. Ellingson attended and pariicipated in the Project Review and Coorditiation 
Meeting of the Cost-Effective Ceramic Machining Project, September 8, 1993 at Oak 
Ridge, TN. 

Planned 

None. 

Problems Encountered 

None. 

Publications 

None. 
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1. Beriozkina, N.G., Larichev, M.N., Leipuvsky, LO., Eremin, G.L. and Dergunov, 
N.N., Indicator Capillary -- Diffusion Method for Non-Destructive Defectoscopy of 
Composite Materials, Institute of Energy Problems of Chemical Physics, USSR 
Academy of Sciences. 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion of the project is identified as project element 2 within 
the work breakdown structure (WBS),  It contains t w o  subelements: 

adeling, (2) Contact Interfaces, and ( 3 )  New Concepts. The sub- 
nts include macromodeling and micromodeling of  ceramic micra- 

structures, properties of static and dynamic interfaces between ceramics 
and between ceramics and alloys, and advanced statistical and design 
approaches for describing mechanical behavior and for employing ceramics i n  
structural design. 

The major objectives of research in erials Design Methodology ele- 
ments include ~ ~ t e ~ ~ ~ ~ i n g  analytical tec ues far predicting structural 
ceramic ~ ~ ~ ~ a ~ ~ c a l  behavior from mechanical properties and microstructure, 
tribalagical behavior at high temperatures, and improved methods for 
describing the fracture statistics of structural ceramics. Success in 
meeting these objectives will provide U.S. companies with methods for 

mechanical properties through microstructural control, for 
and controlling interfacial bonding and minimizing interfacial 

friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 





209 

2.2 CONTACT INTERFACES 

2.2.2 Dvnamic Interfaces 

Development of Standard Test Methods for Evaluating 
the Wear Performance of Ceramics 
P. J. Blau (Oak Ridge National Laboratory) 

Obiective/scope 

The goal of this effort is to improve consistency in reporting ceramic wear data 
by helping to develop one or more standard test methods for quantitatively determining 
the wear resistance of structural ceramics, in reciprocating sliding, a type of motion 
which is experienced by several types of automotive and truck engine wear paris. 
BRNL is working with the American Society for Testing and Materials ( 
meeting this objective. Wear-test development normally falls within the 
ASTM's G-2 Committee on "Wear and Erosion," and in 1990, Fa. J. Blau 
chairman of a newly established Task Group G02.40.07, "Reciprocatin 
Testing," within the G-2 Committee. This report describes activities wWirt ;tie Prck  
Group. 

Technical highlights 

An ASTM G-2 meeting was held on May 19-21, 1993, in Nagerville, Iliinois, in 
conjunction with a tour of the Falex Corporation's wear testing and machine assmnbly 
plant. Revisions to the draft standard were discussed. It was decided that a secon 
interlaboratory test should be conducted. 

After ORNL's determination of the proper conditions to produce a measurable 
amount of wear, silicon nitride wear test specimens were circulated to eight ~ ~ ~ ~ r a ~ Q r ~ e ~  
in conjunction with the second interlaboratory ("round-robin") testing series. The! 
participants are: ORNL, Genera! Motors (GM) R&D Center (2 different d 
Cummins Engine Company, Caterpillar Tech Center, National Research 
Canada, Cameron-Plint Ltd. - United Kingdom (a wear machine manufa 
National Physical Laboratory (NPL) - United Kingdom. Each test kit co 
individually numbered, polished flat specimens of sintered reaction-bo 
nitride; one numbered test ball of bearing-grade silicon nitride; and a small b0ttPe of 
mineral oil. Test conditions are given in Appendix 1, which contains a copy of the 
instruction set sent to all participants and the recording form. 

To date, all sets of silicon nitride specimens have been tested and returned to 
ORNL except those sent to Cummins, GM (one of two), and NPL (United Kingdom). 
Cameron-Plint Ltd. was unable to perform profilometry at their facility, and those results 
were obtained on returned specimens at ORNL. After all data sets are received, a 
statistical analysis will be performed. The analysis is expected to be completed before 
the upcoming G-2 Meeting at the Dailas/Fort-Worth Airport in December 1993. That 
data will be incorporated into the precision and accuracy statement in the standard. 

. 
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Status of milestones 

222286 Make rsvisio s to the first ballot and submit to ASTM G-2. Completed 
June 30,1993 

222209 corn lete reduction of data from the second set of round-robin wear 
tests, December 1993 (on schedule). 

P. J. Blau attended the ASTM (3-2 Committee meeting in Napewille, Illinois, on 
May 19-21, 1993. 

Problems ~ n c ~ u n t e r e ~  

Several of the interlaboratory test series participants have been !ate in completing . 

their work. If necessary, their resub will be excluded from the series. Six organiza- 
tions represent the minimum r e c ~  
will be met. 

d number of participants. This requirement 

$ublications/DresE?ntations 

None. 
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Appendix 1. Instructions to Interlaboratory Test Participants 

ASTM IueCIPROCATING SLIDING TEST 
PROCEDURE FOR LUBRICATED TESTS OF CERANICS 

This is the second round-robin testing prom for ASTM task p u p  C.02.40.87 on 
‘Xeciprocating Wear Testing.” Tfic first round-robin results for unlubricated tml suela-tool steel 
aod silicon nitii&-on-silicon nitride did not pWwe reproducible (between lab) mults although 
tlhe within-lab scatter was acceptable. Possible caws were: (1) proximity of the test machine to 
lubricated testing systems (vapor transport of oil to the surfact of the specimens), (2) inability of 
partkipants to control ambient relative humidity levels, (3) possible specimen cleaning problems, 
(4) use of different oypes sf testing machines, and (4) inaccurate OT non-cxistent ealibratim of the 
nornal fom system and the fiiction farce sensors beyond tht hitid set-up of the machine years 
ago. This round is limited to lubricated silicon nihde tested in 1500 C oil (total of four tmts). 

2.1 ’ b o  flat ceramic specimens. 
2.2 One ball 
2.3 One ball holder adapm. 
2.4 One 250 ml container of test d. 
2.5 8ne materials safety data sheet for dre oiL 
2.6 7Xspr0~edm. 
2.7 Data sheet for recarding results. 

Step Proeedure 

1 .  Carefully unwrap the test specimens. They have been pfiecleaned m: If you accidentally touch the weaf surfaces of the specimens with y w r  
fingers, wipe them off with first acetone, then methanol.] 

Warm up the testing machine for at least 1 houL 

Weigh the flat specimen to the nearest 8.1 mg. just bcfm mounting. 

Mount the ball specimen in the hokfer and wipe tk tip with methanol being 
especially careful not bo get any &dual oil on the swab or wiper. 

such that the flat spccimen is just below the surface. Do not m-ust the oil! 

Lower the ball holder until the ball is in contact (no load applied yet), and 
heat the bath to 15OOC. Take a humidity readingandwriteitdown. 

2. 

3. 

4. 

5 .  

6 .  

holder tilted up and away fill the reservoir with fresh test oil 
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7. Allow the system to remain at temperature for 5 minutes, then apply ?.he I d  
start the best. Test csncfitions are as follows: 

Load: 25, w 
Stroke length: 10 mrn 
Frequency: 5.0 HE ( 
Test length: 16 min 4 

Record the friction force du 

methanol (3 min. 

Dry and weigh the flat 8 

a .  
9. Remove the sped h in wetom and 

10. 

11. Measure the wear war diameter on 
sometimes a Paint “halo” (ring) appears on 
colored halo, then report Both inner and outer diamem of the halo. 

Turn the ball to P new Iotation and 
next test. F m h  oil is used for each &st 
for a total of four rests. 

12. unt the flat specimen lor the 
uct two tests on egch flat specimen 

13. Record a31 relev t test data on the sheet provided 

When all four runs 8tp. finished Proof read the data sket to assure that all entries m clearly 
writae~ 9nd aL1 spaces are filled in Then make a COPY far ycwr 
compile results faster if you FAX p u r  data sheets to ne (615) 

Do not return the unused oil. Pieuse djspose of all used oil in 

I It willhelpus 

~ ~ v i F o ~ ~ ~ ~  safe 
rmnnm-. 

Repack all test specimens, the data sheet, and tbe ball adapter fixture, and mtd to 

Dr. Peter J. Blau 
Bak Ridge National labor ate^ 
P. 0. Box 2008 (1  Bethel Valley R 
Oak Ridge, TN 37831-6053 JlsB 

Please try to complete all tests within 30 days. 
should clearly mark : Attention Customs Inspectors “ceramic test specimen 
materials - no intrinsic value.” 

{Note: Nonc-U.S. Participants 
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WTER-LABORATORY RECIPROCATING WEAR-TEST PROGRAM 
ROUND 12 - Lubricated SUcon Nitride Tcstr 

(ASTM Task Group G.02.40.071 

Name of Participating Organization: 

Participating Individual : 

Date received : 

Ball scar diameter (mm)** 

Steady state fric. meff., pss 

by profibmetry, ct if the bail s c a r  is elongated, take the average of the lmglh and width of ?he scar. 

- -~ ~- ___ 
Check here if you have written additional comments on the reverse side of this sheet. 

Or. Peter J. Blau, Oak Ridge Natlonel taboratory 
P. 0. Box 2008 (1 Bethel Valley Road), Oak RMge, TN 3'18316063 USA. 
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2.3 NEW CONCEPTS 

A&gced Statistical Concepts of F~a-~&re in Brittle Materials 
C. k Johnson and W. T. Tucker (General Ellcctric Cnrporate 
Research and Development) 

Objective/Scope 

The design and application of reliable load-bearing structural components from ceramic 
materials requires a detailed understanding of the statistical nature of fracture in brittle 
materials. The overall objective of this program is to advance the current understanding of 
fracture statistics, especially in the following four areas: 

Optimum testing plans and data analysis techniques. 

Consequences of time-dependent crack growth on the evolution of initial flaw 

e Confidence and tolerance bounds on predictions that use the Weibull distribution 

Strenzth distributions in multiaxial stress fields. 

distributions. 

function. 

The studies are heing carried 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 H ighl igl k I ts 

Work during this reporting period concentrated in tn7o areas: generalization of the 
Batdorf-Heinisch and Lamon-Evans multiaxial methods to cover time dependent effects; and 
a preliminary study of the Norton room temperature tcnsile data that takes into account the 
competing nature of the underlyins failure modes. 

I. Time Et’tects for the Hattlorf-Heinisch and Lamon-Evans hlodels 

_I_. 

During this reporting period study of I ( m )  has continued with an aim toward gener a I ‘  Iza- 
tions. In these studies I ( m )  is defined by 

where 

‘J, is the locaL effective stress as defined by the failure criterion, the flaw orientation, and the 
local principal stresses; ‘J,\{ denotes the niaxiniuiii value of a , ;  111 is the Weibull i i iod~i l~ i~ ;  and 
go is the inherent strength or second Weibull parameter. ?‘he integration in Eq. 2 is carried 
out over all elements of volume, dV. as indic;ited by  V. In Eq. 2 the angle .1c, is measured 
from the x-axis in a reference (.x,~.)-plnne and the ang1.e C#J is i i i~~ ; i su iwi  from the (.x-.~~}-pIai~e 
toward the z-axis. The angles define the plane of a potential failure producing crack and also 
the local dii-ection cosines. (See Figure 3 in Ref. 1. and the clevelopii1ents in Ref. 2.) Eq.’s 1 
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and 2 f~ l low from the equivalence of the Batdorf-E-Teinisch (B-H) and Lamon-Evans (L-E) 
approaches as shown in Ref. 2. As pointed out in Ref. 2, use of rAI1 is natural from a 
niathematic:il viewpoint. I-lowever, use of any other value that is in a one-to-one and onto 
relatioiiship to ajiI can l x  made. The key is to employ a consistent usage of a fiiilurc stress. 
e.g., oiie that is measured at the same place and conditions for a test specimen. 

In  deri.,ing the equivalence of the B-€4 and L-E approaches it n7as shown in Ref. 2 that 
the R-H haz;tr-d function is given by 

where 

3 r p  2a 
!J(X,ffC) = 2s j. I ( ' c , o c ) c o s ~ d Q d ~  

0 0  

with 

1, at the given ($,$) and particuliir location 

I@,%) = 

0, other-wise, 

f((r,) denotes d N  (cC)/dcrc, and a, denotes a possible value of the critical stress. 

(4) 

There are is70 important, related issues assocLtted with Eq.'s 2-5. First in order to 
employ Eq. 2, a failure criterion niust be defined T n  recent reports we hwe discussed the 
use of 

(where a is the stress component normal to the crack surface, r is the shear coinponent 
parallel to the crack surface, and Q is a "m;iterial" constant), as a candidate mixed mode 
failure critcrion. Howe~ er, work during this reporting period has concentrated on a second 
important issue in the w e  of Eq. 2 that is associated with Eq. 3. Ecl. 2 indiixtes that it may be 
possible to obtain gerieralizations that cover time, temperature effects. 'The key is to general- 
ize the approach leading to Eq. 2 by adding another dimension, say time, and then iritegrate 
over this dimension in a setup analogouh to Ey. 3. Clexly, this iniplies that a suitahle failure 
criterion, gC, can he formulated that covers the time etfcct. 

Possibly the most straightforward situation in udiich a failure criterion can he easily 
dcvcioped is for those cases in which subcritical crack giowth occurs. I €  thr, Paris growth law 
is assumed: a ~ i  "effective" stress or delta %tress that produces growth is known, and coplanar 
C I - K ~  gt owth is assumed, thcn it is possible to generalke the innermost integr-and of Eq 2 so 
as to account for those cracks that are initially "safe" but ev:ventually grow to a size that pro- 
duces catastrophic growth. The details arc related to work carried out diiring Phase 1 of this 
contract (Ref.'s 3 and 4) studying the consequences of a deterministic time-dependent crack 
growth on the evolution of an initial flaw distribution. Many relationships have bc-cn pro- 
posed to describe stress corrosion crack growth, high temperaturc diffusional crack grow7t11, 
and/or cyclic- fatigue CI ack gr0o"th. The following discuxsion will demonstrate the approach 
wing a crack gro~vtk law €or cyclic fatigue. Let the Srowth law be expressed as 
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dn / d N  = A ( AK)” , (7 )  

whereA and 12 are constants and 

AK = YA&&, 

and where Y denotes a geometry factor, AS, is the effective stress range €or crack propaga- 
tion (generally a function of crack location and orientation), and n is the crack length. For 
simplicity ;issuiiie that a, and S, are time invariant. Then as shown in Ref. 5, Eq. S can be 
substituted into Eq 7 and Eq. 7 can be integrated and rearranged to yield 

(for r z  f 2 )  

where af denotes the final crack length (>no), no  denotes the initial crack length, and Nf is 
the number of loading cycles. 

In order to use Eq. 9 in Eq. 3, a substitution in Eq. 9 for the crack lengths is made in 
terms of the critical stress via the relationship to Klc given by 

where a is the stress that will just produce failure for the length a.  When this is carried out 
we obtain 

where n > 2 ,  Nf has been replaced by t, and the f and 0 suliscripts denote the final and initial 
critical stresses, respectively. Now failure occurs when ac is less than or equal to the “load” to 
which the crack is exposed. In Eq 10 the load is given by of plus the contribution associated 
with subcritical crack growth (the right most term in Eq. lo), and the critical stress. gc, is 
given by go.  Rearranging Eq. 10 and making the indicated suhstitutions yields 

as the failure region of gC values. In this setup the failure boundary iiow becomes the 
observed time of the failure in addition to the strength at failure. ’I’hus the right hand side of 
Eq 11 becomes the upper limit of integration in the inner most integrand in Eq 3. l‘herefore 
the effect of the additional term is to increase the value of the complete integranct in Eq. 3 
over what i t  would be if there were no “time” effect and this i n  t u rn  increases thc. prolxthility 
of failure. This is also seen in that the inner integration reduces to th,tt given hy Eq 3  hen 
t = O .  

11. PI-eliininarj haljs is  of Norton Data 

Also during this reporting period study of the Phase TI1 clat:i on the Norton Advanced 
Ceramics sulicontr act within the Ceramic Technology Project publi\hed in the t i n : i l  report 
ORNL/Suh/S9-SB 1S2/ 1 (Ref. 6) has begun. The purpose is to investigate the individual 
failure modes (Machining-M, Inclusion-1. Amorphous-Am, hlicroporo4t> - h  113. and 
Unknown-U) identified by fractography in the h t u d y  of 320 specimens C‘II I ied out 1, Nnrton. 
Censored data methods are being employed to study the four competing fdui-e modes’ M, I. 



217 

Am, and Mp. Of special interest is the apparent need to use a distribution other than the 2- 
parameter Weibull in order to explain the strength distrilwtions arisins from the individual 
failure modcs. Preliminary studies indicate that a 2-parameter Weibull adequately fits the 
M, I, and Mp failure modes. ITowever, there is a distinct lack-of-fit to a 2-parameter Weibull 
for the Am failure mode. Further study is continuing. 
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- Status of Milestones 

All milestones are on schedule. Milestone number 23 1322 on goodness-of-fit testing was 
completed during this reportiig pcriod. Also milestone nuniher 2.3 13 13 on arialytical 
approaches for use of the equivalent multiaxial size factor in Chss 1V strength pi-oblems w:is 
completed diiring the reporting period. 

Publications 

1. W.T. Tucker and C.A. Jobnson, "Thc Multiaxial Equivalent of Stressed Volume," 
Accepted for publication in Lifc Predictioii Metlzodologics arid Datri for Cerninic MlitcJ-ial.s, 
ASTM STP 1201, 1993. 

2. C.A. Johnson and W.T. Tucker, "Weibull Estimators for Pooled Fracture Data," 
Accepted for publication h Lye Predictioii I1fetlmdologies ami D&z for Cernmic Mateiinls, 
ASTM STP 120 1, 1993. 





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- 
cl uding (1) Structural Qualification, ( 2 )  Time-Dependent Behavior, 
(3)  Environmental Effects, ( 4 )  Fracture Mechanics, and (5) Nondestructive 
Evaluation (NDE) Development. Work in the Structural Qual ification sub- 
element includes proof testing, correlations with NDE results and 
microstructure, and application to components. Work in the Time-Dependent 

eludes studies o f  fatigue and creep in structural 
ratures. Research in the Environmental Effects sub- 

element includes study of the long-term effects s f  oxidation, corrosion, 
and erasion on the mechanical properties and microstructures of structural 
ceramics. Work in the Fracture Mechanics slabelement includes development 
o f  techniques for ~@asurin~ the tensile stre and creep resistance o f  
ceramic materials at high  temperatures, and ing ceramic materjals at 
high temperatures under ~ n ~ a ~ i ~ l  tension. in the NDE Develo~~ent 
~ u b e l ~ m @ ~ t  i s  directed at ~ ~ ~ n t j f y ~ n ~  approaches for quantitative 
d e t e r m i n a ~ ~ ~ ~  of conditio s in ceramics that affect their structural 
erformance e 

Major objectives of research in the Data Base and Life Prediction 
roject element are understanding and application o f  predictive models for 
structural ceramic mechanical reliability, measurement techniques for long- 
term mechanical property behavior i n  structural ceramics, and physical 
understanding of 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 

Micros trric t u r a l  Anal  vsis of S t r u c t u r a l  C e r a m i c s  
B .  J .  Hockey and S . M .  Wiederhorn 
(National I n s t i t u t e  of  Standards and Technology) 

Objective/Scope 

The ob jec t ive  of t h i s  p a r t  of the  program i s  t o  i d e n t i f y  
mechanisms of f a i l u r e  i n  s t r u c t u r a l  ceramics subj  ec ted  t o  mechanical. 
loads a t  e leva ted  t e s t  temperatures.  Of p a r t i c u l a r  i n t e r e s t  i s  the  
damage t h a t  ac,cimul.ates i n  s t r u c t u r a l  ceramics a s  a consequence of 
high temperature exposure t o  s t r e s s e s  normally present  i n  h e a t  
engines.  

d i f f e r  from those a t  high temperature. A t  l o w  temperature ceramics 
a r e  e l a s t i c  and b r i t t l e ;  f a i l u r e  i s  con t ro l l ed  by a d i s t r t b u t i o n  of 
flaws a r i s i n g  from processing o r  machiuing n p e r a t i o a i s  I and the l a r g e s t  
f law determines the s t r eng th  o r  l i f e t i m e  o f  a component. By c o n t r a s t ,  
a t  high temperature where ceramics a r e  v i s c o e l a s t i c ,  f a i l u r e  occurs as 
a consequence o f  accumulated, o r  d i - s t r ibu ted  damnge i n  the  form of 
small  c a v i t i e s  o r  cracks t h a t  a r e  generated by the  creep process. 
T h i s  damage e f f e c t i v e l y  reduces the  c ros s - sec t ion  of  the  component and 
increases  the  stress t h a t  must be supported.  Such increases  i n  stress 
a r e  a u t o c a t a l y t i c ,  s ince  they increase the  r a t e  of damage arid 
eventua l ly  lead t o  f a i l u r e  as a consequence o f  l o s s  i n  c ross  s e c t i o n .  
When t h i s  happens I the  ind iv idua l  f law loses  i t s  importance as a 
determinant o f  component l i f e t i m e .  Lifet-ime now depends 011 the  t o t a l .  
amount of damage t h a t  has occurred as a consequence of the  creep 
process .  The t o t a l  darnage i s  new the important factor c o n t r o l l i n g  
l i f e  t i me. 

ceramics intended f o r  use f o r  hea t  engines i.ridicates t.hat f o r  long 
term usage, darnage accumulation w i l l  be the  primary cause of  specimen 
f a i l u r e .  Mechanical d e f e c t s ,  i f  p resent  i n  these  ma te r i a l s ,  a r e  
healed o r  removed by high temperature exposure so  t h a t  they have 
l i t t l e  in f luence  on long term l i f e t i m e  a t  e leva ted  temperature.  In  
t h i s  s i t u a t i o n ,  l i f e t i m e  can be determined by cha rac t e r i z ing  the  
damage and the  r a t e  of damage accumulation i n  the  ma te r i a l  a t  e leva ted  
temperatures.  I n  ceramic mater ia l s  such as s i l i c o n  n i t r i d e  and 
S i A l O N ,  such cha rac t e r i za t ion  required high r e s o l u t i o n  analyses  
because of  the  f i n e  g ra in  s i z e  o f  these  ma te r i a l s :  hence the  need f o r  
t ransmission e l e c t r o n  rnicroscopy as an ad junc t  t o  the  mechanical 
t e s t i n g  of ceramics f o r  high temperature app l i ca t ions  i s  apparent .  

ceramic ma te r i a l s  w i l l  be co r re l a t ed  with micros t ruc tura l  damage t h a t  
occurs a s  a func t ion  of  creep s t r a i n  and rupture  t ime. Mater ia l s  t o  
be s tud ied  inc lude :  SiAlON; hot-pressed s i l i c o n  n i t r i d e ;  s i n t e r e d  
s i l i c o n  ca rb ide .  T h i s  p ro j ec t  w i l l  be coordinated with WBS 3 . 4 . 1 . 3 ,  
Tens i le  Creep Tes t ing ,  with the u l t ima te  goal  o f  developing a tes t  
methodology f o r  assur ing  the  r e l i a b i l i t y  o f  s t r u c t u r a l  ceramics f o r  
high temperature app l i ca t ions .  

Design c r i t e r i a  f o r  the use of  ceramics a t  l o w  temperature 

Recent s tud ie s  of high temperature f a i l u r e  of the  non-oxide 

I n  t h i s  p r o j e c t ,  the  creep and creep- rupture  behavior o f  s eve ra l  
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Technic a1 High 1 i .gh t s 

ATEM w a s  used t o  s tudy c a v i t y  damage produced i n  GTE PY-6 s i l i c o n  
n i t r i d e  dur ing  t e n s i l e  c reep .  Resu l t s  have now been obta ined  on 
samples c r e p t  over the f u l l  range of t e s t  t empera tures ,  1200 t o  1400 
C .  Creep a t  1200 C w a s  no t  found t o  r e s u l t  i n  apprec i ab le  c a v i t a t i o n ,  
i n d i c a t i n g  delayed f a i l u r e  a t  t h i s  temperature occurs  by t h e  s l o w  
growth o f  p r e - e x i s t i n g  f laws .  By c o n t r a s t ,  c reep  a t  1250 C r e s u l t s  i n  
ex tens ive  c a v i t a t i o n ,  and it  is  concluded t h a t  c reep  rup tu re  r e s u l t s  
from accumulated c a v i t y  damage. For the  most p a r t  t he  c a v i t i e s  
produced i n  PY-6 a r e  s imilar  i n  d e t a i l  t o  those produced i n  NT-154, 
which con ta ins  a s i m i l a r  r e s i d u a l  g l a s s  composition. S p e c i f i c a l l y ,  
c reep  of PY-6 r e s u l t s  i n  the  formation of  d i s c r e t e ,  e l l i p s o i d a l  shaped 
c a v i t i e s  a t  narrow (1 run) s i l i c o n  n i t r i d e  i n t e r f a c e s .  While the  
average s i z e  of t hese  c a v i t i e s  i nc reases  wi th  temperature ,  t h e i r  
d e n s i t y  dec reases ,  r ega rd le s s  of  s t r a i n .  Unlike NT-154 ( a s  w i l l  be 
d i s c u s s e d ) ,  i n t e r f a c i a l  c a v i t i e s  cont inue t o  form a t  1400 C i n  PY-6.  
Creep of YY-6  a l s o  r e s u l t s  i n  c a v i t a t i o n  o f  t he  second phase s i t u a t e d  
p r i m a r i l y  w i t h i n  mul t ig ra in  j u n c t i o n s ,  resu l t . ing  i n  i n t e r s t i t i a l  
cavit : ies which can range i n  s i z e  from about 0 . 2  t o  1 . 0  microns.  Both 
t h e  d e n s i t y  and average s i z e  of t hese  cavi t i -es  appear t o  i-ncrease wi th  
temperature  as  we l l  as s t r a i n .  A t  1400 C ,  i n t e r s t i t i a l  c a v i t a t i o n  
appears  t o  be t h e  predominant form of c a v i t a t i o n  i n  t h i s  m a t e r i a l .  

NT-154 were a l s o  made. Resul t s  from samples c r e p t  i n  t ens ion  under 
c o n t r o l l e d  condi t ions  a t  1400 and 1430 C confirmed t h a t  c reep  a t  1400 
C and above r e s u l t s  exc lus ive ly  i n  i n t e r s t i t i a l  c a v i t a t i o n ,  i . e .  
c a v i t a t i o n  of the  second phase contained withi.n mult i .grain j u n c t i o n s .  
I n t e r f a c i a l  c a v i t a t i o n ,  although preva len t  a t  lower tempera tures ,  was 
no t  observed. Comparative r e s u l t s  from samples c r e p t  t o  d i f f e r e n t  
s t r a i n s  and t o  s i m i l a r  s t r a i n s  a t  d i f fe ren t :  temperatures  have shown 
no t  on1.y t h a t  the  dens i ty  o f  i n t e r s t i t i a l  c a v i t i e s  i nc reases  wi th  
s t r a i n ,  b u t  t h a t  the average c a v i t y  s i z e  inc reases  wi th  both  s t r a i n  
and temperature .  

I n  a r e l a t e d  e f f o r t ,  a d d i t i o n a l  s t u d i e s  o f  c a v i t y  damage i n  Norton 

Experimental Technique 

The r e s u l t s  o f  t h i s  s tudy were obtained by a n a l y t i c a l  t ransmiss ion  
microscopy (ATEM). ATEM was used t o  examine samples o f  GTE PY-6 and 
Norton NT-154 s i l i c o n  n i t r i d e  which had been subjec ted  t o  t e n s i l e  
creep under the  t e n s i l e  t e s t  t ask  of t h i s  p r o j e c t  ( W R S  3 . 4 . 1 . 3 ) .  
Standard ceramographic techniques were used t o  prepare specimens f o r  
ATEM a n a l y s i s .  

Resul t s  and Discussion 

During the  past. s i x  months, s t u d i e s  of t he  e f f e c t  of 
micros t ruc ture  on t h e  creep/creep rupture  of s i l i c o n  n i t r i d e  were 
cont inued.  While t h i s  e f f o r t  was p r imar i ly  d i r e c t e d  a t  c h a r a c t e r i z i n g  
c a v i t y  damage produced i n  GTE PY-6 and Norton NT-154 under condi t ions  
no t  prev ious ly  e s t a b l i s h e d ,  a d d i t i o n a l  r e s u l t s  were a l s o  obta ined  on 
GTE AY-6 and G a r r e t t  GN-10. F o r  the  l a t t e r  two grades ,  examination of  
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samples froin e a r l i e r  s tud ie s  revealed evidence f o r  mul t igra in  junc t ion  
c a v i t i e s ,  i d e n t i c a l  t o  those found i n  NT-154 and PY-6. These r e s u l t s  
c l e a r l y  estab1.ish i n t e r s t i . t i a l  c a v i t i e s ,  which r e s u l t  from the  
c a v i t a t i o n  o f  the  second phase contained wi th in  t r i p l e  o r  mul t igra in  
junc t ions ,  as a primary form of cav i ty  damage i n  these grades o f  
s i l i c o n  n i t r i d e .  

extended by examination of samples c r e p t  a t  1200 and 1250 C .  Creep a t  
1200 C WRS not  found t o  r e s u l t  i n  appreciable  c a v i t a t i o n ,  which 
suggests t h a t  delayed f a i l u r e  (up t o  8 h . )  a t  t h i s  temperature occurs 
by the sl.ow growth of p r e - e x i s t i n g  f laws.  I n  c o n t r a s t  creep a t  higher  
temperatures r e s u l t s  i.n extensive c a v i t a t i o n ,  and creep rup tu re  
appears t o  r e s u l t  from accumulated cav i ty  damage. A t  1250 C long-term 
creep (>2000 h)  t o  over 1 % s t r a i n  w a s  found t o  r e s u l t  i n  t he  
formation of  high d e n s i t i e s  of d i s c r e t e ,  e l l i p so ida l - shaped  
i n t e r f a c i a l  c a v i t i e s .  Creep a t  1250 C a l s o  r e s u l t s  i n  c a v i t a t i o n  o f  
the  second phase present  wi th in  mul t i -g ra in  junc t ions .  However', even 
a f t e r  1% creep s t a i n ,  the  maximum s i z e  o f  these  i n t e r s t i t i a l  ca -v i t i e s  
was l imi t ed  t o  about 500 nin. I n  c o n t r a s t ,  creep a t  1350 and 14-00 C t o  
lower s t r a i n s  r e s u l t s  i n  the  formation of i n t e r s t i t i a l  c a v i t i e s  of  up 
t o  one mi-cron, which i s  roughly the  upper l i m i t  of  mul t igra in  junc t ion  
dimensions. 

In  summary, creep o f  PY-6 a t  temperatures o f  1250 t o  1400 C 
r e s u l t s  d i s c r e t e  i n t e r f a c i a l  c a v i t i e s  at: narrow ( l n r n  o r  l e s s )  t.wo 
g ra in  boundaries and i n t e r s t i t i a l  c a v i t i e s  a t  mul t igra in  junct i .ons.  
The nuc lea t ion  and growth o f  i n t e r f a c i a l  c a v i t i e s  i s  i d e n t i c a l  t o  t h a t  
i n  NT-154. . Apparently, l imi t ed  t r anspor t  through the  nea r ly  "pure" 
y t t r ium s i l i c a t e  g l a s s  phase, unique t o  these  t w o  grades,  r e s t r i c t s  
cav i ty  growth i n t o  and along the s i l i c o n  n i t r i d e  gra ins  .and r e s u l t s  i n  
the  formation of  d i s c r e t e  c a v i t i e s  of  nea r ly  uniform s i z e .  While the  
average s i z e  o f  these  i n t e r f a c i a l  c a v i t i e s  increases  with increas ing  
temperature,  the  dens i ty  of c a v i t i e s ,  both wi th in  ind iv idua l  
i n t e r f a c e s  and o v e r a l l ,  decreases with increas ing  temperature.  I n  
c o n t r a s t  the  r e l a t i v e  ex ten t  (as evidenced by cav i ty  s i z e  and dens i ty)  
o f  i n t e r s t i t i a l  c a v i t a t i o n  appears t o  increase  with inc reas ing  
temperature.  Most no tab ly ,  t he re  i s  a s i g n i f i c a n t  increase  i n  the  
populat ion l a r g e  cav i ty  s i z e s  ( 0 . 5  t o  1 . 0  microns) with inc reas ing  
temperature,  regard less  of s t r a i n .  As such, t h i s  increase  i n  "average" 
cav i ty  s i z e  r e f l e c t s  the  s trorig temperature dependence of c a v i t y  
growth r a t e  wi th in  the  second phase a t  mul t igra in  j u n c t i o n s .  A t  1400 
C and s u f f i c i e n t l y  high appl ied  s t r e s s e s ,  rap id  cav i ty  growth wi th in  
the  second phase a l s o  occurs wi th in  r e l a t i v e l y  wide (10 n m  o r  more) 
two g ra in  boundaries i n  PY-6 t o  form c r a c k - l i k e  c a v i t i e s .  While these  
c a v i t i e s  do no t  appear t o  grow with increased s t r a i n ,  t h e i r  presence 
should con t r ibu te  t o  the  creep rupture  process .  

were a l s o  made. Two s e t s  of samples were examined. The f i r s t  s e t  
were crept i n  tension t o  various s t r a i n s  up t o  f a i l u r e  (0 .95%) under 
the  same condi t ions ,  1 2 5  mPa a t  1400 C .  The second s e t  were c r e p t  i n  
tens ion  a t  1430 C a t  s t r e s s e s  ranging from 40 t o  150 mPa. Lifet imes 
and t o t a l  s t r a i n s ,  r e spec t ive ly ,  ranged froin 2 h and < 0.5% a t  150 mPa 
t o  near ly  700 h and 2 % a t  75 mPa; lower s t r e s s  t e s t s  ( a t  40 and 50 

For P Y - 6 ,  previous r e s u l t s  on c a v i t a t i o n  a t  1350 and 1400 C were 

I n  a r e l a t e d  e f f o r t ,  add i t iona l  s t u d i e s  of  c a v i t a t i o n  i n  NT-154 
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mPa) were terminated a t  roughly 700 h and s t r a i n s  of 0 . 5  t o  0 . 7 % .  A t  
both tempera tures ,  c reep  r e s u l t e d  i n  ex tens ive  cav i t a t io r i ,  which w a s  
predominately of  the i n t e r s t i t i - a 1  type ~ Extremely l i m i t e d  evidence 
f o r  i n t e r f a c i a l  c a v i t a t i o n  was found, r e g a r d l e s s  of t he  app l i ed  s t x e s s  
o r  t o t a l  s t r a i n .  The r e s u l t s ,  t h u s ,  confirm the  prev ious ly  r epor t ed  
susp ic ion  t h a t  a t  1400 C and above, c reep  c a v i t a t i o n  i n  NT-154 i s  
n e a r l y  exclusi-vely confined t o  the  second phase s i t u a t e d  a t  t r i p l e  and 
m u l t i g r a i n  j u n c t i o n s .  The diiiiensions of t hese  reg ions  range from 
about 0 . 1  t u  1 . 0  microns,  which sets  the  si.ze l i m i t s  f o r  i n t e r s t i t i a l  
c a v i t i e s ,  Resu l t s  from the  f i r s t  s e t  o f  samples ( c r e p t  t o  va r ious  
s t r a i n s  a t  1400 C )  i n d i c a t e  t h a t  increased  s t r a i n  r e s u l t s  i n  an 
inc rease  i n  both  the  dens i ty  o f  c a v i t i e s  and t h e  popula t ion  of  l a r g e  
c a v i t y  s i z e s  ( i . e ,  ranging from 0 . 5  t o  1 . 0  microns) .  Resu l t s  from the  
second s e t  of samples ( c r e p t  ah 1430 C )  were s i m i l a r .  Moreover, by 
comparison a t  similar s t r a i n s ,  creep a t  1430 C w a s  found t o  r e s u l t  i n  
a l a r g e r  popula t ion  o f  l a r g e r  c a v i t y  s i z e s .  Cur ren t ly ,  r e s u l t s  from 
both s e t s  o f  samples by ATEM, p r e c i s i o n  densi-ty measurement, and s m a l l .  
ang le  X-ray sca t te r i .ng  ( S A X S )  a r e  being c o r r e l a t e d  t o  quanti-fy the  
s e p a r a t e  e f f e c t s  of temperature and s t r a i n  on i n t e r s t i t i a l  c a v i t y  
dens i ty  and s i z e .  I n  a d d i t i o n ,  reasons f o r  absence o f  i - n t e r f a c i a l  
c a v i t a t i o n  i n  NT-154 during creep a t  1400 C and above are be ing  
i n v e s t i g a t e d  by ATEM. 

S t a t u s  of Milestones 

On schedule  

---.. Publications/Commi.mications 

“Creep Damage Mechaniisms i n  Si-l icon N i t r i d e “ ,  S .  Wiederhorn, W .  
Luecke, B .  Hockey, and G .  Long. Presented a t  Workshop on “Ta i lo r ing  
o f  High Temperature P rope r t i e s  of S i l i c o n  N i t r i d e  Ceramics”. Oct 6 - 9 ,  
1993 .  Schloss  Ringberg, Germany. 

References _. 

None 
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Mechanical Properties and Microstructural Characterization of SiN, Ceramics 
K. L. More, T. A. Nolan, and L. F. Allard (Oak Ridge National Laboratory) 

Obiective/scope 

The objective of the research is to use analytical and high-resolution electron 
microscopy to characterize the microstructure of several S&N, ceramic materials following 
mechanical strength (tensile) testing at elevated temperatures in air. This work represents 
collaborations with K. Liu of Oak Ridge National Laboratory, J, Pollinger of AlliedSignal, 
and Norton-St. Gobain. 

Technical hinhliahts 

Work during this reporting period has focussed on several aspects of silicon nitride 
characterization. These investigations have induded { 1 ) evaluation of a plasma-etching 
technique for Si3N, and the setup of a plasma etcher, (2) grain boundary analysis of 
NT-154/NT-164 silicon nitride using the new Hitachi HF2000 field emission gun- 
transmission electron microscope (FEG-TEM), (3) microstructural characterization of 
GS-44 self-reinforced silicon nitride, and (4) microstructural evaluation of a Russian silicon 
nitride. 

Plasma Etching of Silicon Nitride 

The plasma-etching technique investigated here was first used by researchers at 
National Aeronautics and Space Administration (NASA)-Lewis to etch Sic whisker- 
reinforced silicon nitride ceramic composites.' Plasma etching has the advantage of 
selectively attacking the Si,N, grains rather than attacking the secondary phases, which 
occurs during etching using a molten sat?. The other advantage is that the porosity 
appears to be undisturbed following etching, which may be useful for anatysis of 
cavitation and void formation following creep testing. 

GN-10, NT-154, and NT-164 silicon nitride ceramics (a total of approximately 20 samples 
in all) were cut from tensile rods following creep testing as well as from uncrept material. 
The cut samples were mechanically ground flat and polished sequentially using 6-, 3-, 1-, 
and 0.25-prn diamond paste. All the specimens were then brought to NASA-Lewis in 
Cleveland and plasma etched using CF4 + 4% "2 at 0.3 torr and a plasma RF power of 
lo0 W for about 3 min. Initial results for plasma-etched, hot-pressed SNW-1 Qoo are 
compared to an as-polished SNW-1000 surface in Figs, 1 and 2, respectively. Clearly, the 
microstructure of the Si3N4 is revealed in much greater detail in the plasma-etched 
surface shown in Fig. 1. The other plasma-etched samples will be used to compare the 
microstructures of various silicon nitride materials and to evaluate the microstructural 
changes occurring as a function of elevated-temperature creep testing. It is anticipated 
that a system will be sat up at ORNL which is similar to that used for plasma etching at 
NASA-Lewis. 

In order to evaluate the advantages of plasma etching Si,N,, samples of SNW-1000, 
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YP18862 

Fig. 1 (a). Low-magnification SEM image showing the 
overall microstructure of hot-pressed SNW-1 OOO silicon 
nitride revealed by plasma etching. 

YP18869 

Fig. 1 (b). SEM image showing the distribution of the 
secondary phases (light phase in micrograph) and general 
morphology of silicon nitride grains in hot-pressed 
SNW-1 OOO revealed by plasma etching. 
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YP18863 

Fig. 2. As-pOliShed surface of hot-pressed SMN-1ooO. 
The general microstructure of the SNW-looO is not clearly 
resolved in this specimen as compared to the plasma4ched 
specimen. 

Analysis of Grain Boundaries in Norton Silicon Nitride 

The microstructures Norton-Saint Gobain NT- series Si,N4 ceramics have been 
studied extensively. NT-164 exhibits several characteristics that differ from NT-154. It has 
superior high-temperature creep performance as compared to NT-154 and most other 
Si,N4 ceramics. After creep testing, NT-154 typically contains two types of voids 
generated during the test. These are Viplegoint" voids, micrometer-sked angular voids 
caused by shifting of grains and possibly other diffusional processes. The other dass of 
VOW that is observed indudes 0.01 - to 0.4-pm lenticular voids that form at two grain 
junctions and are apparently caused by solution and reprecipitation of Si,N,. Surprisingly, 
in NT-164, lenticular voids were extremely rare. It has been determined using high- 
resolution transmission elecZIon microscopy (TEM) that both characteristics can be 
explained by differences in the grain boundary structures. NT-154 and other Si,N4 
ceramics manufactured with powder precursors have a ubiquitous, typically less than 
1.5nm-thick amorphous film that separates the Si& grains. This film is composed of 
elements associated with sintering aids and impurities, such as m u m  and oxygen. One 
major microstructural difference between NT-164 and NT-154 prior to testing was 
observed; this film was not typically visible in NT-164. It is hypothesized that this film acts 
as the dimion path for sdution-repredpitation processes that account for the lenticular 
wid formation and may contribute to other phenomena associated with creep such as 
grain sliding, etc. 

Present research has as a goal the determination of differences in the chemistry of 
the NT-154 and NT-164 grain boundarieg using energy dispershre X-ray analysis (EDS) 
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Initial scanning electron microscopy (SEM) examination of fracture 
both specimens has shown small differences in the microstructures between the contrd 
and the microwave-annealed GS-44, as shown in Figs. 4(a) and 4(6), respectively. 
general microstructure of the Si,N, in the G S 4  material consists of r e ~ a t ~ v ~ ~  large 
acicular Si,N, grains, approximately 5 to 10 pm in length by 0.5 to 3 prn in diameter (the 
self-reinforcement), surrounded by much smaller S,N, grains. A general microstructural 
observation was that although both materials contained a similar size and distribtttidn of 
the acicular grains, the grain size of the surrounding'Si,N, grains was smaller for the 
control material as compared to the microwave-annealed material. This is not only 
evident in Fig. 1 (low-magnification comparison), but also in the higher-magnification 
comparison shown in Figs. S(a) and 5(b) for the control and microwave-annealed OS-44, 
respectively. The actual sizes and distributions for the Si3N, grains in these samples are 
currently being quantitativety determined using both thermally and plasma-etched 
samples. 

In addition to SEM examination, X-ray diffraction was also done to determine 
differences in the crystalline phases between the two sampies. The primary phases 
determined for each sample were identical and are as follows: only p-Si,N, (no aSi,N4) 
with possible trace phases of YSi,, Mg.+U,Si,O,,, and An2Y44. The B-Si3N4 constitutes a 
volume fraction of approximately 98%, and no evidence of a significant volume,fradon of 
amorphous intergranular phase was detected. The phase identification and presence of 
amorphous material will be verified by TEM, the samples of which have already been 
prepared. 

Microstructural Evaluation of a Russian Silicon Nitride 

A single Si,N, cutting tool designated by a lab1 on a plastic bag as 212-01 was 
characterized using primarily SEM and TEM. This document constitutes a summary of the 
observations to date. The tool was a rectangular Pa~aliek?p@f3d with approximate 
dimensions of 12 x 12 x 4 mm, and the four short corners were rounded. 

The surface morphologies of one of the two large flats (termed "bases" herein) and 
two of the four sides were determined by SEM. The bass appeared to be an as-pressed 
surface that had been subsequently palished (ground). One portion of the surface of the 
base had little or no grinding damage, as shown in Fig. 6. This morphology graded 
across the surface of the base to a region that showed a great deal of grinding, resulting 
in complete removal of the original as-pressed surface (Fig. 7). The as-pressed surface 
contained many pits or voids ranging in size from 5 to 50 pm. The larger voids were Dined 
with crystals which are likely to be acicullar p-grains [Fig. 6(d)J, similar to those commonly 
seen in silicon nitride ceramics. In Fig. 7, striations resulting from the grinding appear to 
have random orientations such as might occur from a hand-held polishing operatian. 
Voids were not as obvious on the ground surface, presumably because they were filled 
with grinding swarf. Figure 8 shows severat views of a side and the intersection of the 
side with the base. The side surface is ciearty ground, and corners between sides are 
rounded [as seen by eye and in Fig. 8(a)]. ?'he numerous voids that permeate this 
material are quite obvious in Fig. 8(c) and 8(d). 

A thin slice was cut from one side of the tool, and a TEM thin-foil specimen was 
prepared by dimple grinding and ion milling, A view of the typical structure Qf this 
material is shown in Fig. 9. Si,N, grains are surrounded by amorphous material, 
presumably a residue of sintering additiies. EDS resutts are shown in Fi . 10. EDS of a, 
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Fig. 6. SEM views of the base surface in a region that appeared to have little or 
no grinding. Many voids are present on this surface; larger voids (d) are lined with 
crystallites (presumably pSi,N, grains). 
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Fig. 7. SEM views of the base surface showing a region that has been ground. 
Striations resulting from grinding appear to have random orientations. 
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L 
Fig. 8. SEM images of the intersection of a side with a base [(a) and (b)], and the 

surface of the side showing voids [(c) and (d)]. 
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YP18853 
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YP18868 

Fig. 10. Same region of specimen as shown in 
Fig. 4 but after EDS analysis (above). EDS spectra 
from sites A (Si,N, grain) and B (grain boundary 
material). Note that the Si,N, grain contains a small 
amount of aluminum. 
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P-Si3N4 grain (see site A) identified Si, N, and a small amount of AI, which apparently 
substitutes for Si in the structure. EDS of the amorphous material (see site B) identified 
0, AI, and Y, as well as Si. This ceramic is similar in structure and composition to the 
GTE AY-6 Si3N,, with the exception that AY-6 had very few internal voids. The results 
presented herein are based on observations of a limited number of areas from one TEM 
specimen. Further work remains to be done to determine the extent of compositional and 
structural variations in the material. 

References 

1. D. R. Hull, T. A. Leonhardt, and W. A. Sanders, "Plasma Etching a Ceramic 
Composite," prepared for the 24th Annual Convention ob IMS, Monterey, Calif., July 29 ~ 

August 1 , 1991. 

Status of milestones 

Program on schedule. 

Communications/visits/travel 

1. K. L. More, "Defect Characterization in a CVD a-Si,N,," invited presentation at 
(ASMRMS) Materials Week '92, Chicago ill., November 2-5, 1992. 

Problems encountered 

None. 

Publications 

1. J. L. Ding, K. C. Liu, K. L. More, and C. R. Brinkman, "Creep and Creep Rupture of an 
Advanced Silicon Nitride Ceramic," accepted for publication in J. Am. Ceram. Sac. 

2. K. L. More, "Defect Characterization in CVD a-Si,N,," invited talk at ASM/TMS Materials 
Week '92, Chicago, Ill., November 2-5, 1992. 

3. K. L. More, "Defect Characterization in C\iD Alpha Silicon Nitride," currently in review. 
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Proiect Data Base 
B. L. Keyes (Oak Ridge National L ~ b o ~ a t ~ ~ ~  

Obiective/scope 

The o ~ ~ ~ ~ t ~ v ~  of this task is to develop a c a ~ ~ r e h ~ ~ ~ ~ v e  computer data base 
rimental data on properties of ceramic material nerated in the total 

B system should provide a csnvenient and mechanism for the 
~~~~~~~~~o~ and distribution of the Barge amounts of data involv data base will be 
a ~ ~ i ~ a b ~ ~  in electronic form to all project participants. In addition, periodic hard-copy 
summaries of the data, including graphical r ~ p r e s ~ n t a t ~ ~ ~  and tabulation of raw data, will 
be issued to provide convenient information sources for project participants. 

The Ceramic Technology Prujed (CTP) data base now contains 841 7 records can 
results from 27 different types of tests, 700 material characterizations, 13 lubricant 

aracterizations, 102 coating c ~ a r ~ c ~ e r i ~ a t i o ~ s ,  and 2367 other ssociated materiaVtest 
Land ~~~~~~~t~~~ text records. The image ata base contains 11 5 micrographs. A 
tailed description may be found in Table 

Capital equipment f 
equipment has been rece 
using dual 158-MB Bernauili disks, compact disc-sea memory (CD-ROM) 
t ~ c ~ n o ~ o g y ,  and a ~ ~ ~ ~ e ~ ~ - ~ a ~ ~ a r ~  Scanjet Ilc. Kod oetsax image ~ a ~ ~ ~ ~ r ~  and 
Aldus' Fetchm are being evaluated 8s irn oment systems, with a possibility 
of Fox Base.tm (for the Mac) and Fox Pram [for personal computer (PC) ~ ~ ~ ~ a t i b ~ ~ ~ ]  to 
be used far total data bass (image and test results data) manag 

, if necessary, enhanced (lightened or darkened) usi 
8 linked to the test reslalls da 

storage system were approved, 
basic system is on a Macintass 

t, Micrographs are 
be Photoshop. 

raphic image subjects, such as scanned-in 
t diagrams, etc,, will be added in the feature. 

age fiies to a 
graphs, test specimen dr 
Data base personnel are 
PC-compatible system do ers. Since p h s  to integrate the ragraph 

arching for the best method ta tr 

the existing structure have no8 been completed, an index file was created 
E to acquaint the user with some of the available micrographs. Future plans 

call far all images to be stored on a CD-ROM f 
pictures have been stored to justify the effod. 

ution purposes after enough 

CTP bimonthly and semiannual progress reports have been the sources for the 
ly stored micrographs. The quality of the stored images has been hig 
ing on the clarity of the source ima 
ed. A11 submitted micrographs will e returned lo the senders after being scanned 
system. These images are valuable to industry as well as to the researcher. 

Several new files were added during this bimonthly period. A method to store creep 
curves and stepped-stress curves in the data base was developed during this semiannual 

materials as possibk has begun. The main problem has been how to handle the variabk 
number of point sets possible with these types of tests. Litile data have been stored in 
these files due to other commitments and time constraints. If anyone has creep curves 

an effort to collect a good representat~Qn of creep curves for as many 



Table 1. Ceramic Technology Project data base summary as  o f  September 30, 1993 

Hateri a1 
class 

Brazed specimens 
creep fatigue Density ~~~$~ Elasticity 

MOR 4a Shear str. Toughness Torsion Tor fatigue 

A1 umi na 
Alumina t reinforcing fibers 
Alumina + zirconia 
Mu1 1 i te 
tlullite t reinforcing fibers 
SiAlON 
Silicon carbide 12 
Silicon nitride 87 48 
Silicon nitride + reinforcing fibers 
Zi rconi a 241 58 43 
Zirconia t reinforcing fibers 
Other 

15 

6 

7 

15 5 9 
10 7 

17 10 23 
260 36 64 76 
9 15 65 14 

51 158 

4 

28 

2 
11 

1s 
135 
14 
119 

Totals 328 118 43 21 7 2 69 144 313 122 384 

Materi a1 
class 

Fracture Hardness Interrupted MORa MORa Oxidation Poisson’s Shear ~ ~ ~ ~ i l ~  Stress 
toughness fatigue 3 - P t  bend 4-Pt bend rate ratio modul us rupture 

N w 
W 

~~ ~~ 

Alumina 39 4 418 15 13 
Alumina + reinforcing fibers 39 145 11 
Alumina + zirconia 7 
Mullite 1 1 4 
Mullite + reinforcing fibers 12 9 20 
SiAlON 52 I 

275 86 13 
10 1305 1 31 30 214 101 

Si1 Icon carbide 38 21 
Silicon nitride 153 124 
Silicon nitride + reinforcing fibers 56 164 3 62 61 50 
Zirconia 317 24 239 1613 16 17 
Zirconia + reinforcino fibers 2 
Other 2 39 61 3 

Totals 717 218 239 20 4066 4 93 9 2  392 147 
%OR = modulus of rupture. 



Table 1. (Continued) 

M a t e r i a l  Chemistry Mater1  a1 Thermal Thermal Thermal Thermal Thermal Torslo” !-Ray 
c l a s s  c o n d u c t i v i t y  c o n t r a c t  i o n  d i  f f u s  i v i  t y  expansion shock a , ‘ r a c t i o n  char.  

Alumina 16 1 2 15 14 
Alumina + r e i n r o r c i n g  f i b e r s  39 20 4 6 102 
Alumina t z i r c o n i a  23 21 12 
M u i J i t e  2 
Muii i t ?  t r e i n f o r c i n c  f i b e r .  8 33 
SiAlON 6 2 

S i l i c o n  n i t r i d e  23 23 58 3 49 296 8 

Zi rcon1 a 1 2  49 44 
Z i r c o n i a  t r e i n f o r c i n g  f i b e r s  5 

T o t a l s  101 2 3  66 i 6 i  8 7 138 730 15; 

S i l i c o n  c a r b i d e  23 17 71 68 

S i l i c o n  n i t r i d e  t r e i n f o r c i n g  f i b e r s  9 17 14 68 

Other 6 40 4 39 17 

- 

M a t e r i a l  
c l a s s  Uear Coat ings  L u b r i c a n t s  r e s i s t a n c e  

A i  mi na based 9 3 

S i A l O E i  
S i l i c o r i  carb<de 3 
S i l i c o n  n i t r i d e  22 
S i l i c o n  n i t r i d e  t r e i n f o r c i n g  f i b e r s  
Chromia based 98 20 
Z i r c o n i a  x s e c  13 16 
Enamels 5 10 
Other 126 53 

Alumina t r e i n f o r c i n g  f ibers  i 

37 
62 
16 

13 

T o t a l s  ?7 7 132 13 
Grand :otal  ( c h a r a c t e r i r a L i o n  d a t a  

n o t  i n c l u d i n g  t e x t  records 
Grand t o t a ;  ( t e s t  d a t a  o n l v i  

i15 

930 
8417 

N 
P 
0 
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available (preferably in tabular form), data base personnel would like to add them to the 
data base with appropriate acknowledgments and associated documentation (test, 
material, and testing facility information), 

is now in the process of publication. Included in the report is information on a @-Sic 
(Dow-Corning), Hexoloy SX-G1 , NT-451, SN-253, NT-154, MT-164, GN-10, GTE PY6, 
experimental silicon nitride-based compositions, and a few Sic whisker-reinforced 
ceramics, presented as test results (tabular and graphical), background information, and 
micrographs. 

reporting period. Enhancements to the searching menus and data access procedures 
were developed and partially tested. Routines will be added to handle the newly 
developed curve data. Work on the computerized interface for the data base was 
suspended to allow time to complete the data base summary report and to install and set 
up the newly acquired image storage system. 

and Materials (ASTM) guideline document (for the E-49 Committee on Computerized 
Materials Data Bases) an ceramic material designations for computer data base storage. 
Problems encountered with ceramic material classification tables derived from a draft 
VAMAS document have been alleviated due to a major revision of that draft document and 
its adoption by ASTM Committee C-28 on Advanced Ceramics. The E-49 document has 
been revised as much as can be done outside of the task group meetings. Several 
negative votes need committee votes before the remaining changes can be made. 

The annual data base summary report has been written, reviewed, and revised, and 

Progress on the computerized user interface continued during this semiannual 

Data base personnel are involved in developing an American Society for Testing 

Communications/visits/travel 

B. L. Keyes travelled to Gaithersburg, Maryland, on October 1993 to attend the 
semiannual ASTM E49 committee meetings. Work is continuing on developing standards 
for computerizing ceramic materials property data. 

Problems encountered 

None. 

Status of milestones 

The September 1993 data base summary report is now in publication. 

Publications 

The Ceramic Technology for Advanced Heat Engines Project Database: September 
7993 Summay Report, in publication. 
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ENT BEHAVIOR 

H. T. bin, P. F. Becher, and W. H. Warwick (Oak Ridge National Laboratory) 

Ceramics with reinforcing microstructures and ceramic composites offer 
vantages for heat engine applications. Chief among these is the 

ughness that can be achieved by appropriate design of 
aterial parameters. Previous studies show that these 

materials often exhibit substantial improv ents in damage, thermal shock, and 
slow crack growth resistances. However sign of such systems must also 
consider those factors influencing their performance at elevated temperatures 

In response to these needs, studies are conducted to determine the 
mechanical properties, (e.& creep, failure, strength, and toughness) at 
elevated temperatures for these tou ceramics. Particular emphasis is 
placed on understanding how microstructure and composition influence the 
mechanical performance at elevated temperatures and the stability of these 
properties for extended periods at these temperatures. The knowledge gained 
from these studies provides input on how to modify materials to optimize their 
mechanical properties for the temperature ranges of interest. 

. 

During this 6-month reporting period, research efforts were directed to 
evaluate (1) the creep behavior in tension and flexure of silicon nitride ceramics 
with elongated grain structure and (2) the flexural creep behavior of alumina 
composites reinforced with Sic whiskers. The materials investigated in the first 
effort include gas-pressure-sintered (GPS) and microwave-sintered reaction- 
bonded Si3N4 ceramics. These are part of a large effort to provide an under- 
standing of the effect of microstructure and composition on the creep response of 
in situ-reinforced silicon nitride ceramics and to develop more cost-effective 
approaches to manufacture Si3N4 materials. 

I ,  Creep Behavior of Sillicon Nitride Ceramics 

A. Tensile Creep Behavior. Tensile creep tests were conducted on in situ- 
reinfarced silicon nitride ceramics containing sintering additives of 5 vol % Yb203 
(SNSYb) and 10 V O ~  % Yb203-0.5 vol % A1203 (SNlOYbAI). These silicon nitride 
materials were sintered to > 99% of theoretical density by a GPS process. A 
subsequent heat treatment at 1250OC for 12 h was carried aut to crystallize the 
secondary piaase(s). The X-ray analysis following the crystallization process 
indicates that the triple-point seeon ary phase in the SN5Yb material is Y'2Si287 
and in the SN1OYbAI material is Y2Si205 + Y2Si207 as a minor phase. The X-ray 
result is consistent with the phase diagram sf the quasiquaternary system 
Si3Nq-Yb203-Si02-YbN (ref, 1). Note that the secondary phase at two grain 
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junctions remains amorphous after the heat treatment, and the thickness of thin 
amorphous film is approximately 1 to 2 nm (ref. 2). 

1200 and 1300°C at stress levels from 50 to 150 MPa in an ambient air. Both 
materiafs exhibit si ilarly low creep rates (- 2 x 1 0-1 0 s- l )  at 1 20O0C/5O MPa. 

50 MPa (at 1200°C) or t 
xhibits higher creep rates 

5Yb material. T 
tepial. Similar erwations in scatt 

Figure 1 shows the creep results for the SNSYb and SNlOYbAI materials at 

eratures > 1200°6, the 
t four to ten times) as 

creep data at 128 "C exhibit large scatter 

r advanced silicon nitride materials (i 
wed in the presen 

as a glass farmer) 
ature) of the glassy phase resulti 
bAl material. The creep stress e 

two materials range from 4.6 to 5.8 suggesti 

reep studies of rnicrowave-sintered 
were conducted to determi 

re, composition, and processi 
condition. The fabricated under W.B.S. €le 
1.1.2.4 ~ ~ i ~ ~ ~ w ~ v e  Sintering of Silicon Nitride). This is part of a large effort to 
develop more cost-effective approaches to fabricate silicon nitride cera 
assess their limits for structural a ~ p ~ ~ c ~ t ~ ~ n s .  

as TM145) consisted of metallurgical-grade Si (< 0.5 wt % impurities), a-Si3N4, 
and oxide additives.6 The nominal composition of TM145 after nitridation and 
sintering in a microwave furnace is Si3N4-3 wt Yo A1203-9 wt Yo Y203. The X-ray 
analysis indicates that the TM145 contains 100% R-Si3N4 phase with a minor 
amount of the glassy phase. Mechanical testing results also show that the flexural 
strength at 20 and 1200°C of TM145 is 744 and 400 MPa, respectively. The 
density of MW-SRBSN is - 97.7% of theoretical density. 

Figure 2 shows the flexure creep results of MW-SRBSN (TM145) at 1200°C 
under applied stresses of 100 to 250 MPa in air. The creep results for hot-pressed 
silicon nitride (HPSN) with a composition of 1.5 vvt % A!2O3-6 wt Yo Y2O3 (AY6) 
are also included for comparison.7 Note that the hot-pressed AY6 material was 
fabricated by using high-purity grade a-Si3Nq powder (Ube Grade E-IO) under 
W.B.S. Element 1.2.3.1 . (Dispersion-Toughened Ceramic Composite). The AY6 
material has a room-temperature flexural strength of 1140 MPa with density > 99% 
of theoretical density. The creep data show that the MW-SRBSN material (TM145) 
exhibits similar flexural creep resistance to the HPSN material (AY6) at 1200°C 
under the same stress level. Note that the MW-SRBSN material under 50 to 65% 
of its fracture strength at 1200°C still exhibits a low creep rate, approximately 
3.0 x 10'9 s-l  . The creep stress exponent (n) at 1200°C is approximately one that 
can be attributed to diffusional or viscous creep processes. 

The starting powders for the M ~ - S ~ B S N  material tested to date (designated 
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l0YbAl (1200°C) 

0 l0YbAl (1300°C) 

5Yb (1200°C) 

Stress (MPa) 

Fig, 1. Strain rate versus stress curves for Yb203- 
containing silicon nitride materials. 

BWNL-DWG 94-561 5 

Q AYB (HPSN, 1800°C/90 min) 

0 

Fig. 2. Strain rate versus stress curves at 1200 
for microwave-sintered reaction-bonded silicon nitride 
material. 
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2. Creep Behavior of Alumina-SiC Composites 

The flexural creep behavior of alumina composites reinforced with 18 vol % 
Sic whiskers as a fundion of alumina matrix grain size was evaluated during this 
reporting period I The alumina-SiC material is used as a model system to 
understand the influence of reinforcing 
response of other advanced toughened 
nitride ceramics with elongated grain structures. The alumina 
fabricated under control hot-pressing c 
from 1.2 to 8 pm. The ural creep stud 
stress levels from 100 to 230 MPa in air. 

Figure 3 shows the creep results 
0°C as a function of alumina matrix 

rate decreases with increasing alumina 
grain size of 8 pm exhibits creep rates 
nitude lower than the one having 1.2-p 
range. In this case the grain size expo 
plot of log strain rate versus log grain size at a con 
results show that a grain sire exponen 
stresses up to 230 MPa. In addition, regression analysis of the creep rate versus 
stress reveals that the stress exponent, n, is about two and is ~ n s e ~ ~ ~ ~ ~ ~ ~  ?cs the 
alumina grain size and consistent with grain oundary sliding (GBS 
modated by diffusional processes.B$g It is al reported that the cre 
the GBS creep process should be ~ r ~ p o ~ i o n a ~  to l/dm where rn is 
matrix grain size as observed h e r d  0 

Status of milestones 

Milestone No. 321 31 4: "Determine tensile creep rupture life of promising 
toughened Si3N4 ceramics" was completed. 

Milestone No. 321 31 5: "Complete Characterization of strength and tough- 
ness behavior of gas-pressure-sintering Si3N4 ceramics containing elongated 
grain structures" was completed. 

Pub I icat i o n s 

None. 
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1, E. Hampp, "Phase Relationships and Sintering Behavior of Yb-Doped Si3N4,I4 
Ph.D. Thesis, University of Stuttgart, Germany, 1993. 
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. 3. Strain rate versus stress curves for alumina-10 vol% 
Sic,,,, materials as a function of alumina matrix grain size, 
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Fig. 4. Strain rate versus grain size curves of alumina-Sic 
materials as a function of stress. 
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Cvcljc FatjQue of Touahened Ceramics 
M. C. Liu, C. 0. Stevens, and C. R. Brinkman (Oak idge National Laboratory) 

Qbiective/scope 

The objective of this task is rnultifol 

1. 

2. 

3. 

4. 

5. 

To develop, design, fabricate, and 
ue in tension-tensionlcai97pres 

t e n s ~ o n ~ c o ~ p r e s s ~ o ~  on candidate strudural ceramics at elevate 
While significant progress has been made in several areas of tk 
(such as specimenlgrip alignment, speci 
edensornetry), testing capabilities in fully 
fatigue and compression creep in the uni 
demonstrated. 
To develop basefine information on cyclic fatigu 
in turn, to establish a design data base. 
To develop creep and Cree -rupture data bases for advanced heat-engines design 
applications in the 1 158 to 1370" 6 ran 
To evaluate and refine existing constitutive models based on the information 
generated above. 
To develop new constitutive models to facilitate design analyses of kigh-temperalure 
structural components and improve their reliability. 

nstrate the capability of performin 
sad static fatigue testing in uniaxia 

Technical hiahlights 

Aggaratus for tensile testins glate-twe ceramic specimens 

A U.S. patent (No. 5,237,876) was granted on August: 24, 1993, for a new apparatus 
for tensile testing plate-type cerarn specimens having dogbone- or T-shap 
shown in Fig. 1, without introducjn bending stresses. To be effective, the 
must be used in association with the patented self-aligning grip ers, which are currently 
commercially available. 

The major components of the apparatus are a pair af two parallel pull rods 
suspended side by side to grip the 
pull sods are pivotally attached 60 a 
miniature hydraulic piston assemblies. The specimen 
bearing rollers [parts 80 and 82 shown 
features of the apparatus, and Fig. 2(b) s 
Fig, 2(a). Applying loads on the specirne 
the specimen far pin/clevis connections. Additionally, square shoulders can be machined 
at a lower cost compared to slanted shoulders used in other types of plate specimens. 
With the use of thiB apparatus, a specimen h ing a less perfect symmetry in shoulder 
heights can be successfully tested without b ing due to the independent motions of 
the pull rods. 

Because of this ~ ~ j ~ ~ e  mechanical feature, a bar specimen (Fig. 3) having a square 
or round uniform cross section can be tested with steel lugs bonded to the ends of the 
bar, This specimen design permits the use of short specimen len ths and the flexibility of 

sulders on each T-shaped end of a specimen. The 
supported by an array of 
lders are supported by short 
2(a) illustrates the 
ectisn 3-3, as indicated in 

a k s  the holes at the ends of 
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I U.S. Patent NO. 5,237,876 August24, 1993 1 

Fig. 1. A patented apparatus for tensile testing plate-type ceramic 
specimens. 
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f? ,22 
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wing the operational principle of the tensile testing 
(b) view sd cross-section 3-3 as indicated in (a) .  
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L Clue seam 

Fig. 3, A rod ceramic specimen for tensile testing. 

size, which can significantly reduce the cost of conducting tensile testing of ceramic 
materials compared to that of using large buttonhead specimens. 

Cvck  fatinue sf Si@&O, (CERCOM PAD-AS34w 

Pr~v~ous~y,  we showed that the addition of Sic whiskers in Al,O, can raise the 
nolithie AI,O, by 58% and fatigue strength in t 
wever, the s t ~ e ~ ~ t ~ ~ n ~ ~ ~  effect3 diminish as 

e Fig. 4). The degenerative temperature 
ish is not ~~~w~~ This i ~ ~ o ~ r n a t i ~ ~  is i m p  

for a ~ ~ ~ ~ ~ a t i o n ~  and establish the 

C was initiated as a. star!in 
d the ~ ~ ~ ~ Q ~ i ~ ~  material. 

~ n ~ t ~ n t - ~ ~ ~ ~ ~ ~ ~ ~ e ,  ~ ~ j a ~ ~ ~ ~ a r  
n in Fig. 5(aa). The cyck load 

g a large block of cycles at 
each peak stress, as shown in Fig. 5(b). Since neither the tensile strength nor fatigue 
strength of the composite material at 1000°C is known, a specimen was first cycled to the 
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Fig. 4. Cyclic fatigue behavior of %no ithic AI203 and SIC whisker-reinforced AI203 
elevated temperatures. pgasite materials tested at room 

peak stress of 250 MPa as a starting paint, which was about the rnidpoivt between that sf 
the room-temperature and 1200°C fatigue strengths. The peak stress was raised to 
275 M P ~  after completing a first block of 
completing an additional bl ck of 194,000 cycles, bringin the  @yclic life to a total of 
1.256 x 1 Q6 cycles to failure. 

peak cyclic stresses above 250 MPa. Wesuits are surnrnarimed in Table 1, and data are 
plotted in Fig. 4. Because of the data scatter, the fatigue data are bracketed by a narrow 
seattsr band. The limited information indicates that SiGJAi,03 at 1000°C retained about 
60 to 70% af its room-temperature fatigue strength. Urrfmtunately, no fatigue data far 
monolithic Al,Q, at 1e)CW C are available far comparison at this time. However, the 
beneficial effects of whisker :einfarcernent are clearly discr:ernabie when the 1 000" C 
fatigue data for the SiCJAl,O, are compared with the room-temperature fatigue curve of 
the monolithic AI,O,, 

cycles.  he specimen failed after 

Subsequently, eight fatigue tests at 1000" C were condxted at various Bevels of 

Creep . testins of NT-154 SLN, 

Three ongoing creep tests an NT-i54 have been performing well with no irsdlcatisn 
of imminent failure. 'The status of the ongoing tests, as sf this date, is as follows: 
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Fig. 5. Wave forms used in cyclic fatigue tests. 

Specimen 2856: The te 
a total of 0.85% strain after 21, 
test having been reported for 
and has been steady for the I 
power outage at t = 16,008 h. 

Pa and has ~~$~~~~~~~~ 

bably the longest creep 
is about 1 .a x -io-?' s-l 
~ ~ r r ~ ~ ~ ~ ~ ~  due to a 

Specimen 20-00: The test is ~~~~~n~~ 
Pa. The specimen has accu 

17,000 h ( 2 years) of testing (Fig 
unexpected power outage at t - 1 
initially for "'2500 h, but the creep rate h 

50°C under a ~~~~t~~~ stress 
ed a total of abaut 0.5% strain 
his test was also briefly ~ ~ t ~ r ~ ~ ~ t ~ ~  by an 

en was ~r~~~~~~ 
to 2.55 x lo-" s"' 
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pecimen 
number 

8-5-18 

€3-5-2 
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8-54  
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Fig 6. Creep CUIVC of NT-154 Si,N, (specimen 20-56) tested at 1250°C 
under as: applied stress of 175 MPa. 
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5000 10000 15000 20000 

TIME (h) 
Fig. 7. Creep curve of NT-154 Si,N, (specimen 20-00) tested at 1250°C under an 

applied stress of 150 MPa. 

2580 h of testing. The creep curve appears to have fallen back on the track as if no 
interruptions had occurred. 

Specimen 20-32: The specimen has been tested at 1258°C under a constant stress 
of 150 MPa for about 10,000 h since the stress was reduced from the earlier testing 
condition at 175 MPa (Fig. 8).  The total test time to date is 13,000 h (" 1.5 years). Since 
the last power outage at t = 12,500 h, the creep strain rate may have slowed down 
siightly, but the segment of the creep curve after the reloading was too short to confirm 
the observation. 

Creep testing of GN-10 Si& 

The status of three ongoing creep tests on GN-10 Si,N, at the low-stress end of the 
creep-rupture range (long-term tests) is as follows: 

Specimen 89367-1 -2: The specimen has been tested at 1200" C and 125 MPa for 
64Qo h with a total creep strain of 0.345%, and the test is continuing. The erratic creep 
behavior, which exhibited an intermittent strain riser and recovery reported previously, 
reoccurred with a big dip during the last 1000 h of testing (Fig. 9). The reason for the 
severe strain recovery over a long period of time is not known at this time. However, the 
total creep strain has recovered to the level that apparently will fall on the track of the 
purported creep curve. 
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Fig. 8. Creep curve of NT-154 SI,N, (specimen 20-32) tested at 1250°C 
under step-down loading conditions. The specimen was tested i ~ i t ~ a ~ ~ y  at 
225 MPa followed by partial unloading in steps of 25 MPa at the end of each 
1060 h of testing until the applied stress decreased to 150 MPa. 
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Fig. 9. Creep cuwe of GN-10 Si,N, (specimen 89367-1-2) tested at 1200°C 
with an applied stress sf 125 MPa. The severe strain recovery Over a long period of 
time ( I000 h) is believed to be a manifestation of internal changes in the material 
and was not caused by external factors such as fluctuations of ambient temperature. 
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Specimen 89367-1 -3: This specimen has been tested at 1 150" C and 1 50 MPa for 
nearly 6000 h of testing. The creep behavior was very erratic during the initial 3000 h 
(Fig. 10). Since then, there was a period of strain riser between t = 400 
Otherwise, the specimen appeared to have been deforming consistently with a creep rate 
of about 9 x lo-'' s-'. 

Specimen GCC-14: This specimen is being tested at 1260" C with an applied stress 
of 80 MPa (Fig. 11). The specimen has accumulated a total creep strain of 1.4% after 
1500 h of testing. The last half of the creep cufve shows the creep be 
reasonably steady at a rate of 1.53 x 10'' s-', 

Three creep tests were completed on GN-10 Si, 4, and test results are discussed in 
the following: 

Specimen 89367-1 -4: Testing of this specimen was s ~ ~ c ~ ~ s f u ~ ~ y  co 
rupture with a total creep strain of 0.41% and time to failure of 2137 h (Fig. 12). This test 
was intended to examine whether the unstable creep behavior observed in the above test 
was characteristic of GN-1 0 at 11 50" or due to the magnitude of applied stress. The 
test was performed at the same tem rature of 11 50" G but at a higher applied stress of 
200 MPa. Test resufts showed a smooth creep curve with ~ r ~ m a ~  creep ending at 
"800 h followed by steady-state creep with a creep rate of 1-67 x 70-" s-'. It appears 
that the erratic creep behavior may be triggered when the applied stress falls below a 
threshold stress level that has yet to be determined. 

Specimen 89367-1 - 1 : This specimen was succ sfully completed with a total creep 
strain of 4.27% after 8350 h ( 11.5 months) of testi at 1300°C under a constant stress 
of 50 MPa (Fig. 13). The minimum creep rate was mined to be 6.31 
Results of this and other long-term creep tests discussed in earlier sections suggest that 
short-term creep test data (below approximately 3000 do 5000 h sf testin , depending on 
the type of ceramic material) do not provide complete creep ~nfor~at ion  in view of the 
change in creep rate throughout its lifetime. 

(Fig. 14). The specimen failed after 7 78.3 h of testing with a strain of 1.22% when fracture 
occurred. A hint of increase in creep rate was observed shortly before specimen fracture. 
However, it was uncertain whether the acceleration of the creep rate was the inception of 
tertiary creep or not. 

Specimen GCG-J2: This specimen was tested at 1300" C with a stress of 75 MPa 

Status of milestones 

1. Completed tensile and fatigue tests on SiCJAI,O, ceramic composite at elevated 
temperatures (Milestone 321 41 6, due on July 31, 1993). 

2. Completed draft report covering results obtained from stress-rupture tests on GN-10 
and NT-154 Si& ceramics (Milestone 321 51 1, due on April 30, 1993). 

3. Completed tensile creep tests for microwave-annealed Si,N, at elevated temperatures 
(Milestone 321512, due on September 30, 1993). 

Publications 

1. K. C. Liu and J. L. Ding, ,'A Mechanical Extensometer for High Temperature Tensile 
Testing of Ceramics," ASTM J. Test. Eva!. 21 (5),  406-1 3 (September 1993). 
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Fig. 10. Creep curve of GN-10 Si3N4 (specimen 89367-1 -3) tested at 
11 50°C with an applied stress of 150 MPa. The creep behavior was erratic 

itial 3060 h, but the specimen has been deforming consistently 
during the last 1508 h of testing. 
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Fig. 11. Creep curve ob G -1 0 Si3N4 (specimen GCG-14) tested 
at 1260°C with an applied stress of 80 MPa. 
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Fig. 12. Creep curve of GN-10 Si,N, (specimen 89367-1-4) tested 
at 11 50°C with an applied stress of 200 MPa. The erratic creep behavior 
exhibited in Fig. 10 was not observed for this specimen. 
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Fig. 13. Creep curve of GN-10 Si,N, (specimen 89367-1 -1) tested 

at 1300" C with an applied stress of 50 MPa. 



260 

I4Oo0 - I - - - -T--m--  
ORNL-DWG 93-1 01 53 

a w 4000 
ud 
Bc 
0 2000 

0 
0 50 100 

Fig. 14. Creep curve sf GN-10 Si,N, (specimen GCG-42) tested at 
1380" (2 with an applied stress of 75 MPa. 
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Rotor Data Base Generation 
A. A. Wereszczak, M. K. Ferber, T. P. Kirkland, and C.-K. Lin (ORNL) 

Objective/scope 

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 param- 
eters characterizing the strength distribution of three sample types (two tensile 
specimens and one flexure specimen). The resulting data will be used to examine 
the applicability of current statistical models as well as sample geometries for 
determining the strength distribution. 

In the second phase of testing, stress-rupture data will be generated by 
measuring fatigue life at a constant or cyclic stress. The time-dependent deforma- 
tion will also be monitored during testing so that the extent of high-temperature 
creep may be ascertained. Tested samples will be thoroughly characterized using 
established ceramographic, scanning electron microscopy (SEM), and trans- 
mission electron microscopy (TEM) techniques. A major goal of this effort will be 
to better understand the microstructural aspects of high-temperature failure 
including: 

1. extent of slow crack growth, 
2. evolution of cavitation-induced damage and fracture, 
3. transition between brittle crack extension and cavitation-induced growth, 
4. crack blunting, and 
5. the evolution and role of oxidation-assisted damage. 

The resulting stress-rupture data will be used to examine the applicability of a 
generalized fatigue-life (slow crack growth) model. If necessary, model refine- 
ments will be implemented to account for both crack blunting and creep damage 
effects. Insights obtained from the characterization studies will be crucial far 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. 

Technical DroaresS 

In the previous reporting period, the evaluation of cyclic fatigue properties of 
the PY6 silicon nitride was conducted under cyclic tension-tension loading and 
described. The previously reported cyclic fatigue results indicated that cyclic 
tension-tension loading caused less damage than static tension loading as evi- 
denced by the longer failure time under cyclic loading versus static loading with the 
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same maximum applied stresses. There is sparse evidence of literature that has 
reported the tension-compression fatigue properties of advanced ceramics at 
elevated temperatures, which are of practical importance in the design of ceramic 
engine components. 

During the present reporting period, the evaluation of an existing servo- 
hydraulic test frame for performance of cyclic tension-compression fatigue testing 
was conducted. The test frame cantains a pair of grips specially designed for 
tension-compression loading. They have a built-in alignment capability that 
enables the user to minimize the axial and eccentric bending. Taking advantage of 
this capability requires that the buttonhead tensile specimen be prepared with eight 
strain gages bonded to its gage section. A cyclic tension-compression fatigue test 
using an alumina specimen at room temperature was successfully completed, with 
failure occurring in the gage section. This test was conducted with a 1-Hz sine 
wave and a stress ratio R = -1. Load was applied in tension-compression from low 
to high stress level in multiple steps. The specimen was initially cycled at 
-1-100 MPa for 152,000 cycles (42.2 h). The cyclic stress was then increased to 
kl25 MPa and cycled for another 437,000 cycles (1 21.4 h) without failure. The 
stress level was raised again to 1150 MPa, and the specimen finally failed at 
78,481 cycles (21.8 h). This successful test verified the capability of the existing 
test frame for cyclic tension-compression testing. 

Another tension-compression cyclic fatigue test was then initiated; however, it 
was conducted at 1200°C. The specimen was cycled under conditions of 1 H.2 with 
a stress ratio of R = -1. The test was initiated at & 50 MPa. After 423,350 cycles 
(~117 .6  h), the stress was increased to Ifr 60 MPa for 248,760 cycles (-69.1 h), 
then increased to t- 75-MPa for 87,380 cycles (-24.3 t i ) ,  increased to 90 MPa for 
9400 cycles ( ~ 2 . 6  h), then increased to k 100 MPa, where it failed during the 
tensile loading portion of the 6765th cycle (=1.9 h). The specimen was loaded in 
an incremental fashion because it was desired to have the specimen last an 
appreciable amount of time while at the same time verifying that the break detection 
and test cessation capabilities of the instrument were satisfactorily working. 

successfully demonstrated at elevated temperatures, testing on a commercially 
availabie silicon nitride' will be commenced. Fifty buttonhead tensile rods were 
delivered during the present reporting period. Ten of the specimens were strain 
gaged in preparation for tension-tension and tension-compression cyclic testing. 
Strain gaging is required of every specimen in order that tensile and compressive 
bending strains be minimized via suitable adjustments on the servohydraulic 
testing machine grips prior to testing. The motivation behind the testing of these 
specimens is to further characterize the behavior of slow crack growth, cavity 
evaiution, the brittle-to-creep crack growth transition, and crack blunting in cyclic 
tension-tension and tension-compression stress fields. In addition to the examina- 
tian of their high-temperature mechanical performance, specimens will be charac- 
terized using S E M ,  TEM, various chemical composition measurement techniques, 

Now that the tension-compression cyclic testing capabilities have been 

* NCX-5102, Saint-Gobain/Norton Industrial Ceramics Corporation, Northboro, MA 
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and X-ray diffraction (XRD) in order to understand these mechanisms more 
thoroughly. 

The planned testing conditions for these specimens are shown in the test 
matrix in Table 1. Two temperatures cambined with 5 different loading states 
comprise the test matrix; 5 specimens are to be tested at each of the 10 different 
conditions for a total of 50 specimens. Ten specimens tested under a static stress 
in ambient air will serve as the reference. Twenty of the remaining 40 specimens 
will be tested in ambient air under tension-tension (R = 0.1) or tension-compression 
(R = -1) cyclic loading. The remaining 20 specimens will be tested in an inert 
atmosphere under static or tension-tension cyclic stressing conditions. 

Three previously reported findings provided the motivation behind the 
planned test matrix shown in Table 1. Firstly, lifetimes have been shown to be 
longer in cold isostatically pressed/hot isostatically pressed (CIPedlHIPed) silicon 
nitride (PY6, GTE Labs., Waltham, MA) under tension-tension cyclic stressing at 
e I evated t e rn pe rat u res, eo rn pa red to st at ic I oadi n g .1-4 Second I y , roo rn - 
temperature flexure strength retention was observed in this same material at 
1370°C when tested in inert atmospheres at elevated temperatures, whereas it 
dramatically decreased when tested in ambient air.5 Lastly, a different dominant 
failure mechanism was shown to evolve for this same HlPed silicon nitride at 
1260 and 1370°C (ref. 6). It is anticipated that the test matrix shown in Table 1 will 
add further understanding of the behavior of all these phenomena and to the listed 
objectives above, while: (1) applying an additional tension-compression cyclic 
loading condition and (2) repeating the tests conducted on the PY6 material, but 
~ ~ o i e ~ y  using tension specimens for aN testing. 

Several of the as-received buttonhead tensile specimens contained visible 
spats along their machined surface and typically ranged in size between = 0.4 to 
3 mm. This H1Ped silicon nitride was fabricated with 4 wt % yttria as a flux and is 
believed to lie along the Si3N4-Y2Si207 tie line in the Si3N4-Si02-Y203 ternary 
phase diagram. Lewis has investigated analogous microstructures on a different 
silicon nitride and has defined these spots as p - Y2Si207 "islands" surrounded by 
an a - Y2Si207 grain boundary matrix within the silicon nitride.' These two poly- 
morphs of Y2Si207 possess different densities, so their simultaneous presence 
likely creates local residual stresses. Lewis reported that the creation of the 
f3 - Y2Si2O7 "islands" was a consequence of the HlPed rods being subjected to a 
cooling rate that was too slow within the HIP furnace; specimens that cooled mare 
rapidly did not contain them. The morphology of the spots in the silicon nitride 
being investigated in the present study has not yet been investigated; however, 
they are believed to be analogous to those examined by Lewis. 

the creep performance, spotted and unspotted specimens were each tested at 
125 and 140 MPa. Figure 1 illustrates the creep histories for these four 
specimens. For the two spotted specimens, fractography revealed that failure had 
originated where an "island'* (spherically shaped in three dimensions) was situated 
at the specimen's surface. These preliminary static creep tests on the NCX-5102 
silicon nitride suggests that the presence of these "islands" are somehow 

To examine the effect (if any) that the presence of the spots may have had on 
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Table 1. Test matrix to be used in the testing of 50 NCX-5102 specimens 

1260°C 1370°C 
Test type Environment # of specimens # of specimens 
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associated with shorter creep lifetimes and lower strains to failure. The poorer 
creep resistance of the spotted specimens may be due to the fact that pa f pp of 
the two Y2Si207 polymorphs. This evidence shows that the presence of these 
spots or "islands" introduces an additional, independent variable in the present 
study. 

Static and cyclic testing is continuing. An environmental chamber is currently 
being fabricated, and it is hoped that the vendor will ship it by the end of the year. It 
was procured through the High Temperature aterials Laboratory (HTML) User 
Program and was designed to be mounted on one of the HTML's existing tensile 
testing machines. It will fulfill the inert atmosphere testing portion of the test matrix 
described in Table 1 once readied. 

An additional project was initiated over the present reporting period that in- 
volved the examination of the creep performance of GNlOQ silicon nitride at 1275°C 
and a stress of 137.5 MPa using the ORNL buttonhead specimen geometry. The 
results were to be compared with those previously generated at the National 
Institute of Standards and Technology (NIST), which has examined the creep 
behavior of the same batch of GNlO material with three different specimen 
geometries.8 The motivation was to examine whether both laboratories would 
measure consistent creep histories for the same material. 

tested for this project. Specimen A3 crept very rapidly and, consequently, had a 
short lifetime, Specimen B4 was the second specimen tested; however, the 
specimen was first subjected to a 24-h pretest anneal at 1275°C prior to creep 
testing in an effort to anneal any present unstable grain boundary phases. It should 
be noted that the three specimen geometries tested at NIST are subjected to a 2 4 4  
pre-test anneal. The longer pre-test anneal time for specimen 84 decreased the 
overall creep rate of the G N l Q  while increasing the lifetime cornpared to that of 
specimen A3. However, the lifetime was still significantly shorter than those 
previously measured on this material at NIST for all three of their specimen 
geometries under these conditions. Being that the cross-sectional area of ORNL's 
buttonhead specimen is so much greater than that of the NET specimens 
(31.67 mm2 compared to 5 mmz), a longer pre-test anneal was conducted in 
order to examine whether or not the "stabilization" of the grain boundary phases in 
this material, produced by the anneal at 1275"C, was a consequence of some 
diffusional phenonemon. If this process was diffusional dependent, then the larger 
cross section of ORNL's buttonhead tensile specimen would require longer pre-test 
anneal times than the three NIST tensile specimen geometries in order to produce 
the same creep behavior in the GN10 material. 

buttonhead specimen to produce similar creep rates in the NIST tensile specimen 
geometries. The last four buttonhead tensile specimens (D4, D3, B3, and A4) were 
subjected to a 196-h pre-test anneal at 1275°C prior to loading. Of these four, three 
showed remarkable consistency in creep performance (specimens 04, 03, and 

Figure 2 illustrates the creep histories for the six GNIO buttonhead specimens 

The longer pre-testing anneal time was found to be necessary for the ORNL 

§ GN10, Garrett Ceramic Components Division, Altied-Signal Aerospace Company, Torrance, CA 
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Fig. 2. Strain histories of the GN18 silicon nitride specimens tested at 
1275°C and 137.5 MPa. The retest anneal times are shown in the legend. 

A4). Specimen B3 exhibited anornolous behavior by creeping somewhat rapidly; it 
did not appear to be sufficiently stabilized by the 196-h pre-test anneal. Figure 3 
shows a Monkman-Grant plot of the NlST creep data' and the ereep-rupture data 
for the six ORNL buttonhead specimens tested. The data points for specimens 04, 
03, and A4, which were all pre-test annealed for 196-h, are centrally positioned 
within the scatter of the NIST data. It is interesting to note that these three ORNL 
buttonhead specimens exhibited longer lifetimes at the same creep rates as the 
N IST double-reduction tensile specimens. 

The morphologies of the tested ORNL buttonhead tensile specimens were 
characterized. XWD was conducted in order to identify any presence or absence of 
unstable yttrium silicate phases which may be susceptible to diffusional processes, 
such as oxidation.9 

The morphology of three of the tested specimens (A3, 84, and D4) was 
examined by XRD. The first half of the XRD characterization involved identifying 
the material's morphology in its as-received state. Disks were cut off of the top of 
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Fig. 3. Summary of HTML and NlST GN10 static creep-rupture results 
(1275 o C and 137.5 MPa). 

the buttonheads of tested specimens because their morphologies were considered 
to be representative of the as-received material (the buttonhead is cold-gripped 
and its temperature does not exceed 250°C thoughout the duration of the creep 
test) and were analyzed. The resulting intensity profiles as a function of two-theta 
are shown in Fig. 4 along with the identified peaks. The specimens appeared to 
have homogeneous phases and phase contents prior to testing. The second half of 
the XRD characterization involved the examination of the gage-section material 
after its creep exposure. Cylinders were cut out of the gage section of these tested 
specimens and were longitudinally sectioned. This provided a flat surface for XRD, 
and the interior morphology was examined to determine whether or not any phase 
changes had occurred. The profiles resulting from this analysis are shown in 
Fig. 5. The profiles in Figs. 4 and 5 are very similar; no new grain boundary 
phases appeared to have resulted from the creep exposure. Although these XRD 
results show the same phases being present before and after testing, it is not 
known what morphological changes (if any) these phases underwent at 1275°C. 
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Fig. 4. XRD profiles of as-received GNlO specimens. 

Fig. 5. XRD profiles of gage section interiors of 
creep-rupture-tested GNlO specimens. 
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Status of milestones 

In December 1993, creep relaxation (strain recovery) and stress recovery tests 
on PY6 are to be completed, and results are to be submitted for publication in open 
literature. To date, creep relaxation (strain relaxation) tests have been completed 
and stress relaxation (constant strain) tests are currently ongoing but will be 
completed in late November or early December 1993. 

Corn mu nicat io ns/visitors/t ravel 

M. K. Ferber presented a talk entitled, "Creep and Fatigue Behavior of Silicon 
Nitride Ceramics," at the 95th Annual Meeting of the American Ceramic 
Society, Cincinnati, Ohio, April 18-22, 1993. 
C.-K. J. Lin presented a talk entitled, "Fatigue Behavior of a HlPed Silicon 
Nitride under Tensile Cyclic Loading at Elevated Temperatures," at the 95th 
Annual Meeting of the American Ceramic Society, Cincinnati, Ohio, 
April 18-22, 1993. 
A. A. Wereszczak presented a talk entitled, "Dynamic Fatigue Behavior of a 
HlPed Silicon Nitride in Air and Inert Environments at 1370°C," at the 95th 
Annual Meeting of the American Ceramic Society, Cincinnati, Ohio, 
April 18-22, 1993. 
S. M. Wiederhorn visited ORNL on June 28-29, 1993. He presented a 
seminar entitled "Role of Cavity Formation in Creep Deformation of Silicon 
Nitride." Wiederhorn also brought a calibrated optical pyrometer ta measure 
the temperature gradient on a buttonhead specimen that was within the 
heated furnace on the testing machine that performed the cornparatory creep 
testing of the GN10 buttonhead specimens. 

Pro ble ms e nco u nte red 

Options are begin discussed with SGNIC regarding the observed large 
differences in the creep performance of the NCX-5102 material. 

Pu blicat io ns 

(1) C. -K. J. Lin, M. G. Jenkins, and M. K. Ferber, "Tensile Dynamic and Static 
Fatigue Relations for a HlPed Silicon Nitride at Elevated 
J. Eur. Cerarn.Soc. 12, 3-13 (1993). 

(2) C. -K. J. Lin, M. G. Jenkins, and M. K. Ferber, "Cyclic Fatigue of Hot 
Isostatically Pressed Silicon Nitride at Elevated Temperatures," accepted for 
publication in J. Mater. Sci. 

(3) A. A. Wereszczak, K. Breder, and M. K. Ferber, "Role of Oxidation in Time- 
Dependent Failure Behavior of HlPed Silicon Nitride at 1 37OoC," accepted for 
publication in J. Am. Ceram. SOC. (November 1993). 
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TOUGHENED CERAMICS L I F €  PREDICTION 
Jonathan A .  Salem, Sung R. Choi and Noel N. Nemeth 
(NASA Lewis Research Center) 

Ob.iective/Scope 

The purpose o f  t h i s  research i s  t o  understand the  room temperature 
and h igh  temperature [-< 137OoC (2500°F)] behavior  o f  toughened ceramics 
as the  bas is  f o r  developing a l i f e  p r e d i c t i o n  methodology. 
o b j e c t i v e  i s  t o  understand the  r e l a t i o n s h i p  between m i c r o s t r u c t u r e  and 
mechanical behavior w i t h i n  the  bounds o f  a l i m i t e d  number o f  m a t e r i a l s .  
A second major o b j e c t i v e  i s  t o  determine t h e  behavior a s  a f u n c t i o n  o f  
t ime  and temperature. S p e c i f i c a l l y ,  t h e  room temperature and e leva ted  
s t reng th  and r e l i a b i l i t y ,  t he  f r a c t u r e  toughness, slow c rack  growth and 
the  creep behavior w i l l  be determined f o r  t h e  as-manufactured m a t e r i a l .  
The same p r o p e r t i e s  w i l l  a l so  be evaluated a f t e r  long- t ime exposure t o  
var ious  h igh  temperature isothermal  and c y c l i c  environments. These 
r e s u l t s  w i l l  p rov ide  i n p u t  f o r  p a r a l l e l  m a t e r i a l s  development and design 
methodology programs. Resu l tan t  design codes w i l l  be v e r i f i e d .  

A major 

Technical  H iqh l  i q h t s  

The o b j e c t i v e  o f  t h i s  work was t o  determine the  e f f e c t s  o f  a 
t y p i c a l ,  u n i a x i a l  g r i n d i n g  process on the  s t reng th  d i s t r i b u t i o n  o f  a 
ceramic m a t e r i a l .  The s t reng th  o f  ceramic m a t e r i a l s  i s  t y p i c a l l y  
measured i n  accordance w i t h  ASTM C1161 [ l ]  which s p e c i f i e s  t h a t  machined 
specimens be ground i n  a s i n g l e  l o n g i t u d i n a l  d i r e c t i o n  and t e s t e d  so 
t h a t  t h e  maximum p r i n c i p a l  s t ress  i s  p a r a l l e l  t o  t h i s  d i r e c t i o n .  Such a 
g r i n d i n g  process induces minimal damage i n  the  l o n g i t u d i n a l  d i r e c t i o n ,  
b u t  s i g n i f i c a n t  damage i n  the  t ransverse  d i r e c t i o n ,  r e s u l t i n g  i n  an 
a n i s o t r o p i c  f l aw  d i s t r i b u t i o n  on t h e  sur face o f  t h e  beam. Since t h e  
beam i s  s t ressed l o n g i t u d i n a l l y ,  such a p repara t i on  i s  s u f f i c i e n t  t o  
avo id  f a i l u r e s  from machining damage, and r e s u l t  i n  measurements t h a t  
a re  rep resen ta t i ve  o f  t h e  m a t e r i a l s  s t reng th  l i m i t i n g  de fec ts .  
components are subjected t o  m u l t i a x i a l  s t resses and thus w i l l  be 
s e n s i t i v e  t o  p laner  f laws w i t h  the  c rack  p lane o r i e n t e d  i n  bo th  t h e  
l o n g i t u d i n a l  and the  t ransverse  d i r e c t i o n s .  Thus i f  u n i a x i a l  g r i n d i n g  
i s  used or i f  a x i a l  wear occurs, such an iso t rop ies  can be o f  importance 
i n  des ign o f  components w i t h  a m u l t i a x i a l  s t ress  s t a t e .  A d d i t i o n a l l y ,  
i n v e s t i g a t i o n s  o f  t he  s t reng th  an iso t ropy  due t o  g r i n d i n g  may prov ide  a 
means t o  measure a m a t e r i a l s  s t reng th  response under mixed mode ( I  &. I I )  
cond i t i ons ,  thus p r o v i d i n g  i n fo rma t ion  t h a t  can be app l i ed  t o  i s o t r o p i c  
cases (e.g. po l i shed  o r  as-processed m a t e r i a l ) .  

However, 

The f a s t - f r a c t u r e  s t reng th  o f  a s i n t e r e d  alpha s i l i c o n  carb ide  was 
measured i n  f o u r - p o i n t  bending w i t h  the  p r i n c i p a l  s t ress  o r i e n t e d  a t  
angles between 0 and 90' r e l a t i v e  t o  t h e  g r i n d i n g  d i r e c t i o n .  
specimens were t e s t e d  i n  an annealed c o n d i t i o n  t o  determine i f  a s imple 
procedure cou ld  be used t o  heal  machining damage. 

Also,  
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Alpha sil icon carbide was chosen because i t  exhibits a 
very low fracture  toughness, no crack growth resislance,  h i g h  e l a s t i c  

fa t igue) .  
tion of f a s t  fracture r e l i a b i l i t y  models and codes. 

odulus and a very low suscept ibi l i ty  t o  slow crack growth  ( s t a t i c  
Such properties make t h i s  an ideal ceramic for  the ver i f ica-  

Material and Specimen Preparation 

The material used i n  t h i f  s tudy  was a commercially available 
sintered alpha s i l icon carbide processed i n  the Form o f  25 by 25 by 42 
rnm b i l l e t s .  
g r i t  diamond grinding one face o f  the plates a t  angles ranging from 0 t u  
90' re la t ive  t o  the plate edge. Bend t e s t s  specimens were then cut from 
the plates .  
grinding angle in order t o  block the effects  of b i l l e t  and location on 
the t e s t  resu l t s .  The specimen edges along the tens i le  surface were 
beveled by hand t o  eliminate spurious edge fa i lures .  Bend specimens 
nominally measured 2 by 3 by 25 mm. 

Plates were ground from the b i l l e t s  and finished by 320 

A random selection of plates was used for  the beams of any 

I n  order t o  determine i f  the deleterious effects  o f  grinding 
damage could be negated, a g roup  o f  0 and 90 
annealed a t  1200'C for two  hours in a i r  prior t o  tes t ing.  

as-ground specimens were 

Bend Testing 

Fast-fracture bend t e s t s  were conducted a t  room temperature w i t h  a 
stroke ra te  of 0,05 rnm/min. The inner and outer spans o f  the four-point 
f ix ture  were 8 and 20 mm, respectively. The ro l l e r s  of the t e s t  f ixture  
were free  t o  rol l  and the upper span t o  a r t icu la te  re la t ive  t o  the lower 
span. A minimum of 30 specimens were tested per condition. 

RESULTS AND DISCUSSION 

( a )  Strength Distributions 

Specimen strength as a Function o f  grinding angle re la t ive t o  the 
longitudinal direction i s  shown i n  Figure 1 and the resul ts  are summa- 
rized i n  Table 1 .  The average strength and standard deviation decrease 
continually as the angle increases w i t h  exception of the 30 and 45' d a t a  
which are quite similar. 
average strength of specimens ground a t  0'. However, specimens ground 
a t  90 and annealed exhibit strengths n o t  significantly different  from 
those of the 0' annealed and 0' as-ground specimens. 
tha t  annealing eliminates the grinding damage, b u t  does n o t  significant-  

Annealing did n o t  s ignif icant ly  change the 

This indicates 

1 Carborundum hexaloy SA alpha Sic. 
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ly enhance the strength of long tudinally (OD) ground specimens. 

Weibull plots (maximum likelihood estimator) of the annealed and 
as-ground specimens are shown in Figures 2a - Zd, The Weibull modulus 
continuously increases with increasing grinding angle while the charac- 
teristic strength decreases. Annealing does not significantly change 
the strength distribution of 0' ground specimens, and annealing appears 
to totally heal machining damage associated with the 90' ground speci- 
mens, as the distributions are not significantly different. Thus, the 
annealed specimen data and the 0' as-ground data were pooled. 

Table 3 .  Summary of Strength Data 

Number 
Tested 

. 36 
34 
32 
31 
35 

36 
36 

Range 
(MPa) 

266 - 458 
271 - 400 
267 - 392 
273 - 331 
246 - 308 

265 - 465 
222 - 481 

356 I 47 
334 f 32 
327 t 35 
306 i 17 
276 i 14 

362t51 
357i56 

377 

341 
314 
282 

348 

384 
380 

I - 
Wei b u l l  
Modulus - 

8.2 
11.6 
10.5 
21.3 
19.8 

8.3 
6.8 

(b)  Fractography 

Fractographic analysis i s  a necessary aspect o f  reliability 
analysis in order to determine whether surface, volume, or combined 
(surface and volume) flaw reliability analysis should be performed, and 
if flaws o f  different processing sources are present. 

Fractography to determine the sources and locations of failure has 
been done in accordance with military handbook procedures [2] and i s  
nearly complete for all the specimens. The results t o  date are su'mrna- 
rized i n  Table 2. 
to fail from surface and near surface processing agglomerates, while 30, 
45,  60, and 90' as-ground specimens fail from either surface agglomer- 
ates, machining cracks or hybrid flaws created when machining damage 
occurs at/to processing agglomerates. 

Annealed specimens and 0' as ground specimens appear 
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The various type o f  origins are shown in Figure 3 .  The processing 
flaws that induced failure were agglomerates located at the tensile 
surface (i.e. cut open during machining) or located slightly below 
(within 0.1 mm).  Nachining damage consisted o f  poorly defined, semi- 
elliptical cracks that are typically, though not always, oriented 
parallel to the grinding direction. Although both the processing and 
machining flaws are complex shapes, the pracessing flaws are typically 
larger in overall size, indicating a bluntness relative to the machining 
f l  aws. 

the fracture from a 50' hybrid flaw i s  ini- 
tially parallel to the grinding direction and gradually turns normal to 
t h e  principal stress direction. Evidently mixed stress intensity modes 
e x i s t  during such failures. A l s o ,  the macroscopic fracture plane can 
occasionally be observed to jog parallel t o  the grinding direction. An 
elliptical crack can typically be observed at the jogs. 

Table 2. Summary o f  Failure Origins 

Notes: - Popul 

Surface & Near 
Surface Agglomerates 

-- 
30 
21 
11 -- 

35 _ _  

ions f o r  which Fracto 

Machining 
Damage 

-_  
0 
9 
17 
-_  

0 -_ 

Hybr id 
F1 aws 

Not 
I dent i f i ab1 e 

,aphy i s  incomplete are i nd i ca ted  w i t h  a -- 

(c) Modeling o f  t h e  Strength Distribution 

used in paranneter estimation and modeling. Weibull plots of the concur- 
rent populations for 30, 45,  and 60' grinding angles are shown in Figure 
4 .  Note that as the grinding angle increases, the frequency o f  machin- 
ing flaws increases and that they populate the upper end o f  the overall 
d i s t r  i but  i ons . 

As a result o f  the multiple arigins, csncurrent analysis must be 
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Several strength distribution models were investigated, includ 
two and three parameter Wei bull distributions, shear sensitive and 
insensitive flaw (Batdorf) models, the effects of superimposing a 
residual stress field, and also incorporation a threshold or truncat 
stress. The overall strength distribution was modeled as a bimodal 

on 

distribution of agglomerate flaws and machining flaws. 
hybrid flaws was not considered for this report. The agglomerate flaws 
were modeled as randomly distributed microcracks, and therefore an 
isotropic strength response was assumed. In this case, assuming a 
particular flaw geometry was not necessary. 
modeled using a version o f  the CARES program that incorporates a 
generalized anisotropic distribution function for flaw orientation into 
the Batdorf model. 
oriented within 1 degree of the direction of the grind and perpendicular 
to the surface (in other words the orientation of the flaws was highly 
anisotropic). A semi-elliptical flaw geometry was also assumed. I n  this 
manner the effect o f  mixed-mode loading on the machining flaws could be 
investigated. 

The effect of 

The machining flaws were 

The machining flaws were assumed to be randomly 

The mechanics of Batdorf methodology will not be described here; 
however the basic underlying Weibull distribution used for these models 
will be briefly discussed. The two and three parameter Weibull distribu- 
tions (not considering the effect o f  stress state, component geometry, 
and flaw geometry and orientation) are described by 

where P, is the failure probability, 5 is the applied uniaxial stress, 
and uo and uu are the scale parameter and threshold strengths, respec- 
tively. 
represent a residual stress or the strength of the largest possible flaw 
in the population. The truncated (or attenuated) Weibull distribution i s  
described in its most basic form as 

For the two parameter case CT, goes to zero. uu can either 

Pf = l-exp{-((d" - 
where aP is a threshold strength whereby no flaw exists with a strength 
less than this value. 

The models are shown in Figure 5 and compared to the actual data 
in Figure 6 for the three-parameter and truncated distribution cases. 
These models are based on best fit distributions to the 0 and 90 degree 
data. The behavior at the 30, 4 5 ,  and 60 degree orientations is then 
predicted within the framework o f  these models. A crude finite element 
model of the tensile ground surface was used to obtain the predicted 
strength distribution. As shown in the figures the two parameter model 
fits the data poorly at the lower probabilities of failure. 

The similarity between the annealed and the as-ground 0' data 
implies that no residual stress exists or that the residual stresses are 
nominally uniaxial and normal to the grinding direction, while the 
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similarity between the as-ground 0' data and the annealed 90' data 
implies no residual stresses exist or that annealing relieves the 
stresses. Referring to figure 5, the addition of a uniaxial compressive 
residual stress appl ied perpendicular to the machining fl aws a1 so 
provided a poor fit to the experimental data. 
residual stress was highly localized at the surface and therefore the 
residual stress field was not imposed on the agglomerate flaws. 
Attempts at other combinations of superimposed residual stress fields 
yielded even worse correlation to the data. 

It was assumed that the 

Both the shear sensitive three parameter and truncation distribu- 
tion models are better fits to the data, however, no specific justifica- 
tion for the lower strength boundary can be given. 
tive models do not appear to correlate to the data. The shear sensitive 
models use a Shetty shear sensitivity coefficient of approximately 1.0. 

The shear insensi- 

Cant i nui ng Efforts 

Along with fractographic analysis of the specimens, the effects o f  
grinding orientation on reliability predictions with the CARES code are 
being considered. Further, the shear sensitivity constant, C, will be 
determined for this material and used in future verification work. 

(1). 
grinding orientation for a typical grinding procedure (e.g. ASTM C1161). 
The Weibull modulus increases with the fraction of  machining f l a w s  in 
the distribution, as they are relatively consistent in effective size. 

The strength distribution of silicon carbide is a function of 

(2). 
different from the as-ground condition. 

Annealing did not make longitudinally ground bars significantly 

( 3 ) .  
strength distribution to that of the longitudinally (0') ground bars. 

Annealing of transversely (90') ground bars resulted in a similar 

( 4 ) .  Annealed and longitudinally ground specimens typically' fail from 
surface and near surface agglomerates while transversely ground speci- 
mens predominantly fail from machining cracks. 

( 5 ) .  Truncated distribution and three-parameter models appear to best 
approximate the experimental data generated, to date, in this work. 

(6). The effects of mixed-mode fracture of machining cracks was ade- 
quately predicted by the models for the larger angles of orientation 

(7). Strength data for low grinding angles showed some deviation from 
predicted results, possibly reflecting damage to the agglomerate flaws 
during the machining process. Evidently, f ractography did not revea? 
the damage. 

( >3Q0) . 



277 

REFERENCES 

[l] ASTN C 1161-90 “Standard Test Method for F lexu ra l  S t rength  o f  
Advanced Ceramics a t  Ambient Temperature,” Annual book o f  ASTM Stan- 
dards, Vo l .  15.01, 333-339, (1990). 

[ 2 ]  “Fractography and Charac ter iza t ion  o f  F rac ture  Or ig ins  i n  Advanced 
S t r u c t u r a l  Ceramics,” MIL-HDBK-790, (July,  1992). 

Communication/Vi s i  t s /Trave l  

ASME loth conference on Re1 i a b i l  i t y ,  St ress Ana lys is  and F a i l u r e  Preven- 
t i o n ,  A1 buquerque, NM, September 19-22, 1993. 

Pub1 i c a t i o n s  

S.R. Choi, V. T ikare,  and J. A. Salem, “ E f f e c t  o f  Environments on 
Frac ture  Toughness o f  96 w t  % Alumina,” S c r i p t a  METALLURGICA e t  
MATERIALIA, Vol 29, 189-192, 1993. 

L. M. Powers, J. A. Salem and S. R. Choi, ‘ ‘Fa i lure P r e d i c t i o n  Using The 
Ring-On-Ring Test and The CARES/Life In teg ra ted  Design Program,” i n  
R e l i a b i l i t y ,  St ress Ana lys is  and F a i l u r e  Prevent ion,  ASME DE-Vol. 55, 
pp. 55-63, 1993. 

F igure  1. - Average f o u r - p o i n t  bend s t reng th  as a f u n c t i o n  o f  g r i n d i n g  
angle. E r r o r  bars  a re  +- one standard dev ia t i on .  



278 

I 
x +  * O  * I  

h 

K 
b 

h 

M 
v 

k4 
0 

40 1 

x *- 
x Q *  x 3G 3E7SE 

+ 60 OESREE 
* 45 DEGREE 
0 30 DEGREE 

0 DEGREE 

..... __ -.A .......... .......... 
200 I '  250 3CO 35 0 600 450 

FRACTURE STRESS (41Pa) 

+ 
X + 

X + 
X 

+ ++ 
-+ i 

X + 
X -t- 

x + 
x 90 DEGREE MACti!NED 
+ 90 DEGREE ANNEAILED 

... .- i . - L ^ - _ _ -  
450 

,... 
250 300 350 400 200 

FRACTURE STRESS (MPa) 

L 
Figure  2. - We ibu l l  p l o t s  o f  the f r a c t u r e  s t resses  for ( a )  as-ground 
specimens, ( b )  annealed and 90" as-ground specimens, ( c )  annealed and 0' 
as-ground specimens and ( d )  90" annealed and 0' as-ground specimens. 



279 

6 -  

1-  

OB t X+ 

X+ 

+ x  
X 0 DECREE MACHINED 
+ O  M G A E E A N N W D  

x 

I 

Ih) 

e0 

60 

so 

20 

10 

5 -  

~ 

- 

- 

- 

- 

x -t + + 

I -  

+X $4 
+ X  

xt 
Y 

4 
X 0 DEGREE MACHINED 
+ 90 DECREE ANNULED 

+ X 

FRACTURE STRESS (MPa) 

Figure 2 (Continued) 



280 

c 

45' Tilt 

Figure 3. - Failure origins showing (a) surface connected processing 
agglomerate, (b) machining crack and (c) hybrid flaw. 
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Figure 5. - Stress distributions for (a) 2-parameter shear insensitive 
model, (b) 2-parameter shear sensitive model, (c) 3-parameter shear 
insensitive model, ( d )  three parameter shear sensitive model, (e) two 
parameter shear sensitive model with residual compressive uniaxial 
stress applied perpendicular to machining f l a w s  and (f)  two parameter 
shear sensitive model with a truncation load (truncated Weibull distri- 
but ion) .  
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Life Prediction Methodology 
P K. Khandelwal (Allison Engine Company) 

Objective/Scope 

The objective of this project i s  to develop and demonstrate the necessary nondestructive ex- 
amination (NDE) technology, materials data base, and design methodology for predicting use- 
ful life of structural ceramic components of advanced heat engines. The analytical methodol- 
ogy will be demonstrated through confirmatory testing of ceramic components subject to ther- 
mal-mechanical loading conditions similar to those anticipated to occur in actual vehicular 
service. The project addresses fast fracture, slow crack growth, creep, and oxidation failure 
modes. 

Technical Hivhliehts 

Data Base Development 

Uniaxial Tensile Testing (Button-Head) 

Monotonic tensile testing of 262 PY6 injection molded and hot isostatic pressing (HIP pro- 
cessed) silicon nitrides between 1000°C and 1400°C at 4137 MI'a/min (600 KSI/min) was com- 
pleted during this reporting period at  Southern Research Institute (%RI>. The entire data set 
was analyzed during this reporting period using the NASA CARES program to estimate the 
Weibull modulus (m) and characteristic strength (oo) of the material at each temperature. The 

two parameter Weibull analysis utilized the maximum likelihood estimator (MLE) with sus- 
pended items. Table 1 summarizes the results. The room temperature Weibull modulus (m) and 
characteristic strength (oo), respectively, were calculated to be 7.3 and 86.25 KSI for surface de- 

. fects and 6.9 and 64.0 KSI for volurnc flaws. At elevated temperatures, between 1000°C and 
1400*C, the Weibull moduli varied between 3.3 and 7.1 for both the surface and volume defects 
except at 1300°C when calculated to be 11.75 for volume defects. The characteristic strength 
(oo) varicd between 51 and 72 KSI within the same temperature range. Note that the Weibull 

modulus for volume defects at elevated temperatures is equal to or higher than that for surface 
defects. This may due to surface oxidation effects which probably modifid the surface flaw 
characteristics and distribution during the heat-up and soaking of specimens for 10-15 minutes 
to obtain steady state temperatures prior to testing. 

Tensile Creep Rupture Testing 

SORI completed the tensile creep rupture testing of 95 specimens from 1150°C to 1400°C to as- 
certain the slow crack growth and creep behavior of the PY6 injection molded and HIP pro- 
cessed silicon nitride material. Modeling of the data has bwn completed at Allison and will be 
discussed elsewhere in this report. Failure analysis to date at Allison, OWL,  and SoKI has 
not shown any classical slow crack growth behavior in the PY6 material characterized under 
the present program. The ORNL cold isostatically pressed (CIP processed) and HIP processed 
material showed extensive cavitation even at 1200°C after a prolonged period of testing. Simi- 
lar orders of magnitude of cavitation were observed in the Allison vintage injection molded and 
HIP processed PY6 material at 1400°C. In other words, the injection molded material is 
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Table 1 .  
Summary of maximum likelihood (MLE) analysis of tensile fast fracture strength data u s i a  

NASA CARES vromam. 

Flaw Numberof 

Temp- specimens 

25 Surface 6 

Volume 50 

lo00 Surface 10 

Volume 10 

1100 Surface 12 

Volume 6 

1200 Surface 53 

Volume 21 

1300 Surface 4 

Volume 15 

1400 Surface 27 

Volume 30 

M biased 

7.318 

6.868 

3.351 

4.368 

5.505 

7.12 

5.41 2 

6.647 

6.436 

11.73 

3.946 

6.501 

C.S. - Characteristic strength 

W x r - M  

10.5 

8.042 

4.54 

5.919 

7.32 

10.22 

6.323 

8.361 

0 

15.26 

4.872 

7.909 

Lower M 

3.004 

5.588 

1.854 

2.417 

3.273 

2.923 

4.41 I 

4.635 

0 

7.51 1 

2.881 

4.899 

Char. 

strength 

86.25 

63.98 

74.05 

72.73 

52.69 

58.19 

50.95 

58.95 

72.22 

59.17 

57.1 

53.41 

UPptI 
C.S.  

KS! 

98.97 

66.34 

90.31 

84.69 

58.62 

67.03 

53.33 

62.76 

0 

61.79 

62.66 

56.21 

LOW63 Std. 

C.S. Mean dev. 

KSI KST KSj 

75.86 80.87 13.04 

61.72 59.79 10.22 

61.11 66.48 21.88 

62.76 66.25 17.16 

47.49 48.65 10.2 

51 54.48 9.01 

48.69 46.99 10.01 

55.42 54.99 9.694 

0 67.26 12.22 

56.71 56.65 5.852 

52.09 51.72 14.69 

50.78 49.7’7 8.955 

substantially more creep resistant than the CIP processed material. This conclusion agrees 
extremely well with the findings of the Wiederhorn, et. al., at National Institute of Science 
and Technology (NIST) for the injection molded PY6 material tested under the Allison Ceramic 
Life Prediction program. 

Nondestructive Evaluation Development (NDE) 

During this reporting period reference standards were fabricated and examined. Ultrasonic 
velocity of silicon nitride and single crystal sapphire in the C-axis direction are nearly ident- 
ical. Sapphire single crystal imaging standards werc fabricated at the University of Califor- 
nia, Berkeley, using a USAF-1951 resolution master pattern to create subsurface voids by ion- 
etching a photoresist layer on the surface of an optical quality sapphire billet. The pattern 
was etched on the surfaces of two 2 mm thick billets. One 5uch billet was diffusion bonded by 
hot pressing to a 2 mm thick sapphire billet and the other to a 4 mm thick billet, respectively 
(Figure 1). This facilitated line-pair defects 2 mm and 4 mm below the surface. The 2 mm x 2 
mm billet was examined using a 50.0 MHz focused transducer with a focal length of 0.5 inch and 



NUMBER OF LINES PER MILLIMETER IN USAF 
RESOLVING POER TEST TARGET 1951 

_ -  -_ - 

USAF TARGET 1951 

I .GROUP NUMBER 
L 

, E U r r O  NO. 1 2 3 4 5 6 

I 2 I 1.12 I 2.24 I 4.49 18-98 117.951 36.0 I 71.8 

I 4 I 1 .41 I 2.83 I 5.66 I 11.3 122.621 45.3 I 90.5 
I 5 I 1.59 13.17 I 6.35 112.7 125.39) 50.8 1102. 
I I I I I I I I 

I I I I I I I 

vs93-3952 

Figure I. Sapphire reference standard. 
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a transducer lens diameter of 0.25 inch. A line-pair 210 pm apart 2 mm below the surface was 
resolved (Figure 2). Many other voids were also detected because of the somewhat poor bonding 
of the sapphire billets in the unetchcd areas. The line-pair resolution in tlie 4 tnm x 2 K Y I ~  Spec- 
imen was 315 p m  at a depth of 4 mm below the surface using a XI MHz, 1 .S inch nominal focal 
length transducer. Signal processing schemes are being explored to further improve the sub-sur- 
face resolution. 

Reference specimens with pilot and laser drilled holes in a flat rectangular biilet were ex- 
amined using a pulsc-echo ultrasonic imaging method to asccrtain the detection of volume 
flaws. Four zones with seven holes/zone of pilot holes were fabricated at various depths rang- 
ing from 0.5 mm to 3 mm at Bullen Ultrasonics, Eaton, Ohio. Excimer laser drilled holes, each 
with a I mm depth and either a 50 ,urn, 100 pm, or 250 ,u in  size diameter, were drilled into the 
pilot holes by Resonatics, Inc, This biilet was examined using a 25 MHz nominal frequency 3 in. 
focal length transducer with a water path of about 2.7s mm. The 50 micron lases drilled holes 
were readily detected to a subsurface depth of 14 mm (0.55 in.) (Figure 3 ) .  A time-of-flight 
measurement of the hole depth showcd that the holes were drilled within 10 percent of the de- 
sired depth. In other words, Excirner laser i s  capable of drilling 50 micron diameter holes with 
an aspect-ratio of 20/1 within 10 percent accuracy. I t  should be noted, however, the quality of 
the bottom of the holes is unknown. 

Analytical Methodology 

During this reporting period, thrcc failure mechanisms were addressed for IJY6 material. 

fast fracture 
subcritical crack growth 

8 oxidation 

A summary of work accomplished in each of these follows: 

* Fast fracture analysis of PY6 MOR MIL-B data from room temperalure to 1400°C was 
completed using the CARES program. Development and verification of a methodology of 
consolidating fast fracture data in the range of 1000°C to 1400T using a single Weibull 
exponent was accomplished. Finally, a fast fracture methodology was developed to pre- 
dict strength of confirmatory biaxial ball-on-ring specimens using uniaxial test bar 
Wcibull properties. 

We demonstrated the consistency of slow crack growth material constants obtained from 
constant stress rate testing by four different labs using three specimen geometries in both 
axial and four point bend loading. Differences between SCG constants obtained from 
static and dynamic load testing resulted in  the initial formulation of a methodology to 
consider both SCG and oxidation to better dcfinc the material constants. Finally i t  was 
shown that SCG data obtained from static tcnsile data could be used to predict results of 
static biaxial ball-on-ring tcsts at 1200°C. 

* A methodology to predict the effect of oxidation time arid temperature upon the strength 
of PY4 MOR bar room temperature strength was developed. Material constants obtained 
from measuring the rate of oxide thickness dcvelopnient were shown to agree reasonably 
well with thosc obtained from strength measurements. 
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50 MHz, F#2, WP = IMM VSQ3-3953 

Figure 2. Acoustic microscopy of sapphire standard 2mm below the surface showiq line-ptlirs 
210 miles apart were resolved. 
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295 

Fast Fracture Analysis 

Mil-B MOR Uniaxial Specinzens 

The PY6 injection molded and HIP processed Type MIL-B MOR bars have been charac- 
terized at Allison from room temperature to 1400T. A total of 320 specimens were evaluated at 
a cross-head speed of 0.5 mm/min in a servo-hydraulic MTS system. The data regression for 
surface, volume, and corner failures was accomplished using the CARES program and the MLE 
methodology with suspended item analysis. Table 2 summarizes the data. 

At room temperature, specimen failures are particularly influenced by surface or corner 
features. Eighty percent of the specimens failed from corner flaws while the remaining failed 
from the surface flaws. These failures are generally influenced by the process-induced, natur- 
ally occurring dcfects, machining marks on the surface, residual stresses, or stress risers at the 
comers. 

Table 2. 
Summary of CARES analysis of PY6 MIL-B MOR bar testing ushe  MLE analvsis with suspended 

items. 

Temperature Flaw 

"c iYIE 

Number of Weibull Characteristic 
specimens exponent strenpth-ksi 

25 Surface 
Corner 
Volume 

16 8.65 
64 5.91 

-- 0 

159 
133.6 

-- 

Surface 
Comcr 
Volume 

7 14.5 
9 8.76 
4 20.9 

124.3 
124.5 
126.7 

1100 

1200 

1300 

Surface 
Comer 
Volume 

12 
6 
1 

14.66 
16.44 

92.68 
96.66 
-- 

Surface 
Comer 
Volume 

52 
21 
1s 

11.28 
6.64 

11.21 

99.32 
115.4 
111 

Surface 
Comer 
Volume 

20 
3 
6 

17.85 
11.21 
29.91 

88.81 

92.86 
105.5 

1400 Surface 
Comer 
Volume 

54 
21 
4 

12.95 
11.6 
11.98 

72.66 
78.76 
90.24 
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None of the specimens at room temperature failed from volume flaws primarily because of 
the small volume under high stress. Even at elevated temperatures, only a few volume failures 
were observed. Above 1OOO"C about 13 percent of the specimens failed from volume flaws, 62 
percent failed on the surface, while comer failures were found in 25 percent of the specirnens. 

One of the problems incurred in the development of a ceramic design system is the large 
amount of testing necessary to obtain the fast fracture Weibull properties at operational 
temperatures. A possible approach in reducing the data requirements involves consolidating 
the elevated temperature data using a single Weibull modulus. While the surface Weibull 
exponent is calculated to be 8.6 at room temperature, except for the value of m=18 observed at 
1300"C, the Weibull exponent of 11-14 remains in a tight range from 1OOO"C to 1400°C. 'This 
suggests that it may be reasonable to consolidate the elevated temperature data using a single 
value of (m). 

I t  can be analytically demonstrated that for a group of specimens with a fast fracture 
strength dominated by Mode I failure, the Weibull exponent is independent of temperature. 
Further, individual specimen strengths may be normalized to a single base temperature by 
multiplying the ratio of average strength at the base temperature to that at thp test 
temperature. Once fast fracture strengths are normalized to a single temperature, the CARES 
program, using the MLE methodology, may be used to find the Weibull exponent (m). A 
Weibull characteristic strength is determined at each temperature by using the equation: 

S = Sm/Gamma(l+l /m) S= Characteristic strength 
Sm = Mean strength at each 
temperature 
Gamma = Gamma function 

Finally, at each temperature, a Weibull plot must be made to verify that the consolidated 
(m) rcsul ts in a reasonable data f i t .  

In Table 3, only surface failures (no censored data) are used to determine the Weibull 
exponent and characteristic strength at each temperature from 1000°C to 1400°C. All this 
elevated temperature data is then used to determine a consolidated value of (m), 11.97 in this 
case. The characteristic strengths are then recomputed to be consistent with the new (m). As 
can be seen, even at 1300"C, the characteristic strengths do not change greatly. Figure 4 
illustrates that the Weibull fi t ,  using the consolidated (nil value, works well even for the bulk 
of the 1300°C fast fracture data where a large discrepancy might have been expected. At other 
temperatures, the f i t  is even better. 

The surface Weibull exponent (m = 8.6) i s  smaller than observed at  elevated temperatures. 
It i s  believed that at elevated temperatures the process and machining induced surface defects 
are modified and probably blunted, which decreases the number of corner failures and reduces 
the scatter in the surface strength a s  evidenced by an increased Weibull modulus at elevated 
tempera tures. 

'Thus, while a theoretical argument suggests that (m) is independent of temperature, i t  is 
essential that a Weibull plot be used to verify thc f i t  after consolidated Weibull constants are 
obtained. (For PY6 the elevated temperature Weibull exponent results in a rather poor f i t  of 
room temperature data.) 
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Table 3. 
Comparison of surface Weibull constants using both a consolidated (m) and isothermal- 

onlv. MLE analvsis without suspended items. 

Flaw type/ 
Temperature number of 

"c specimens 

lo00 Surface/7 

1100 Surface/l2 

1200 Surface/52 

1300 Surface/20 

1400 Surface/54 

* Characteristic strength, ksi 

< ----- -- Baseline-------> 
Weibull Character 
exponent strength' - 

13.54 11 7.2 

13.91 89.67 

10.46 95.94 

18.80 86.77 

12.02 70.93 

c-----Consolida ted(rn)-----> 
Wcibull Character 
exponent strength 

11.97 117.7 

11.97 90.17 

11.97 95.45 

11.97 88.04 

11.97 70.96 

Ball-on-Ring Confirmatory Testing 

During this reporting period Battelle Research Laboratories, Columbus, Ohio, completed 
additional biaxial and MOR strength measurements at room temperature using flat circular 
disk specimens of 31.75 mm nominal diameter and 2.5 mm thickness. The disk surface was 
machined using a protocol developed at Battelle. The specimens were tested using a ball-on- 
ring arrangement and loaded at  the center with a 6.35 mm diameter ball and supported at a 25.4 
mm diameter. MOR specimens, cut from machined disks, ensured that both types of specimens 
had identical surface finishes. 

The maximum stress on the disk occurs at the tensile surface at the center of the disk where 
both radial and tangential stresses arc equal and given by: 

Smax = 3P(1+Mu)/4Pi't2 (1+ 2 In a/b +(I-MU)/(I+MU)*(I-@ /2a2)a2 /R2 1 

where P = load, t = disk thickness, a = support radius, b = radius of center loading (b=t/3) , R = 
disk radius, and Mu = Poisson's ratio taken as 0.28 at room temperature (Piz3.14159). Table 4 
summarizes the measured disk stresses. 

After several iterations, a promising approach was found that allowed the prediction of 
the biaxial results from uniaxial MOR testing. Initially, Wcibull shape and scale parameters 
obtained from room temperature testing of longitudinally ground MIL-B MOR bars were used to 
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Spec. 
n u n k  

4-81 
4-82 
4-83 
4-84 
4-86 
4-88 
4-90 
4-92 
4-93 
4-98 
3-1 
3-2 
3-9 
3-23 
3-34 
3-37 
3-38 
3-77 

Table 4. 
Biaxial . . strencth of PY6 silico_&tride at 25°C. 

Load Dia., Thick., 

_I lb in. in. 

570 
538 
480 
548 
600 
572 
540 
520 
510 
505 
520 
490 
549 
483 
478 
460 
53 1 
51 7 

1.254 
1.251 
1.253 
1.254 
1.254 
1.251 
1.251 
1.254 
1.252 
1.254 
1.254 
1.253 
1.255 
1.252 
1.253 
1.253 
1.251 
1.2.54 

0.1000 
0.1000 
0.1000 
0.1000 
0.1005 
0.0995 
0.0995 
0.0995 
0.0995 
0.1000 
0.099 
0.099 
0.101 
0.099 
0.098 
0.099 
0.099 
0.099 

Strength 
MPa 

81 3.44 
767.97 
685.06 
782.04 
846.48 
82S.90 
779.70 
750.63 
736.32 
720.68 
759.38 
71 5.63 
765.67 
705.47 
71 4.53 
671.82 
775.64 
755.00 

predict the biaxial strengths. Results were not encouraging. In particular, the room tempera- 
ture Weibull modulus of 8.6 differed greatly from the valuc of 17 found for the disk specimens. 
Fractographic examination of the ball-on-ring specimens showed that failure occurred on the 
tensile surface across machining marks. To better approximate the observed biaxial results, a 
set of MIL-B MOR bars were manufactured with 320 grit transverse machining and evaluated at 
room temperature. When this data was analyzed, the Weibull modulus was still found to be 
approximately 8, again resulting in poor correlation. 

Finally, 20 MOR specimens were machined from ball-on-ring disk specimens. The specimen 
surface was first ground and polished identical to the biaxial disk specimens. MOR bars were 
then dissected from the disks such that machining marks were transverse to the specimen 
length. These MOR bars varied minimally in material and surface finish from the disk 
specimens and truly represented the surface condition of the biaxial disk specimen. The 
variables that tend to obscure the development of a multiaxial predictive methodology were 
minimized. The Weibull modulus of 20 obscrvcd on thcse MOR specimens agreed well with 
that of the disks. 

Material properties from the MOR specimens cut from the disks were used to compute the 
disk characteristic strength using effective areas from two differing multiaxial models. In the 
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first model, only the stress normal to machining marks was assumed to influence the fast 
fracture failure probability. In the second model, the effective area calculation was based upon 
the Weibull principal of independent action (PIA). Characteristic strengkh of the ball-on-ring 
specimens was predicted using the aforementioned two model approaches and Weibull yroper- 
ties of the transversely ground MOR specimens that were cut from the flat disks. Results were 
quite encouraging. The first model predicted a characteristic strcngth of 785 MPa versus an ex- 
perimental value of 776 MPa, a difference of only 1 percent. The PIA value of 759 was within 2 
percent of the measured vdlue. 'The predicted characteristic strength using the Weibull param- 
eters of the transversely ground MIL-B bars was 979 MPa, 26 percent high (see table 5). This 
clearly indicates that the prediction of Weibull properties for biaxial loading conditions from 
uniaxial MOR specimen test data is extremely sensitive to the surface preparation of the spec- 
imens. 

Table 5. 
Comparison o L h e  predicted characterikstjc-strength of badllon-ring specimens with the mea- 

sured value. 

Bat telle Weibull 20.19 412.6 4.58 759 776 
MOR PIA 

Battelle 
MOR 

Stress nor. 20.19 412.6 2.29 785 776 
mach. marks 

Allison Weibull 7.96 218.0 6.32 979 776 
MOR PIA 

The effective area in m m 2 ,  Characteristic strength in MPa, 

Unit characteristic strength MPa-m 2/Weibu11 
MOR bars was 87.84 mm2 based upon failure of the ground top surface only. Characteristic 
strength is related to unit characteristic by the equation: 

The effective area of the Battelle 

SC = So/(Aeff)l/mS Sc = characteristic strength 
So = unit c.h. strength 
ms = Weibull modulus 
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In Figure 5, assumptions from the first model are used along with MOR spccimen properties 
to predict a 90 percent scatterband for the ball-on-ring disks. This was done by first using the 
following equation to convert the MOR measured strengths to that of the ball-on-ring 
specimens, which have a smaller effective area. 

Ss = measured specimen strength 
Sb = ball-on-ring strength 
ms = specimen Weibull exponent, 20.19 
As = specimen effective area (bascd on 
top surface only) 
Ab = effective area of ball-on-ring 

Table 6 summarizes the MOR test data. The CARES program was then used to find the pre- 
dicted scatterband. When the measured disk results are plotted, the corrclation appears to be 
quite good. All of the disk data lies within the 90 percent confidence band with a Weibull 
slope that visually is closu to that predicted. 

Slow Crack Growth Mcthodology 

Uniaxial Theo y and Test Results 

Two experimental methods arc commonly used to study the SCG behavior of ceramic 
materials: 

a 

the constant load test (static fatigue) 
the constant load rate test (dynamic fatigue) 

In the constant load test, the rupture time of the spccimens is detcnnined at various applied 
stress levels. In the dynamic fatigue characterization of materials, the specimen failure 
strength is measured at various stressing rates. The governing equations for the two types of 
tests are as follows: 

Constant load: 

1) Tf = B+SiN-* *SN *EXP (Q/RT) 

Constant rate: 

2) Sf = (B*(N+l)*Si N"2 S *EXP(Q/RT*(l+N)) 

Where: Tf = time to failure (constant load test) 
Sf = fracture strength (rate test) 
Si = initial, fast fracture, strength 

S = applied stress 
S = applied stress rate 
T = temperature (absolute) 
Q = activation energy (material constant) 
B,N = material constants 
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Table 6. 
Strength of the Battelle M0.R specimens used to predict strcnpth of ball-on-ring srwcimens. 

MOR spec. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Strength-MPa 
of MOR bar 

614.3 
602.9 
604.1 
627.4 
651.6 
665.4 
613.3 
61 1.2 
586.4 
605.0 
620.2 
59 7.1 
669.8 
608.6 
692.5 
682.4 
681.3 
671.1 
676.9 
686.5 

Predicted strength of 
ball-on-rinp specimen 

735.9 
722.2 
723.7 
751.6 
780.7 
797.1 
734.7 
732.2 
702.5 
724.7 
743.0 
715.3 
802.4 
729.1 
829.6 
817.5 
816.2 
804.0 
810.9 
822.4 

The predicted strength is based upon: 

AS = 87.84 
Ab = 229 mm2 
ms = 20.19 

Constant rate or dynamic fatigue behavior of four groups of PY6 specimens was measured 
and analyzed using equation (2). The most comprehensive data set was dcveloped at Allison on 
120 Type-B MOR bars, which were identified to have failed on the surface. Testing occurred in 
the temperature range of 1200-1400"C. A second set of 29 Type-B MOR bars were tested from 
1OOO-1400°C under a user agreement at Oak Ridge National Laboratories with the direction of 
Dr. M. K. Ferber. A third set of 28 button head tensile specimens was tested at SORI at various 
temperatures and test rates. A final group of 18 dogbone tensile specimens was tested at NIST 
under Dr. S. M. Wiederhorn. 

Table 7 summarizes the results. As can be seen, all four of thc data sets result in similar 
values of the activation energy (Q) and the crack velocity exponent (N). The consistency of the 
crack velocity exponent was quite encouraging. The value of B, which is quite sensitive to the 
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Table 7. 
Coinparison of PY6 SCG constants obtained from differingspecimen testing, 

Activation 
Temperature No. of Specimen Norton Coefficient energy 

Source degrees C A exvonent MPa2-sec KT/MOLE 

Allison 1200-1400 120 MIL-R MOR 17.2 3.44E-4 277 

Oak Ridge 1000-1400 29 MIL-B MOR 20.2 4.43E-4 206 

SORI 1000- 1 400 28 Buttonhead 17.8 2.74E-6 283 
Tensile 

NIST 1000-1400 18 Dog-bone 16.3 8.90E-4 231 
Tensile 

fast fracture strength estimate, was within a factor of two for three of four data sets, which is 
quite reasonable. Overall, considering the small size of some of the data sets, the results 
appear quite consistent and yield SCG constants that can be used in a probabilistic SCG model, 
such as that which has bccn added to the CARES program. 

The button head type of tensile specimen, dynamically tested at SORI, was also statically 
tested at the same laboratory. An analysis of the static data, using equation (l), resulted in 
slow crack growth constants considerably different from those obtained dynamically. As can be 
seen in table 8, the crack velocity exponent is 50.9 versus 17.8 from dynamic testing. The activa- 
tion energy of 587 KJ/Mole is more than twice that of the dynamic test. When static test data 
was predicted by using dynamic material constants, the correlation was found to be conserva- 
tive. The strength of the specimens was predicted to drop more quickly with time than was ob- 
served. Thus, dynamic fatigue results might be inherently conservative when used in a design 
system. 

The different results between the two typts of testing used to determine PY6 slow crack 
growth constants indicate the possibility of other mechanisms, particularly oxidation, 
influencing the results. In dynamic fatigue, most of the exposure time is spent at a stress level 
less than that resulting in failure. I n  static loading, all of the time is spent at the fracture 
stress. Oxidation may be causing additional damage, related primarily to exposure time. If 
this is the case, at failure, the ratio of oxidation damage to SCG damage would be greater in 
the dynamic fatigue tests, resulting in apparently smaller crack velocity exponents. 
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Table 8. 
Comparison of static and dynamic slow crack growth testinp of buttonhcad tensile specirnens. 

Type of Number of Crack velocity Activation 8 2  
test specimens exmnen t-N encrw KI/M MPA-SEC 

Dynamic fatigue 28 17.8 283 2.74B-6 

Static fatigue 31 50.9 587 1.88E-25 

A model that assumes the crack length caused by oxidation at tcmperature is proportional 
to the exposure time raised to a power has h e n  shown capable of quanitizing thc reduction of 
strength on PY6 MOR spccimcns. Combining this oxidation modcl with classical crack growth 
equations results in the following nonlinear differential equation, which dcscribes the change 
of strength with time: 

3) DS/DT = - SaN * S 3-N/ (N-2)*B - B1 *S3 

B,N = slow crack growth constants as used in equations 1 and 2 
B1,al = oxidation constants 
S = the spccimen strength 
Sa = the applied stress 

In the case of static fatigue, the applied stress is constant. During dynamic fatigue, the 
applied stress is proportional to time. In both cases, the strength decreases with time and 
failure occurs when the applied stress exceeds the spccimcn strength. Thc initial strength is 
the mcasured fast fracture strength. 

If this model results in a bctter physical description of the static and dynamic tests, a 
single set of four material constants B, N, E l ,  and a1 should allow the model to f i t  both the 
static and dynamic test results. This is currently being investigated for the buttonhead speci- 
men tested by SORI. If this model is valid, the values of B and N should be close to those found 
from static loading. 

Biaxial Verificatinn-Rall-ov-ying Testing 

At 120O0C, Battcllc Laboratories completed biaxial static fatigue measurements on 10 flat 
circular plates using the ball-on-ring arrangement. These specimens had a 31.75 nominal diam- 
eter and a 1.78 mm thickness. Support was at 15.9 mm. At elevated ternpcratures, available 
fast fracture data tends to indicate a lower sensitivity to the initial surface preparation. Cer- 
tainly after oxide bcgins to form, this would be expected to be true. As a result, SCG constants 
obtained from buttonhead tensile spccimcns in static loading were used to prcdict the biaxial 
results. The initial strength of the ball-on-ring specimen was estimated using the MIL-B h40R 
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fast fracture results and the model which correlated the room temperature ball-on-ring data. 
As can be seen in Figure 6, the prediction appears to f i t  the data quite well. 

Oxidation Methodology 

During this period, work was done in developing a statistical methodology applicable to 
oxidation damage on a PY6 component. 

The model is bascd on four assumptions: 

* 

0 

The oxide thickness increases with time following a log linear relationship. 
The temperature dependence can be consolidated using an Arrhenius relationship. 
The flaw resulting in failure is proportional to the oxide layer thickness. 
Linear elastic fracturc mechanics relate fracture strength and flaw size. 

The equations describing the average behavior of oxide thickness growth and the effect of 
oxidation on strength can be written as follows: 

5) S = A*KIC*t--5a *EX1'(.5*Q/R/T) 

Where Th = oxide thickness; S = room temperature strength after exposure at temperature; C, a, 
and A = material constants from a least square fit of data; Q = activation energy; I7 = gas con- 
stant; KIC = the room temperature fracture toughness, t = exposure time; and T = the absolute 
tempera ture. 

In developing the material model, 65 Mil-B specimens were exposed to temperatures of 
1260,1300,1371, or 1400°C for periods of time varying from 1 up to 500 hours. The thicknesses of 
the oxide layers were measured, and the room ternperatuxr flexural strengths of the specimens 
were measured using a four point bend test. 

Since the oxids thickness and the strengths arc both measured, a comparison of predicted 
activation energies (Q) and the value (a) are obtained independently from the two tests. In 
applying the data to a statistical model, the values obtained from MOR testing are 
fundamental. The values obtained from oxide thickness measureinents are provided for 
comparison. 

Material constants from 
. . . ... thickness testiw 

c = 163 
a = 0.11 
Q = 63 KJ/MOLE 

Material constants from 
MOR tcstinv ..... 

~ .......... ___ 

A'KIC = 1050 MPA 
a = 0.067 
Q 7: -8 KJ/MOLE 

The low value of activation energy reflects the relative temperature insensitivity of the 

140O0C differed only 3 perccnt from the 1260°C value. The negative value obtained from MOR 
strength over this temperature range. After 100 hours of exposure, the average strength at 
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testing shows that the measured strengths afler exposure at 1400°C were actually slightly 
higher than those measured at 1260°C. 

Activation energy obtained from thickness measurements shows that the rate of oxide 
thickness does increase with temperature as would be expected. 

Values of (a), obtained from both types of testing, while not exactly identical, agreed 
reasonably well. As can be seen in table 9, use of the rcgressinn constants obtained from bend 
testing allow a very reasonable prediction of average strength behavior. (Each average is 
based on from 4 to 10 test specimens.) A standard deviation on strength is calculated to be 11.7 
percent corresponding to a Weibull modulus of about 10.3. The fact that this exceeds the room 
temperature fast fracture surface Weibull modulus of 8.65 indicates that the oxidation process 
results in a greater consistency of critical flaw sizes. 

While the regression of strength data fit the equation quite well, the less important 
regression of oxidation thickness data (as shown in table 10) showed a much larger standard 
deviation. Based upon measured thickness data, one standard deviation was 26.4 percent 
compared to a value of only 11.7 percent for the strength data. In table 11, the strengths of the 
individual specimen tests were compared to the _t 1 standard deviation values. As  expected, 
about 70 percent of the data lay within this scatter band. Examining the predictions made at 
each of the four temperatures shows that the percentage of specimen strengths in the predicted 
scatter band varied from 60 to 80 percent indicating that the data f i t  was not strongly biased at 
any temperature. 

Table 9. 
Comparison of the-p-rcdicted averape strength of oxid.zed specimens with the measured..value. 

A verage Predicted liatio 
Temr, "C Time-hr s t ren E t h-M& ac tu a1 / Dred 

1260 
1300 
1300 
1371 
1400 
1400 
1400 
1400 
1400 
1400 
1400 

100.00 
100 .00 
500.00 
100.00 

1 .00 
3.00 
6.00 

10.00 
50.00 

100.00 
500.00 

659.68 
710.61 
564.56 
669.60 
746.77 
780.96 
755.45 
723.41 
699.64 
683.55 
636.80 

653.05 
658.42 
624.09 
667.40 
781.97 
753.90 
736.72 
724.30 
686.54 
470.89 
635.91 

1.01 
1.08 
0.90 
1 .00 
0.95 
1.04 
1.03 
1 .00 
1.02 
1.02 
1 .00 
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TemD "C 

1260 
1300 
1300 
1371 
1400 
1400 
1400 
1400 
1400 
1400 
1400 

Table 10. 
Comparison of the predicted oxide thickness with the measured value. 

Average Predicted Ra ti0 
Time-hr strenvth-MPa strength actual/pred 

100.00 
100 .OO 
500.00 
100.00 

1 .00 
3.00 
6.00 

10.00 
50.00 

100.00 
500.00 

1.91 
2.56 
3.06 
2.30 
1.67 
2.70 
2.80 
1.70 
2.40 
3.20 
4.25 

1.95 
2.22 
2.63 
2.73 
1 .80 
2.03 
2.18 
2.31 
2.74 
2.96 
3.51 

0.98 
1.16 
1.16 
0.84 
0.92 
1.33 
1.28 
0.74 
0.87 
1.08 
1.21 

Table 11. 
Comparison of the prcdicted +1 standard deviation stresses with measured values for all oxi- 

dizcd specimens. 

Time "C 

1260 
1260 
1260 
1260 
1260 
1260 
1260 
1260 
1 2 a  
1260 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 

Time-hr 

100 
100 
loo 
100 
100 
100 
100 
loo 
100 
100 
100 
100 
100 
100 
100 
500 
500 
500 

Spccimen Predicted 
strength 1 std. 

MPA deviation 

636.89 
545.20 
577.14 
634.61 
576.17 
701.69 
700.37 
809.92 
662.81 
751.96 
762.35 
71 0.49 
642.21 
764.51 
673.49 
520.55 
586.31 
554.03 

729.20 
729.20 
729.20 
729.20 
729.20 
729.20 
729.20 
729.20 
729.20 
729.20 
735.19 
735.19 
735.19 
735.19 
735.19 
696.86 
696.86 
696.86 

Predicted 

deviation 

576.91 
576.91 
576.91 
576.91 
576.91 
576.91 
576.91 
576.91 
576.91 
576.91 
581.65 
581.65 
581.65 
581.65 
581 6 5  
551.33 
551.33 
551.33 

-1 std. 
I s  data in 

scatter 
band? 

Y 
N 
Y 
Y 
N 
Y 
Y 
N 
Y 
N 
N 
Y 
Y 
N 
Y 
N 
Y 
Y 
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1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
6 
6 
6 
6 
6 
10 
10 
10 
10 
10 
50 
50 
50 
50 
so 
100 
100 
100 
100 
100 
500 
500 
500 
500 
500 

657.91 
548.61 
702.61 
677.76 
61 1.89 
598.42 
720.77 
674.42 
687.51 
816.11 
784.94 
822.87 
73 I .89 
834.24 
559.93 
891.19 
84 1.32 
585.74 
709.24 
877.29 
692.55 
765.61 
890.49 
754.04 
674.55 
758.05 
706.13 
694.90 
875.19 
582.80 
688.65 
751.41 
723.70 
643.56 
690.90 
753.89 
650.56 
754.06 
71 7.98 
541.26 
62 2.03 
693.88 
608.47 
593.40 
666.21 

745.22 
745.22 
745.22 
745.22 
745.22 
745.22 
745.22 
745.22 
745.22 
745.22 
873.14 
873.14 
873.14 
873.14 
873.14 
841.80 
841.80 
841.80 
841.80 
841.80 
822.61 
822.61 
822.61 
822.61 
822.61 
808.75 
808.75 
808.75 
808.75 
808.75 
766.58 
766.58 
766.58 
766.58 
766.58 
749.1 1 
749.1 1 
749.11 
749.1 1 
749.11 
710.05 
710.05 
71 0.05 
71 0.05 
710.05 

589.59 
589.59 
589.59 
589.59 
589.59 
589.59 
589.59 
589.59 
589.59 
589.59 
690.80 
690.80 
690.80 
690.80 
690.80 
666.00 
666.00 
666.00 
666.00 
666.00 
650.82 
650.82 
650.82 
650.82 
650.82 
639.85 
639.85 
639.85 
639.85 
639.85 
606.49 
606.49 
606.49 
606.49 
606.49 
592.66 
592.66 
592.66 
592.66 
592.66 
561.76 
561.76 
561.76 
561.76 
561.76 

Y 
N 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
N 
N 
Y 
N 
Y 
N 
Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
N 
N 
Y 
Y 
Y 
Y 
Y 
N 
Y 
N 
Y 
N 
Y 
Y 
Y 
Y 
Y 
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Once the regression constants (a) and (Q/R) are obtained from room temperature MOR 
testing, a probabilistic oxidation model tnay be generated. An "equivalent strength" is defined 
as the room temperature strength of a specimen exposed at a baseline temperature for a baseline 
time. Using equation (5), equation (6) is found to have the form: 

6) Seq = Srt" (t/tB).5a *EXP( .5Q/R( 1/TB - l /T) 1 

Srt = room temperature MOR strength 
t = specimen exposure time 
tB = reference time selected 
T = specimen exposure temperature (absolute) 
TB = reference exposure temperature (absolute) 

A Weibull MLE analysis of the equivalent strengths from equation (6)  allows the 
computation of  a room temperature Weibull modulus, (m), and a unit characteristic strength. 

Similar to the practice for fast fracture, this Weibull modulus is assumed constant at all 
temperatures, while the characteristic strength is obtained at  temperature by ratioing by KIC. 
This approach is valid as long as the material strength is dctcrmincd by the mode I failure 
mechanism. 

So(T) = unit characteristic strength at temperature 
So(RT)= unit characteristic strength at room temperature 
KIC(T) = mode I fracture toughness at temperature 
KIC(RT)= mode I fracture toughness at room temperature 

At temperatures other than room temperature, the effective stress is given by equation (8) 
where S is the actual applied stress. 

8) Seq = S * (t/tB)-5a *EXP( .5Q/R( 1 /TB - l /T )  ) 

Finally, the Weibull equation may be used to determine the survival probability of a 
component at a temperature subjccted to oxidation damage. 

9) POS = EXP(-AefP (Scqmax/ So(T) )") 

Aeff = the effective surface area based on Seq 
Seqmax = the maximum surface equivalent stress 

It should be noted that this nicthodology does not apply in situations where the presence of 
stress accelerates the rate of oxidation of a flaw. Such situations can be considered using a sub- 
critical crack growth methodology. 
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Status of Milestones 

32220 1 : 
322202: 
322203: 
322204: 
322205: 

322206: 
322207 
322208: 
322209: 

Computer lrnplementation of Initial Failure Models -- complcte 
Initiation of MOR Testing -- complete 
Initiation of 'Tensile Testing -- complete 
Initiation of Biaxial Testing -- complete 
Confirmatory 'Testing discontinued because of the poor quality spin disks 
received from G'TE 
Completion of All Specimen Testing -- on schedule 
Finalization/Verification of Computer Code -- on schedule 
Draft Final Report -- on schedule 
Final Report -- on schedule 

Publications 

A paper entitled "Environmental Effects on the Flcxurc Strength of HIP processed Silicon 
Nitride at Elevated Temperatures" by A. A. Wereszczak, K. Rreder, M. K. Ferber, 'r. P. 
Kirkland, and P. K. Khandelwal was accepted for presentation at  the Electrochemical Society, 
New Orleans, October 10-15, 1993. 
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3.3 ENVIRONMENTAL EFFECTS 

Environmental Effects in Touahened Ceramics 
G. A. Graves, Jr. (University of Dayton) 

0 bject ive/scope 
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 ZrO, ceramics were investigated. In the 
second phase, two Si,N4 ceramics (GTE PY6 and NortonlTRW XL144) and one 
Sic ceramic (Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, 
and fatigue strength of three SIC and six Si,N4 ceramics were evaluated at 
temperatures ranging from 20 to 14OO"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 Si,N, ceramic 
(NortonTTRW NT-154) was investigated. In phase five, five 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/Si3N, ceramics will be studied. 

were completed and a ceramic machining effects on mechanical strength study was 
initiated. 

During the past six months the tensile cyclic fatigue results for Kyocera SN-253 

Technical prowess 
The tensile cyclic fatigue study was carried out on four Kyocera SN-253 

buttonhead tensile specimens in a tension-tension mode. The maximum tensile 
stress was 22 MPa (3200 psi), and the minimum tensile stress was 16 MPa (2300 psi). 
The loading waveform was sawtooth at a frequency of 0.8 Hz. The test was run for 
450,000 cycles (approximately 100 hours) in air at 1350°C. After testing for 450,000 
cycles the specimens were loaded to failure at an actuator rate of 4 x 10-5 m/s 
(0.1 in/min). The results of the test are given in Table 1. A photomicrograph of a 
typical fracture surface is shown in Figure 1. All of the specimens failed at surface 
fracture initiation sites. Three of the specimens studied under low power (19-30X) 
magnification had fracture surface features similar to flexural test specimen tested 
previously that were found to have elongated grains at the fracture initiation site. 



Figure 1. Typical Kyocera SN-253 Cyclic Fatigue Fracture Surface after 450,000 
Cycles at 1350°C and then Fast Fractured at 4 x 10-2 rnrn/s. 

le 1. Tensile Cyclic Fatigue Results for Kyocera SN-253 

*Fracture occurred at an elongated grain 
+Note: The average fast fracture tensile strength measured for SN-253 at 1350°C was 432 MPa f 66 MPa. 

The initial machining effects study was performed on Garrett 6s-44 silicon nitride 
d by C h a d  Kare l e c  nical Ceramics and BRNL. The type of 
conditions, and test matrix are given Table 2. The average 
Its are given in Table 3. The differe 

al direction did not appear to alter the strength significantly; however, the 
achining conditions in the 

rection did lower the strength significantly when compared to 
rengths. The data for each group of specimens 
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Table 2. GS-44 Flexural Specimen Preparation and Testing Matrix 

ORNL 
Harig NC 
Std. Grind (ASTM C1161) 

Specimen Pretx 

Machining Source: 
Machine: 
Grind Type: 
Grind Direction: 

Test Conditions 

Test Temp. (“C) 

Crosshead Speed (d: 

Post-machining 
Treatment 

No. of Specimens 

ORNL 
Harig NC 
Std. Grind 

Chand Kare 
CC Surface Grinder 
Std. Grind (ASTM C1161) 
Longitudinal 

20 

4 10-5 

9 

20 

4 x 10-7 

9 

20 

4 x 

10 

Longitudinal 

20 20 

4 x 4 x 

200 hrs @ 
1 100°C 

10 10 

Transverse 

.* 

ORNL 

ASTM-C1161 

1 135 MPa ( ~ 5 5 )  

1054 MPa (&4) 

200 hrs Q 

ORNL ORNL 

Std. G rind-Transverse Creep Feed 

871 MPa (+71) 

985 MPa (i53) 
11 83 MPa (+71) 

1073 MPa ( ~ 4 9 )  

Table 3. Average Flexural Strength Measured for GS-44 Specimens 

SDecimen Prep, 
Machining Source: 

Grind Type 

Test Conditions 

20°C/4x1 0-5 m/s 

20°C/4x1 0-7 m/s 

After Oxidation for 
200 hrs Q 1100°C 
Tested at 2 0 W  
4 ~ 1 O - ~  m/s 

Chand Kare 

ASTM-C1161 

1160 MPa (k162) 
11 39 MPa (k42) 

984 MPa (lt24) 

ORNL 
Nicco 
Creep Feed Grind 

, 
867 MPa (-c67) 
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Table 4. Four Point Flexure les t  Results for Garrett GS-44. 
by Chand Kare using ASTM-Cll61 Specifications 

Fast Fracture 
Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

___---__----- 

334 
290 
343 
254 
350 
339 

79.4 1237 
55.8 1074 
83.8 1267 
35.9 937 
87.6 1293 
81.6 1252 

* 
* 
* 
* 
* 
* 

348 186.2 1284 
327 175.3 1208 

* 
* 

Average 168.3 1160 
Stdev. 23.5 162 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 0-2 mm/s (0.1 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy. 

22 31 3 167.3 
23 31 0 165-8 
24 292 156.2 
25 324 17'3.0 

Average 165.2 
Stdev. 6.1 

154 
143 Surface 
077 Edge 
193 

* 

* 

139 
42 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 O-4mm/s (0.001 in/min) 
* Fracture origins were difficult to identify due to high fracture 

energy. 
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Table 5. Four Point Flexure Test Results for Oxidized Garrett GS-44. 
Machined by Chand Kare using ASTM-C1161 Specifications 

Specimen Load Flexural Strength Fracture 
Origin 

------------ (ksi) ( M W  ----_--- --..------ 
Number (IW -..---_-------- "---"--- 

11 266 141.9 978 
12 275 146.7 1012 Su dace 
13 26 1 139.3 961 Surface 
14 273 145.9 1006 Su rface 
15 261 139.5 962 Vol. at Incl. 

* 

Average 142.7 984 
Stdev. 3.5 24 

Test Temperature: 21 "C 
Oxidation: 200 hours at 1100°C 
Crosshead Speed: 4x1 0-2 mm/s (0.1 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy. 
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Table 6. Four Point Flexure Results for Garrett GS-44. 

Prepared by ORNL using ASTM-C1161 Specifications 

Fast Fracture 
Specimen Load Flexural Strength Fracture 

Origin 

55 305 164.6 1135 Edge 
56 267 144.5 99 Edge 

(ksi) ( M W  __-__--- I-_------ 

Number (Ibs) 
---_------I_-- -_------ 

57 305 
58 300 
59 310 
60 31 0 
61 324 
62 325 
63 305 

64.9 
61.6 
66.9 
67.1 
74.7 
71 .G 
65.9 

137 Edge 
114 Edge 
151 Surface 
152 Surface 
204 
183 Edge 
144 Surface 

* 

64 303 164.8 1136 * 

Average 164.6 1135 
Stdev. 8.0 55 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 0-2 mrn/s (0.1 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy 

__ Slow Fracture 

Specimen 
Number 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

____lll_---__- 

Load 
(IW 

-------_ 
31 2 
307 
286 
293 
250 
289 
269 
276 
246 
303 

Flexural Strength 
(ksi) ( M W  
--I - - - - - 
166.8 
166.6 
154.8 
157.2 
134.2 
156.3 
144.9 
150.2 
133.6 
163.9 

1150 
1149 
1067 
1084 
926 
1078 
999 
1036 
92 1 
1130 

Fracture 
Origin 

__--_------ 
* 

Surface 
Edge 

Surface 
Surface 

Edge 
Edge 
Edge 

Surface 

* 

Average 152.9 1054 
Stdev. 12.1 84 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 0-4 mm/s (0.001 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy 
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Table 7. Four Point Flexure Results For Garrett GS-44 

Machined by ORNL using Transverse x Transverse Grinding 

Fast Fracture 
Specimen 
Number 

72 
73 
74 
75 
76 
77 
70 

-------------- 

Load 
(Ibs) -------- 
260 
21 0 
180 
25 1 
279 
20 1 
270 

Flexural Strength 
(ksi) (MPa) 

112.9 778 

-------- --------- 
139.5 962 

96.7 667 
134.1 925 
149.2 1029 
107.7 743 
144.4 996 

Fracture 
Origin 

Surface 
Surface 

Su rface 
Edge 

Surface 
Edge 

---------- 

* 

Average 126.4 87 1 
Stdev. 20.4 141 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 0-2 mm/s (0.1 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy. 

Slow Fracture 
specimen 
Number 

65 
66 
67 
68 
69 
70 
71 

--_-..--------- 

Load 
(Ibs) -__----- 
278 
262 
276 
242 
285 
265 
260 

Flexural Strength 
(ksi) (MPa) 

---c---- --------- 
149.0 1027 
140.2 966 
148.0 1021 
129.9 896 
152.8 1053 
141.8 978 
138.6 955 

Average 142.9 
Stdev. 7.7 

Fracture, 
Origin 

Surface 
Surface 
Surface 

---------- 

* 
* 

Surface 
* 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 0-4 mm/s (0.001 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy 
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Table 8. Four Point Flexure Results For Garrett GS-44. 
Machined by OWNL using Creep Feed Grinding 

Fast Fractue 
Specimen Load Flexural Strength Fracture 

(ksi) ( M W  Origin 

88 314 167.4 1154 Edge 
89 348 185.7 1280 Edge 

-------- ------_-- 
Number (Ibs) 

------_-----I- --_----- 

90 320 
91 303 
92 342 
93 31 0 
94 307 
95 322 

69.5 I169 Edge 
58.8 1095 
81.8 1253 Surface 
64.4 1134 Edge 
60.1 1104 Su dace 
71.5 1183 Surface 

* 

96 352 184.7 1 274 Su dace 

Average 171.5 1183 
Stdev. 10.3 71 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 O'-2mm/s (0.1 in/min) 
* Fracture origins were difficult to identify due to high fracture 
energy 

81 292 
82 31 3 
83 300 
84 293 
85 287 
86 274 

52.8 1053 Surface 
63.8 1129 Surface 
58.4 1092 Edge 
55.4 1072 Surface 
50.3 1036 Edge 
43.1 987 Edge 

87 290 153.2 1057 Edge 

Average 155.6 1073 
Stdev. 7.1 49 

Test Temperature: 21 "C 
Crosshead Speed: 4x1 O-4tnm/s (0.001 in/min) 
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Table 9. Four Point Flexure Results For Oxidized Garrett GS-44. 
Machined by ORNL using ASTM-C1161 Specifications 

Fast Fracture 
Specimen Load Flexural Strength Fracture 

Origin 
---------- 

(ksi) (MPa) 
----..--L -------_- Number (Ibs) -------------- ------_- 

41 230 122.4 844 Surface 
42 235 126.2 870 Surface 
43 257 138.7 956 Su rface 
44 21 4 115.4 796 Surface 

Average 125.7 867 
Stdev. 9.7 67 

Test Temperature: 21 "C 
Oxidized: 200 hours at 1100"CX 
Crosshead Speed: 4x1 0-2mrn/s (0.1 in/min) 
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Test Conditions 
Crosshead Speed Temp. 

mm/s (in/min) ("C) 
_. 

0.04 (0.1) 20 
0.0004 (0.001) 20 

0.04 (0.1) 20 
0.0004 (0.001) 20 

0.04 (0.1) 20 
0.0004 (0.001) 20 

0.04 (0.1) 20 
0.0004 (0.001) 20 

0.04 (0.1) 20 
0.0004 (0.001) 20 

0.04 (0.1) 20 
0.0004 (0.001) 20 

____.... _..... 

___._..- -- 

-..._ 

A second machining strength study was also initiated and completed during the 
reporting period. Chand Kare Technical Ceramics agreed to machine Sic using 
various types of commercial grinding wheels and remove rates as shown in Table 10. 
The SIC material selected for the study was Morton International's p-Sic prepared by 
chemical vapor deposition (CVD). The inaterial was chosen because of Chand Mare's 

erience with machining it and far Mor3.tot-1 International's ability to consistently 
prepare pore-free, high-purity, homogeneous, fine-grained material in large sizes 
(1.5 rn dia x 1 .O rn thick). 

No. 
Specimen: 

Tested 

l o  
5 

10 
5 

l o  
5 

10 
5 

10 
5 

10 
5 

..- 

......_ 

Table 10. Flexural Strength Machining Effects Study 
Baseline Material - CVD Sic 

rest Group 

G ririding 
Wheel Type 

22 Norton SD 150 
R75B99E-1/4 

23 Norton SD 320 
R75899€-1/4 

24 General Dia. 
CGDtiOO R75B-1/4 

25 Norton SD 800 
R50-1/32 

R75E356-1/4 

27 Norton B 3/6 mic 
R75B-1/4 

Removal Rate' Total Amount 
per Pass Rernoved/Side 

0.005 (o.o-:e) 1 0.20 (0.008) 

0.0025 (0.0001) 0.025 (0.001) 

0.0025 (0.0001) 0.025 (0.001) 

-I-- 0.0025 (0.0001) 0.025 (0.001) 

0.0025 (0.000-i) 0.025 (0.001) ,- 

Average Flexural 
Strength 

MPa, Std. Dev. 
(Ksi, St. Dev.) 

352, 29 (51, 4.3) 
340, 23 (49, 3.3) 

3a3,23 (56, 3.4) 
369, 15 (54, 2.1) 

454, 17 (66, 2.5) 
422, 52 (61, 7.6) 

389, 32 (56, 4.5) 
432, 24 (63, 3.4) 

478, 52 (69, 7.6) 
438, 91 (61, 13.2) 

297, 65 (43, 9.5) 
337, 48 (48.9, 6.9) 

'All specimens were ground in the longitudinal direction. 

In addition, UDRl has a large database on this material obtained through Air Force 
programs that helped develop the material. It was felt that the material's consistency 
would make it a good baseline material for a machining study. 

is shown in Figure 2. Figure 3 shows machining damage in the specimens in 
test group 27 which may account for the low flexural strength obtained for the 
specimens. 

The flexural strength results are given in Table 10 and a graphic representation 
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Figure 2. Flexural Strength Machining Effects Study. 

26 27 

Figure 3. Machining Damage Found on Specimens in Machining Group 27. 
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The test data for each machining group, 22-27, are given in Tables 1 1 through 16. 
Tables 17 and 18 give the fast- and slow-fracture flexural strength data from 
specimens supplied by Chand Kare that were cut from another billet of Morton 
International CVD Sic. These specimens were machined by Chand Kare using 
the standard gri ding procedures (ASTM C1161) on their CC surface grinder. 

St at us of milestones 
Milestones 331 41 3 and 331 41 4 have been completed. Milestone 331 41 5 will be 
completed after microstructure studies. 
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Table 11. Group 22 Four Point Flexure Results For CVD Sic. 

Test Temperature: 20°C 
Crosshead Speed: 4x1 0-2mm/s (0.1 in/min) 

Fast Fracture 
Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

--____-----_-_ 

Load 
(IW -------- 
87 
97 
109 
95 
87 
98 
93 
86 
105 
90 

Flexural Strength 
(ksi) ( M W  -------- --------- 
46.9 323 
52.3 361 
58.9 406 
51.3 353 
46.9 323 
52.9 365 
50.2 346 
46.3 31 9 
56.7 39 1 
48.6 335 

Fracture 
Origin 

Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 

---------- 

Average 51 . I  352 
Stdev. 4.3 29 

Test Temperature: 20°C 
Crosshead Speed: 4x1 O+XII/S (0.001 in/min) 

Slow Fracture 
Specimen Load Flexural Strength Fracture 

Origin 

11 93 50.2 346 Surface 
12 101 54.5 376 Edge 
13 86 46.4 320 Surface 
14 86 46.4 320 Surface 
15 91 49.1 339 Surface 

---------- (ksi) (MPa) -------- --------- Number Ubs) -------------- -----..-- 

Average 49.3 340 
Stdev. 3.3 23 
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Table 12. Group 23 Four Point Flexure Results For @VD Sic. 

Test Tempemture: 20°C 
Crosshead Speed: 4x1 O-*mrn/s (0.1 i n h i n )  

Fast Fracturg 
Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

_I____--_-_--- 

Load 
(IW 

___F^___ 

102 
98 
98 
103 
96 
102 
93 
111 
112 
100 

Flexural Strength 
(ksi) (MP4 

-__-_-_- __-___I-- 

55.5 383 
53.4 368 
53.4 368 
56.4 389 
52.5 362 
55.8 385 
50.9 35 I 
60.7 41 9 
61.4 423 
54.8 39% 

Fracture 
Origin 

Surface 
SU rface 

Edge 
Surface 
Surface 
Surface 
Surface 
s u rdace 
SU rface 
Surface 

Average 55.5 383 
Stdev. 3.4 23 

Test Temperature: 20°C 
Crosshead Speed: 4x1 O-4mm/s (0.001 in/rnin) 

Average 53.5 369 
Stdev. 2.1 15 



327 

Table 13. Group 24 Four Point Flexure Results For CVD Sic. 

les t  Temperature: 20°C 
Crosshead Speed: 4x1 O-*mm/s (0.1 in/min) 

Fast Fracture 
Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

_------------- 

Load 
( IW 

120 
123 
130 
117 
124 
120 
119 
114 
117 
120 

Flexural Strength 
(ksi) (MPa) 

--..----- I-------- 

65.5 452 
67.3 464 
71.1 490 
64.0 44 1 
67.9 468 
65.6 453 
65.0 448 
62.1 428 
64.0 442 
65.5 452 

Fracture 
Origin 

Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 
Surface 

---------- 

Average 65.8 454 
Stdev. 2.5 17 

Test Temperature: 20°C 
Crosshead Speed: 4x1 0-4mm/s (0.001 in/min) 

Slow Fracture 
Specimen Load Flexural Strength Fracture 

Origin 
---------- (ksi) ( M W  -------- - - - - - - - - - Number (Ibs) _------------- -------- 

11 121 66.2 456 Surface 
12 121 66.0 455 Surface 
13 88 48.1 332 Surface 
14 118 64.3 443 Edge 
15 113 61.7 425 Edge 

Average 61.2 422 
Stdev. 7.6 52 
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Table 14. Group 25 Four Point Flexure Results For CVD Sic. 

Test Temperature: 20°C 
Crosshead Speed: 4x1 Om2mrn/s (0.1 in/min) 

Fast Fracture 
Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Load 
(Ibs) 

-^-_---- 

102 
99 
92 
104 
108 
103 
98 
107 
123 
103 

Flexural Strength 
(ksi) (MPa) 
-----~I I 

55.3 
53.5 
50.0 
56.5 
58.8 
56.1 
53.0 
57.5 
67.3 
55.6 

._^__"I_^ 

381 
369 
345 
390 
405 
389 
366 
397 
464 
384 

Fracture 
Origin 

Surface 
Su rface 
Surface 
Surface 
Surface 

Edge 
Surface 
Surface 
Surface 
Surface 

-"1_"--_-- 

Average 56.4 389 
Stdev. 4.6 32 

Test Temperature: 20°C 
Crosshead Speed: 4x1 O-4mrn/s (0.001 in/rnin) 

___- Slow Fracture 
Specimen Load Flexural Strength F rac t u re 

Origin 
----I----- 

(ksi) ( M W  
----_"I- - -P____--  

Number (IW 
-------------- - - -- --- 

11 107 57.9 400 Surface 
12 111 60.1 41 5 su rface 
13 123 66.2 456 Surface 
14 119 64.1 442 Surface 
15 120 64.7 446 SUi-kiCe 

Average 62.6 432 
Stdev. 3.4 24 
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Table 15. Group 26 Four Point Flexure Results For CVD Sic. 

Test Temperade: 20°C 
Crosshead Speed: 4x1 0-*mm/s (0.1 in/min) 

Fast Fracture 
Specimen Load Flexural Strength 
Number (Ibs) (ksi) WPa) _----__ 

140 
130 
131 
114 
120 
109 
101 
127 
135 
144 

-------- 
77.3 
71.3 
72.1 
63.4 
66.7 
60.7 
56.0 
70.0 
75.0 
79.9 

--------- 
533 
492 
497 
437 
460 
41 8 
386 
483 
51 T 
551 

Average 69.3 478 
Stdev. 7.6 52 

Test Temperature: 20°C 
Crosshead Speed: 4x1 0-4mm/s (0.001 in/min) 

Fracture 
Origin 

Surface 
Su rface 

Edge 
Surface 
Surface 
Surface 
Surface 
Sui-Face 
Surface 
Surface 

----_"-*-- 

Slow Fracture 
Specimen Load 
Number (Ibs) 

-I---^-------- -------- 
11 141 
12 90 
13 90 
14 120 
15 134 

Flexural Strength Fracture 
(ksi) ( M W  Origin 

77.8 536 Surface 
49.7 343 Surface 
50.0 345 Surface 
66.2 457 Edge 
74.0 51 0 Surface 

-------- --------- 

Average 63.6 438 
Stdev. 13.2 91 



330 

Table 16. Group 27 Four Point Flexure Results For CVD Sic. 

Test Temperature: 20°C 
Crosshead Speed: 4x1 0-2mm/s (0.1 in/min) 

Fast Fracture 
Specimen Load Flexural Strength 
Number (IW (ksi) (M-0 

.--_---- 

78 
89 
77 
111 
98 
60 
94 
68 
55 
71 

.--_-_-- 

41 .a 
47.9 
41.6 
59.5 
52.5 
32.1 
50.6 
36.5 
29.6 
38.2 

Average 43.0 
Stdev. 9.5 

* Fracture origin could not be located. 

Test Temperature: 20°C 
Crosshead Speed: 4x1 0-4mm/s (0.001 in/min) 

_-_____- 
288 
330 

41 1 
362 
222 
349 
252 
204 
263 

287 

Slow Fracture 
Specimen Load Flexural Strength 

(ksi) ( M W  
_-----__ _1--_1_-- 

Number (IW 
11-1_--- 

11 92 49. 343 
12 92 49.5 34 1 
13 101 54.3 374 
14 100 53.9 372 
15 69 37.2 257 

F ract u re 
Origin 

Surface 
Su dace 

Edge 
Su rface 

Edge 
Edge 

Surface 

Edge 
Suf-face 

* 

Fracture 
Origin 

Edge 
Surface 
Su rface 
su rface 
Surface 

____-l__l" 

Average 48.9 337 
Stdev. 6.9 48 
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Table 17. Four Point Flexure Results For CVD Sic. 
Machined by Chand Kare using ASTM-C1161 Specifications 

Test Temperature: 20°C 
Crosshead Speed: 4x1 O-*mrn/s (0.1 inlmin) 

Fast Fracture 
Specimen 
Number 

21 
22 
23 
24 
25 
26 
27 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

--------_----- 

28 

Load 

100 
100 
101 
101 
108 
101 
99 
99 
91 
94 
104 
107 
109 
114 
98 
113 
107 
110 
114 
101 

Flexural Strength 
(ksi) ( M W  

--I---III 

53.2 367 
53.2 367 
53.7 370 
53.6 370 
57.6 397 
53.8 371 
52.8 364 
52.6 363 
48.5 334 
49.7 342 
55.4 382 
56.5 390 

60.8 41 9 
52.2 360 
60.2 41 5 
56.9 392 
58.5 404 
60.9 420 
53.6 369 

57.7 398 

Fracture 
Origin 
---I------ 

* 
* 
* 
* 
* 
* 
* 
* 
* 
& 

* 
* 
* 
* 
* 
* 
* 

Average 55.1 380 
Stdev. 3.5 24 

* Fracture origin could not be located. 
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Table 18. Four Point Flexure Results For CVD SIC. 
Machined by Chand Kare using ASTM-Cll61 Specifications 

l es t  Temperature: 20°C 
Crosshead Speed: 4x1 O - h d s  (0.061 in/min) 

Fast Fracture 
Specimen 
Number 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

Load 
(W -_---_-- 
99 
94 
97 
104 
114 
104 
93 
111 
102 
107 
110 
107 
102 
105 
109 
102 
97 
82 

101 
a7 

Flexural Strength 
(ksi) ( M W  

--__l__l ----I---- 

52.5 362 
49.9 344 
51.5 355 
55.0 379 
60.5 41 7 
55.2 380 
49.2 339 
58.6 404 
53.8 371 
56.4 389 
58.1 400 
57.0 393 
54.6 377 
56.0 386 
58.1 40 1 
54.3 374 
51.5 355 
43.6 30 1 
46,l 31 8 
53.6 370 

Fracture 
Origin 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

Average 5 3 3  37 1 
Stdev. 4.2 29 

* Fracture origin could not be located. 
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3.4 FRACTURE MECHANICS 

Testina and Evaluation of Advanced Ceramics at High Temperature 
J. Sankar, A. D. Kelkar, and J. Neogi (North Carolina A&T State 
University) 

ObiectivelScope 

The objective of this research is to test and evaluate the long-term 
mechanical reliability of a Si&, at temperatures upto 1300 'e. The emphasis of 
this effort in the current year is to microstructurally characterize the specimens 
tested in fatiguelcreepltension, using scanning electron microscopy (%EM), 
transmission electron microscopy (TEM) and energy dispersive spectral analysis 
(EDS). 

Technical Hiq hliq h ts 

During this reporting period microstructura4 characterization of 
mechanically tested GTE SNW-1000 materials were conducted to investigate the 
effect of precycling on creep and residual tensile strength, 

Table 1 summarizes the tests conducted and the results obtained. The 
time and precycling dependencies of the tensile creep strain rates as compared 
ta pure creep strain are shown in Fig. 1. Samples were prepared from a GTE 
SNW-1000 specimen which had been coaxed (50/68/70 % a;) followed by 
residual tension test. TEM analysis were performed on these samples. 

Test results and discussion 

High temperature mechanical behavior of silicon nitride is also known to 
be influenced by the crystalline structure of the grain boundary material resulting 
due to various sintering aids. Fabricationlprocessing methods such as sintering, 
gas pressure sintering, and hot isostatic pressing are used to densify silicon 
nitride in order to improve its mechanical properties. Since the low self-diffusivity 
of silicon nitride does nat allow densification by classical solid-state sintering 
techniques, processing to near-theoretical density requires the use of sintering 
aids like Y,O,, MgO, AI,O,, or a combination of these to promote liquid phase 
densification of this material (Cinibulk et al., 1990; Cranmer et al., 1991). This 
results in an intergranular glassy phase which controls the high temperature 
behavior (Ahn and Thomas, 1983; Tsuge et ai, 1975). It is these amorphous 
(intergranular) phases that soften at temperatures above - 1 OOO'C, leading to 
the eventual failure of silicon nitride. 

Additives such as MgO result in a continuous, amorphous magnesium 
silicate intergranular phase, whilst those containing Y,O,-AI,O, additions may 



Table 1. Fatigue] Creepl Tension tests conducted on GTE SNW-1000 

Summary of the test results 
Ail tests were conducted at 1200°C 

X - denotes test condition 

0 
W 
P 
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possess both crystalline and amorphous grain boundary phases (Todd et al., 
1989). The primary factor for the improvement in creep resistance of GTE SNVV- 

possible reasoning for the much lower primary creep strain in fatigued 
specimens could be due to the fact that creep process (equivalent to thermal 
annealing) besides the precycling process could have aided in devitrification. 
Devitrification is the process by which the glass contained within the multi-grain 
junctions crystallizes as a secondary phase. Research (Cinibulk et ai., 1990; Lee 
et al., 1988) has showed that aniorphous intergranular phase of silicon nitride 
can be devitrified by thermal annealing in the temperature range above 1350°C 
or by cyclic loading at an appropriate temperature. Liu et ai., (1989) have also 
observed a behavior similar to this in a I-IIPed silicon nitride at 13QO"C. A 
comparison of their creep curves between unannealed, annealed, and precycled 
specimens, showed that the precycled specimen ~ x ~ ~ ~ i ~ ~ ~  the least primary and 
secondary creep strains. They attributed this behavior to devitrification of 
intergranular glassy phase by precycling. 

Samples were prepared from a GTE SNW-1000 specimen which had 
been coaxed (50/60/70 % of) followed by residual tension test. Fig. 2 shows a 
representative view of the microstructure showing variable size and morphology 
of /3-Si,N4 grains. Despite the rapid crystallization of the multi-grain junctions, 
complete devitrification of the intergranular glass was never observed. The 
interfaces containing residual glasses were generally irregular, exhibiting gradual 
or abrupt changes in both orientation and apparent thickness. 

Fig. 3 shows a representative view of the glassy interface separating 
adjacent Si,N, grains and amorphous pockets located at the triple point junction. 
It was observed that narrow and highly irregular glassy interfaces were 
redistributed by vIsc=ous flow which restricted interfacial sliding. Thus, it is 
possible that deformation may be inhomogeneous and relative displacement of 
adjacent grains are physically limited by grain-to-grain contact. Evidence for 
distributed grain-contact sites were obtained by observation of "STRAIN 

LS" in the sample. 
Fig. 4 shows isolated ellipsoidal-shaped cavities produced within narrow 

interfaces between Si,N4 grains during coaxing. The cavity widths exceed t he  
thickness of the interface, which is inclined to the plane of view and results in 
apparent cavity overlap. Observations from uniaxial tension tests with t-llPed- 
Si,N, suggest that it is possible to initiate cavities in glass-ceramics even in pure 
shear and that the cavities nucleate at triple junctions (Lange et a!. 1980). h 
mechanism of cavity nucleation which is consistent with these observations is 
that grain boundary sliding produces a negative pressure in the glass segregated 
in triple junctions, which then causes the fluid to cavitate. It is recognized that 
fluids cavitate quite easily possibly because in comparison to solids they have 
a low bulk modulus (Appel, R. E., 1972). The presumption of negative pressure 
is consistent with the fact that porous, granular, materials dilate when stressed 

1008 Could be the presence Qf 12-33 Wt % Y,O, and 2-3 W t  % AI,O,. But, a 
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in pure shear. Therefore, if the pores are filled with a f X  id, and if the fluid is 
constrained, it wiSB develop a negative pressure (Tsai and Raj? 1982). An 
approximate expression for the magnitude of negative pressure, P is given as 

where the factor 4'asises from "iie praportiona~ity be een t he  applied shear 
strain and the volume strain in the hole (Tgai d Raj, 1982). G' is the anelastic 
modulus, B, is the bulk msdkiEus of the fluid, is the applied shear stress and 
Q~ is the mean str If the principle components 06 the applied stress are ct, 
6x2 and u3, tl-ren cTs cr, &;an be defitaed as 

and 

Dislocation loops were sbsewea in the Si,N, grains. A reasonable e x p , x m  
for this could be the presence of planar defects within the grain which led $0 
generation of disBocation leaps. 
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Status of Milestones 

On schedule 

CommunicationsNisitorslTravel 

None 

Problems Encountered 

None 
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S t a n d a r d  T e n s i l e  T e s t  Developmeiit 
S .  M .  Wiederhorn, R .  F. Krause, J r .  and W. E .  Luecke 
(National I n s t i t u t e  of  Standards and Technology) 

O b i  e c t ive  /S cope 

This p r o j e c t  is  concerned with the  development of t e s t  equipment and 
procedures t o  determine the  t e n s i l e  s t r e n g t h  and creep r e s i s t a n c e  of  
ceramic ma te r i a l s  a t  e leva ted  temperatures.  Inexpensive techniques f o r  
measuring the  creep behavior and s t r e n g t h  of  s t r u c t u r a l  ceramics have been 
developed and are being used t o  cha rac t e r i ze  the  mechanical behavior of 
these  ma te r i a l s .  The u l t ima te  goa l  o f  t he  p r o j e c t  i s  t o  he lp  develop a 
da ta  base and a t e s t  methodology f o r  the s t r u c t u r a l  des ign  of  h e a t  engines 
€or veh icu la r  appl ic ,a t ions.  

Technical H i  Ehl i gh t s 

During the  past s i x  months w e  have focussed e f f o r t s  on quant i fy ing  and 
understanding the  asymmetry i n  the  t e n s i l e  and compressive c reep  response 
of s i l i c o n  n i t r i d e ,  focussing o n  s t u d i e s  of  NT154 a t  e l eva ted  
temperatures.  When deformed a t  1430°C,  NT154 e x h i b i t s  markedly d i f f e r e n t  
creep behavior .  I n  compression, the  creep rate is extremely l o w ,  and i s  
l i n e a r l y  propor t iona l  t o  t he  appl ied  stress. In c o n t r a s t ,  tensi le  creep 
r a t e s  a r e  10-100 times as l a rge  a s  those i n  compression. A t  low s t r e s s e s  
t h e  creep ra te  i s  propor t iona l  t o  the. square o f  the app l i ed  s t r e s s ,  while 
a t  high s t r e s s  it becomes propor t iona l  t o  t he  f o u r t h  power o f  stress. 

Rncknround 

Despite t he  enormous number o f  creep experiments conducted on ceramics 
i n  the p a s t  30 y e a r s ,  t h e r e  a r e  f e w  i n s t ances  i n  which both  the  t e n s i l e  
and compressive creep behavior of a ma te r i a l  have been measured on 
composi t ional ly  i d e n t i c a l  ma te r i a l s .  Most o f  these  few ins t ances  show an 
i n t e r e s t i n g  behavior t h a t  s e t s  the  creep of ceramics a p a r t  f r o m  t h a t  o f  
meta ls ;  namely, t h a t  a t  equiva len t  stress,  the  creep r a t e  i n  t ens ion  may 
o f t e n  be hundreds o r  even thousands o f  times g r e a t e r  than t h a t  i n  
compression. Morrell  and A!:hbee[l] made one of the f i r s t  observa t ions  of 
t h i s  e f f e c t  i n  a Li,O-ZnO-SiO, g lass -ceramic .  The micros t ruc ture  o f  t h e i r  
g l a s s  -ceramic was a complicated network of i n t e r l o c k i n g ,  s t a r - shaped  
c l u s t e r s  o f  l i t h ium d i s i l i c a t e  surrounded by smaller g ra ins  of l i t h ium 
d i s i l i c a t e  and r e s i d u a l  g l a s s .  In  both t ens ion  and compression the  g l a s s -  
ceramic showed an increas ing  stress exponent, TI, (dc/dt  a a") with 
inc reas ing  s t r e s s .  In a d d i t i o n ,  a t  a given stress, the s t r a i n  rate i n  
tens ion  was 10 t o  100 times g r e a t e r  t h a t  i n  compression. For a given 
tensi le  s t r a i n  r a t e ,  about four  t o  t e n  times the  stress w a s  necessary i n  
compression. Specimens deformed i n  t ens ion  showed a g r e a t e r  volume 
f r a c t i o n  o f  c a v i t i e s  than those deformed i n  compression. 

I n  a s tudy of t h e  s u p e r p l a s t i c  deformation of s e v e r a l  l i t h ium 
a luminos i l i ca t e  0-spodumene g l a s s  ceramics ,  Wang and R a j  [ 2 ]  repor ted  
t e n s i l e  creep r a t e s  t w i c e  a s  l a r g e  as compressive creep ra tes .  Roughly 
1 . 5 - 2  t i m e s  t he  stress i n  compression was requi red  t o  e f f e c t  the same 
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creep  r a t e  i n  t ens ion .  The mic ros t ruc tu re  of t h e i r  g lass -ceramic  w a s  
composed of equiaxed,  1 pm g r a i n s  whose t r i p l e  j u n c t i o n s  h e l d  t h e  r e s i d u a l  
g l a s s .  The material sus t a ined  l a r g e  s t r a i n s  t o  f a i l u r e  and showed a 
s t r e s s  exponent o f  u n i t y  i n  both t ens ion  and compression. They a t t r i b u t e d  
the  tetision/compression asymmetry t o  the  f r i c t i o n  between the  sample ends 
and t h e  alumina push-rods dur ing  compression, which e f f e c t i v e l y  reduced 
the  s t r e s s  a v a i l a b l e  t o  d r i v e  t h e  s o l u t i o n - r e p r e c i p i t a t i o n  c reep .  
Wiederhorn e t  al. [ 3 ]  demonstrated extreme asymmetry between t ens ion  and 
compression c reep  of  react ion-bonded S i c .  About 2/3 by volume of t h i s  
react ion-bonded S i c  is 5 pm S i C  grai-ns which form a complete t h r e e -  
dimensional network, whose i n t e r s t i c e s  a r e  f i l l e d  wi th  s i l i c o n  m e t a l .  Like 
 he Li-Zn g lass -ceramic  t h i s  ma te r i a l  shows an inc reas ing  s t r e s s  exponent 
wi th  inc reas ing  s t r e s s ,  r i s i n g  from n = 4 a t  l o w  s t r e s s e s  t o  n = 10 a t  the  
h i g h e s t  s t r e s s e s  i n  both t ens ion  and compression. For a given creep r a t e ,  
roughly twice t h e  s t r e s s  i.n compression is  r equ i r ed  over t ens ion .  At a 
g iven  s t r e s s ,  t he  creep ra te  i.n t ens ion  exceeded t h a t  i n  compression by 10 
t o  100 t imes .  A t  low s t r e s s  i n  both t ens ion  and Compression t h e  material 
d i d  n o t  c a v i t a t e ,  b u t  a t  higher  s t r e s s e s  i n  t ens ion ,  c a v i t a t i o n  w a s  
common, o f t e n  account ing f o r  a s u b s t a n t i a l  f r a c t i o n  of  t h e  s t r a i n .  

Severa l  s i l i c o n  n i t r i d e s  a l s o  show tension-compression asymmetry. 
Kossowsky e t  a l .  [ 4 ]  seem t o  have been the  f i r s t  t o  observe this  behavior ,  
b u t  r epor t ed  only anecdotal  evidence,  no t ing  t h a t  it requ i r ed  almost 10 
t imes the  stress i n  compression (almost 700 MFa a t  1370 C )  t o  e f f e c t  the 
same creep  ra te  as t h a t  measured i n  t ens ion .  This  i na t e r i a l  must have been 
e i t h e r  Norton 11s-110 o r  11s-130, both  e a r l y  h igh-  temperature  s i l i c o n  
n i t r i d e s .  Lou et a l .  [ 5 ]  desc r ibe  the  mic ros t ruc tu re  o f  t hese  MgQ-hot- 
p re s sed  m a t e r i a l s  as having a s i g n i f i c a n t  f r a c t i o n  of e longated  Si,N, ( 2 - 4  
prn by 0 . 2 - 0 . 4  pm) g r a i n s .  Hockey et al. ( 6 1  showed an enormous asymmetry 
between the  t e n s i l e  and compressive creep of s i l i c o n  n i t r i d e  r e in fo rced  by 
30 volume-percent S i c  f i b e r s .  The f i b e r s  were t y p i c a l l y  10 pm long by 
0 . 2 - 1 . 0  ,urn i n  diameter and were randomly d ispersed  i n  a mat r ix  of  
subiaicrometer Si ,N, .  The f i b e r s  seem t o  have r e t a rded  the  growth of t he  
a c i c u l a r  Si,N, g r a i n s  t h a t  normally grow dur ing  process ing .  I n  t ens ion  the  
m a t e r i a l  showed a s t r e s s  exponent g r e a t e r  than  f ive ,  b u t  a s t r e s s  exponent 
o f  u n i t y  i n  cornpression. Creep rates i n  t ens ion  exceeded those  i n  
compression by a t  l e a s t  one hundred t imes.  To achieve the  same creep r a t e  
i n  t e n s i o n  a t  high s t r e s s  r equ i r ed  compressive s t r e s s e s  more tihan s i x  
t imes as l a r g e .  Extensive c a v i t a t i o n  accompanied t x n s i l e  c reep .  

I n  c o n t r a s t  t o  the aforementioned r e s u l t s  which show a d i s t i n c t  
asymmetry o f  t he  tens ion  and compression c reep  behavior ,  t h e r e  i s  a t  l e a s t  
one in s t ance  i n  which t ens ion  and compression produced i d e n t i c a l  creep 
r a t e s  I Robertson et a l .  [ 71  showed t h a t  a y t t r ia -magnes ia -doped ,  h o t -  
p ressed  alumina c r e p t  at: t he  same r a t e  i n  both tens ion  and compression a t  
1250 C under s t r e s s e s  between 40 and 150 MPa. This  m a t e r i a l  was s i n g l e -  
phase alumina with equiaxed, 1 pm9 equiaxed g r a i n s .  This s h o r t  no te  
desc r ibes  our  f ind ings  on the  tension/compression c reep  asymmetry of a 
commercial, h o t -  i s o s t a t i c a l l y - p r e s s e d  Si,N,. 
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EXPERIMENTAL PROCEDURE 

Reference [SI descr ibes  the  t e n s i l e  creep t e s t i n g  procedure i n  g r e a t  
d e t a i l .  A pneumatic system app l i e s  the load  t o  the 50 mm dogbone 
specimens v i a  Sic p u l l  rods.  The e n t i r e  specimen s i t s  i n  the  hot-zone of  
t h e  furnace .  Typical gauge lengths  a r e  10 mn, and specimens are 2 x 2 . 5  
mm i n  a r e a .  A laser-extensometry system measures the  d i s t ance  between t w o  
Sic f lags  hanging from the specimen, def in ing  the gauge l eng th .  Although 
the. l a s e r  system measures the  separa t ion  o f  the  f l a g s  very p r e c i s e l y ,  the 
t r u e  gauge length  i s  somewhat unce r t a in ,  introducing a random e r r o r  i n  the  
s t r a i n  measurement of  about t e n  percent .  For compression experiments,  a 
screw-driven t e s t i n g  machine app l i e s  the  l o a d  v i a  Sic push-rods.  We 
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S t r e s s  dependence o f  the  s t r a i n  r a t e  i n  tens ion  and 
compression f o r  Si3N4 deformed a t  1430 C .  

measure the  s t r a i n  by measuring the displacement of t w o  Sic fibers 
a t t ached  t o  the  p l a t e n s  on the  ends of  t he  specimen. Typical compression 
creep specimens were 1 . 8  x 2.4  mm by 5 .5  mm long ,  and came f r o m  the  
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f lange-end  of  a1 r eady- t e s t ed  kxis ion  specimens .' Reference [ 93 desc r ibes  
the  d e n s i t y  measurement equipment used t o  a s s e s s  the  c a v i t y  volume 
f r a c t i o n .  A l l  d e n s i t i e s  were c a l c u l a t e d  by a s i n k - f l o a t  technique i n  a 
mixture of CH,I, and CH,Br, us ing  c a l i b r a e e d  dens i ty  s t anda rds .  Each 
specimen used f o r  t he  volurne- f r a c t i o n  assessment conslimed the e n t i r e  g2ege 
l eng th  o f  t he  t ens ion  specimen, or the e n t i r e  compression specimen, a f te r  
removal o f  a l l  su r f ace  oxide.  Typ ica l ly ,  the  u n c e r t a i n t y  i n  t h e  dens i ty  
was l e s s  than  0.0005 g/cm3, giv ing  an u n c e r t a i n t y  i n  t h e  c a v i t y  volume 
f r a c t i o n  of less than  f i v e  pe rcen t .  For  t he  txns ion  specimens, the  volume 
f r a c t i o n  o f  c a v i t i e s  w a s  always c a l c u l a t e d  r e l a t i v e  t o  a s e c t i o n  of the 
undeforrned f l ange  oE the  specimen t o  compensate f o r  a s l i g h t  change i n  
d e n s i t y  wi th  exposure to high temperature.  For t he  compression specimens, 
we es t imated  the  change i n  dens i ty  of  an  undeformed r e fe rence  p i ece  from 
previous experiments u s ing  undeforned specimens. 

INorton NT-154, Norton/TRW. The use of commercial des igna t ions  o r  company 
names does n o t  i n d i c a t e  endorsement by the  Nat ional  I n s t i t u t e  of Standards and 
Technology. 
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In tension, all of the specimens crept: at a unique stress until 
failure. Only rarely did they exhibit steady-state creep. Generally, the 
strain rate decreased continuously until failure intervened. No specimen 
showed any evidence o f  tertiary creep. In contrast, the compression 
specimens crept under multi-ple stresses. Figure 1 summarizes the stress 
dependence of the creep rate for all the specimens tested. 

Because of the non-steady-state creep in tension, the creep rates shown 
Although it is possible to are evaluated a t  constant strain ( E  = 0.003). 

fit a line to the tension data, it seems clear from Figure 1 that the 

I I 

strain-rate increases more strongly than linearly on the log-log plot. In 
contrast, in compression, the strain rate is linear with stress, with a 
stress-exponent of unity. 

The major difference in the microstructure o f  the Si,N, in tension and 
compression is the appearance of  a substantial number of cavities in 
specimens deformed in tension. From TEM investigations, the bulk of  the 
cavitation occurred in the clusters of equiaxed Si,N, that l i e  in the 
interstices o f  the acicular grain network. Figure 2 shows the volume 



f r a c t i o n  of c a v i t i e s  f o r  specimens deformed i n  t ens ion .  I f  all t h e  volume 
of t he  c a v i t i e s  w e r e  t o  c o n t r i b u t e  t o  the  t e n s i l e  s t r a i n ,  then the  volume 
f r a c t i o n  of c a v i t i e s  i s  analogous t o  a c a v i t a t i o n  s t r a i n .  In t h i s  c a s e ,  
more than 2/3 o f  the  t o t a l  s t r a i n  i s  due t o  t h e  c a v i t a t i o n  p rocess .  I n  
c o n t r a s t  to t h e  t ens ion  specimens, t h e  compression specimens showed no 
evidence of any s i g n i f i c a n t  c a v i t a t i o n .  

Discussion 

The major mic ros t ruc tu ra l  d i f f e r e n c e  between the  materials which show 
tension/compression c reep  asymmetry, ( t h e  Li-Zn g l a s s  ceramic [l], t h e  
react ion-bonded Sic [ 3 ] ,  and the  S i c - f i b e r - r e i n f o r c e d  Si,N,, bu t  n o t  t h e  
8-spodumene g lass -ceramic  [ 2 ] ) ,  and the  aluii ina [ 7 ]  which does n o t ,  is  
t h a t  t he  former a r e  a l l  composed of an  i n t e r l o c k i n g  hard phase whose 
i n t e r s t i c e s  are f i l l e d  with a l e s s  c reep  r e s i s t a n t  phase.  A second 
d i f f e r e n c e  is t h a t  t he  former o f t e n  show c a v i t a t i o n  i n  t e n s i o n ,  b u t  no t  i n  
compression, t h e  react ion-bonded Sic a t  low s t r e s s ,  f o r  example, 
M i c r o s t r u c t x r a l l y ,  t he  NT-154 Si,N, i s  very  s imilar  t o  those o t h e r  
materials t h a t  show the  creep asymmetry. The a c i c u l a r  grai-ns form a 
three-d imens iona l ,  i n t e r l o c k i n g  network whose i n t e r s t i c e s  a r e  f i l l e d  wi th  
a much l e s s  c reep  r e s i s t a n t ,  by v i r t u e  o f  it:s s m a l l  g r a i n  s i z e ,  
submicrometer Si,N,. ' 

James and Ashbee [ l o ]  presented a d i l a t a t i o n a l  model o f  creep t h a t  
p r e d i c t s  an  exponent ia l  dependence of s t r a i n - r a t e  on s t r e s s .  They argued 
t h a t  f o r  the  ha rd  p a r t i c l e  network t o  deform, i n  e i t h e r  t ens ion  o r  
compression, t h e  e n t i r e  network must expand i n  volume as the  hard 
p a r t i c l e s  s l i d e  over  one anotiher.  This  expansion f o r c e s  the  ha rd  
p a r t i c l e s  t oge the r ,  e f f e c t i v e l y  inc reas ing  the f r i c t i o n a l  r e s i s t a n c e  t o  
t h e i r  s l i d i n g .  The creep r a t e  i s  c o n t r o l l e d  by the r a t e  a t  which con tac t  
p o i n t s  between ha rd  g ra ins  can d i s s o l v e  away. Increas ing  the  s t r e s s  
i nc reases  the  number of contact: p o i n t s  between hard g r a i n s ,  reducing the  
d i f f u s i o n  d i s t a n c e  t h a t  ma te r i a l  t h a t  d i s s o l v e s  from the  ha rd  g r a i n s  must 
t r a v e l  before  r edepos i t i on .  While t h e i r  model does address  the  
exponent ia l  dependence of  the  creep r a t e  on s t r e s s ,  i t  n e g l e c t s  the  
asymmetry between t ens ion  and compression. 

Hockey and b7iederhorn [ll] extenried the  d i l a t a t i o n  model advanced by 
James and Ashbee. 'Their model, based on similar models used t o  exp la in  
the  deformation of wet s o i l s ,  does not  address  the  exponent ia l  dependence 
of s t r a i n  r a t e  on s t r e s s ,  bu t  o f f e r s  an explana t ion  €or  the  suppress ion  of 
c a v i t a t i o n  i n  compressive creep.  A s  the ha rd  p a r t i c l e  network ( i n  t h e i r  
work, the  S i c  network, h e r e ,  the  i n t e r l o c k i n g  l a r g e  Si,N, g r a i n s )  d i l a t e s  
dur ing  deformation,  ma te r i a l  must fl.ow i n t o  t h e  i n t e r s t i c e s .  I n  response 
t o  t he  d i l a t a t i o n ,  ma te r i a l  must  fl.ow i n t o  regi-ons t h a t  a r e  d i l a t i n g .  
This flow c r e a t e s  a n e t  hydros tx t i c  t ens ion  t h a t  p u l l s  t he  hard  p a r t i c l e  
network t o g e t h e r ,  e f f e c t i v e l y  inc reas ing  t h e  f r i c t i o n  between the g r a i n s .  
If s u f f i c i e n t  f l o w  i n t o  the d i l a t i n g  reg ions  i s  no t  p o s s i b l e ,  c a v i t a t i o n  
r e s u l t s .  An app l i ed  t e n s i l e  st:uess tends t o  l i f t  the s l i d i n g  hard g r a i n s  
o f f  each o t h e r ,  reducing the f r i c t i o n a l  s t r e s s  and inc reas ing  the  s t r a i n  
ra te .  An app l i ed  compressive s t r e s s  tends t o  fo rce  the  s l i d i n g  hard  
g ra ins  t o g e t h e r ,  i nc reas ing  the  f r i c t i o n a l  r e s i s t a n c e  t o  s l i d i n g ,  and 
lowering the  c reep  r a t e .  With the  decreased creep  r a t e ,  the  flow i n t o  the  
d i l a t i n g  reg ions  can now keep up with the  deformation of t h e  l a r g e  g r a i n s ,  
thus  suppress ing  the  need f o r  c a v i t a t i o n .  
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Status o f  Milestones 

All milestones on schedule. 

Communications/Visits/Travel 

Dr. Wiederhorn was scheduled to make a presentation at Silicon Nitride ' 93 

in Stuttgart, Germany, October 4 - 6 .  A n  illness in the family forced 
cancellation o f  his trip. Dr. Luecke delivered his paper entitled "High- 
Temperature Structural Reliability of  Silicon Nitride" 

Following this meeting, The Max-Plamk- Institut fur Metallforschung 
invited Dr. Wiederhorn to make a presentation entitled "Creep Damage 
Mechanisms in Si3N4" at a workshop on "Tailoring of  High-Temperature 
Propercies of  Si3N4-Ceramics". Dr. Luecke delivered this presentation as 
well. 

Dr. Luecke also presented two other papers at Silicon Nitride ' 9 3 ,  
Stuttgart, Germany, October 4-6: one entitled "Tension/Compression creep 
asymmetry i n  silicon nitride;" the other entitled "Tensile Creep of a 
Silicon Nitride Ceramic," was presented for R. F. Krause, Jr. and S .  M. 
Wiederhorn. 
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3.5 NONDESTRUCTIVE EVALUATION ~ E V E ~ Q P ~ E ~ ~  

Nondestructive Characterization 
D. J. McGuire (Oak Ridge National Laboratory) 

is to ~ ~ ~ ~ ~ c t  ~ ~ n ~ ~ ~ ~ ~ ~ ~ t ~ ~ e  evaluation ~~~~9 
approaches for ~ ~ ~ ~ ~ ~ t ~ t ~ ~ e  ~ ~ t ~ r ~ ~ n ~ t ~ ~ ~  of 

flies and flaws) in ceramics that affect the ~ t f ~ c ~ ~ ~ ~ ~  
that have been seriously considered for applicatio 

aterials whose fracture is affected by s t r ~ ~ t u r ~ ~  
order of the dimensions of their ~ i ~ r ~ s t ~ ~ c t ~ ~ e .  

ork seeks to characterize those features using high-f quency ultrasonics and 
ate critical flaws and to easure ~ ~ ~ ~ e s t r u ~ ~ j ~ e ~ y  the 

Technical progress 

Ultrasonics - W. A. Simpson, Jr., and K. V. Cook 

up to about 175, 

been processed. 
We continue to see increased use of composite ceramics in structural applications. 

In many cases, the characteristic of interest in these materials is the integrity of the 
fiberlmatrix or whiskerhnatrix bond. However, because of the very small size of individual 
fibers or whiskers (and particularly of any interlayers applied to the fiber/whisker to 
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where 3 is the strain dyadic, i? is the e!scfi;.ic field vector, and D is the third-rank 
piezoelectric strain constant tensor. For a typical piezc~.dsdiic transdmeu' rnatierd such 
as LiNbCB,, the ci, element of D is the quantity of interest and is q u e !  to ai-mesi 6 x 

ampiitude of the crystal is about 15 A. Assuming this to be the fundamental wave 
mb/N. At a frequency sf 10 MHz sand an applied voidage of 250 Y, the displacement 
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amplitude in the sample, the second-harmonic amplitude will typically be 2 to 3 orders of 
magnitude smaller, depending on the material, or 5.01 5 to 5.1 5 A. Clearly, absolute 
measurement of displacement in this range is beyond the sensitivity even of optical 
techniques. 

capacitive detector. The requisite sensit 
and requires extremely precise sample s 
production sampling. However, the sensitivity of pi 
adequate for this task. Far example, the voltage 

scribed above can be estimated from the inver 
surning no external electrical fields, the r e ~ a t i ~ n ~ ~ ~  

The most commonly used detector for harmonic amplitude measurement is the 
is available, but the t e c ~ ~ o ~ o ~ ~  is expensive 
ce preparation, a fad which precludes routine 

ric c ~ ~ ~ ~ i t ~ t ~ v ~  ~ e ~ ~ t i ~ n ~ .  
een applied stress and 

generated electric field is: 

where G is the third-rank piezoelectric voltage tensor and ‘T is the stress dya 
the salient component of G is G,, whose value is about 0.023 ~ 2 ~ c ~ u ~ o ~  
Now, the relation between particle displacement and acoustic pressure (s 
by: 

P =  pcoF; I (3) 

ere p is acoustic pr 

receiving transducer would be 

wave is given by: 

E = A,sin(kx - at) - cos2(kx - at) + ... , ( 4 )  
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where A, is the displacement amplitude of the fundamental, k is the wave vector of the 
fundamental, x is the specimen thickness, w is the angular frequency, and & and K3 are 
csmbinations sf the second- and third-order elastic constants, respectively. The term 

+ 3) is the nmlinearity parameter, p.  If we designate the cansta as preceding ihe 
easine term by & the second harmonic ~~~~~~~~~~~~ amplitude, the 

displacemrnt ampSi4udes by: 
parameter can be expsesssd in terms of the fundamental and ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ c  
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Fig. 1. Ultrasonic surface-wave image of grinding marks and voids in alumina 
MOR bars. 

produced by pullout of material during grinding. None of these features was detectable 
by casual visual analysis. The purchaser is requesting additional samples with several 
different types of surface preparation to determine which technique is most suitable for 
the intended use. 

Figure 4 shows the ultrasonic results obtained on a second cylindrical specimen 
that had been prepared using linear grinding rather than the rotary/radial technique used 
to grind the first specimen. The grinding marks am quite evklent, and the Intensity of the 
indications suggests that subsurface cracking may be more severe than for the 
rotaryhadk! technique. Another possibility, which we have not been able to verify, is that 
the root mean square (nns) amplitude of the linear grinding marks is greater. The 
specimens wiU be tested to failure using cyclic gmwessioq testing. 

We have received, installed, and begun using our very high-frequency acoustic 
microscope. This system is capable of operaticm in tha frequency range 0.1 to 2.0 GHt, 
the lowest frequency corresponding to the maximum useable frequency of our prevlowr 
hardware. At the highest frequency, the surface resolutbn of the new equipment is 
approximately - 0.75 pm, and features mu@ !gnalier m- be det-ed. Becawe of the - very 
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Fig. 2. Ultrasonic surface-wave image of grinding marks on the end of an alumina 
cylinder. 

high frequencies involved, the instrument is primarily designed for surface studies, and it 
should be of unparalleled benefit in characterizing surface machining damage In structural 
ceramics. The system also contains an optical microsoope which is parfocal with respect 
to the acoustic lenses and whose image is centered on the latter. This greatly facilitates 
location of the object to be examined. The acoustic image at any selected frequency 
provides user selectable magnifications of 125,250,400,625,1250, and 2o(Iox. 

In addition to the acoustic microscope itself, we also purchased the optional image 
analysis system which is available for digitization, storage, measurement, and 
enhancement of acoustic images. This option permits acquisition of 51 2 by 51 2 or 
1024 by 1024 images to a depth of 8 bits. These images are acquired in one of three 
frame buffers and may then be transferred to an internal hard disk for permanent storage. 
Image anafysis features indude addtion and subtraction of images; image summation 
and averaging; pseudo color; high-pass, lowpass, and Laplacian filtering, as well as 
numerous other pixel- and neighborhoodoriented operations. We have found the image 
storage feature to be indispensable since, without the frame buffers and hard disk, the 
only other method for storing images is by photography, capabilities for which are 
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Fig. 3. Ultrasonic surface-wave image of grlnding maarks on the end of an alumina 
cylinder. Dark circular indication is grlnding-induced putbut. 

included in the basic system but which are difficult to use. In addion, the acquired 
images can be recalled at leisure and the measurement faatures applied to the image. In 
this mode, a mousedriven cursor is used to select any two points onthe image, such as 
the diameter of a pore, and the saffware then computes the distance belween the points. 
The system is calibrated to 0.1 pm. 

One of the samples which we had available for study was an alumina pellet 
containingseededvoidsofv~sizesfrom25to100Clm. Thevoidswereproduced 
by inserting, in a periodic array, polydMnyl benzene styrene microqhwes in the dumina 
powder, pressing, and firing the resulting sample. The spheres volatilize, leaving a 

years ago and subsequently examined by ow 100-Mk system. We were able to detect 
the artifkid pores down to about25pm diam at depths of about 3 mm. The sample was 
thengroundandpolisheddowntothedspthofthe1001rmvdds~opticrrlcomparlson 
withtheacousticresults. unforkmately,mostofthesmallerartificialvoidswerelogtlnthe 
process because of their lesser depth. Hcwevw, numerow natural pores of 5 to l e p m  
diam could be discerned optically in the polished surface. This sample was then 

spherical pore Of apPrOxknately the same diameter. The Sample w(Ls produced 88v81ELJ 
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Fig. 4. Ultrasonic surface-wave image of grinding marks in alumina produced by a 
linear grinding technique. 

examined with the new high-frequency microscope. Figure 5 shows the image obtained 
at 1 GHz and a magnification of 625x of one of the 1Wpm pores. The interference 
fringes in the center of the pore image are caused by acoustic reflection from the cuwed 
surface of an air bubble trapped in the pore. The actual diameter of the pore, as 
measured by the image analysis software, averaged about 95 pm. The smallest 
measurable features are about 1 pm, and still smaller features can be seen in the image. 
At this frequency, the resolution appears to exceed that of the optical image. 

pore image is surrounded by a ring of darkening that may possibly be attributable to 
residual stress. The surface in the vicinity of the pore, as measured optically, shows 
neither depression nor elevation, thus changes in focal position are not the source of the 
darkening. Another possibility is the presence of the original polydivinyl benzene styrene 
in the matrix adjacent to the pore. This contaminant could change the acoustic 
impedance, and hence the image contrast, of the region in which it resides. 

Figure 6 shows an image of a second pore obtained at 1.5 GHz and at a 
magnification of 6 2 5 ~ .  The increased resolution compared to that of Fig. 5 is evident. 
The smallest features discemable here are definitely in the submicron range. 

Figure 5 also illustrates another characteristic noted in the acoustic images. The 
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Fig. 5. Uttmonk image at 1 OM of a Sprn  pore in crlumim. 

r- 

YP18185 

L 

E 

Fig. 6. Ultrasonic image at 1.5 G k  of a 1 OO-pm pore in 
alumina. Smallest discemable details are < 1 pm. 
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Figure 7 shows a 1-GHz image of a 70-pm pore, also taken at a magnification of 
625~. The darkening around the pore is particularly evident here, and the irregular nature 
of the inner surface of the pore is also easily seen. 

We have also examined diamond indentations of silicon nitride with the new system. 
It is known that such indentation produces very small cracks radiating out of the apexes 
of the indentation in bri ie materials, but we have not been able to demonstrate this 
previously because of the frequency limitation of 100 MHz. At this frequency, the cracks 
are sufficiently tight that most of the wave energy propagates through the crack, rendering 
it transparent to the elastic wave. This was also found to be the case with the new 
system for frequencies of 100 and 200 MHz. At 400 MMz, however, the first evidence of 
material cracking was seen. At frequencies of 1 GMz and higher, the cracks were readily 
discernable. Figure 8 shows an image obtained at 1 GHz of the indentation cracks. 

We also had available a polished sample of silicon nitride containing several 
scratches produced by a diamond stylw. The stylus loading was increased until cracking 
was observed visually in the area adjacent to the scratch. Figure 9, taken at a 
magnification of lax, shows a portion of three such scratches. Stylus loading increases 
from left to Wht, as the width of the scratches suggests. Several cracks can be clearly 
discerned radiating from each crack, one of which, at the lower right of the image, is 
bifurcated. The most interesting aspect of the image, however, is the presence of lighter 
and darker bands parallel to the scratches. These features are almost certainly stress or 
deformation patterns produced by the loading. Note that the cracks.intemrpt or deform 

_ _  

Flg. 7. Ultrasonic image at 1 OHz of a 7&pm pore in alumina. 
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Fig. 8. Ultrasonic image at 1 GHz showing indentation cracking in silicon nitride. 

these regions, perhaps owing to stress relief. A region of stress may appear either lighter 
or darker than the surrounding, unstressed material, depending on the exact focal point of 

can onlybeseenwiththeacowticmicroscope. 
Figure loshowsthe bottom of one ofthe scratches imaged at a magnification of 

625~ and a frequency of 1.2 GHz. The features of interest here are the very fine trans- 
verse cracks produced by the stylus motion akmg the sample surface. 

Although we have only begun to assess the CapaMlitieS of the new equipment, it is 
ob- that it will have many uses forthe characMzath of the surface and near- 
surface properties of ceramics. Since the system responds only to changes in the elastic 
properties of the sample, the high-frequency amustic microgoope should provide informa- 
tion not available with either photon- or electron-sensithre techrdques. 

the u & m k  transducer. AMhough the cr- W8 detectaMe visually, the Sbw pattern 

Computed Tomography (CT) - B. E. Foster 

Recent discussions were hekl with members ofthe ORNL Ceramic Processing 
Group relative to nondesbucthre testing (NDT) adstance in developing techniques for 
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Fig. 9. Ultrasonic image at 1 GHz of cracking and reskjual stress (light and 
dark bands) in silicon nitride surface induced by scratching with a diamond stylus. 

gelcasting of several materials. These materials include silicon nitride and alumina, with 
the goal of improving the mechanical properties of components. Several types of defects 
present in these components may limit their strength. These defects include metallic 
inclusions, picked up from tramp impurities or the metallic processing equipment; carbon 
inclusions from incomplete gelcast binder burnout; small geld& volumes which arise 
from premature gelation at catalyst-enriched locations; and bubbles due to trapped air or 
other gases. The defects cover a complete spectrum of sizes, from several hundred to 
less than one micron, with corresponding effects on strength and product quality. These 
defects need to be found prior to testing (fracturing) the specimen. CT is a viable tool 
that will be used in this effort to locate these flaws in both the green and dense state in 
silicon nitride components. 

Members of the NDT Group and Ceramic Processing Group are laying out a 
program plan to accomplish the CT of gelcast silicon nitride ceramics. In addition, film 
radiography will be used when needed. The plan will indude detectability limits of each of 
the above defects (or at least those determined to be the most important) in both the 
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Fig. 10. Ultrasonic image at 1.2 GHz of transverse cracking in the bottom of a 
scratch produced in silicon nitride by a diamond stylus. 

green and dense state. This effort will entail the preparation of simple shapes In the 
green state, drilling of holes, addition of metallic and ceramic inclusions into the shapes, 
and CT analysis of them prior to and after densification. Additional work will include 
examination of specimens prepared via improved processing techniques, with the 
potential for developing some predictive capab5lity for strength. 

During this reporting period, the rotaty table on the CT unit began to show several 
undesirable resonances, as well as oocasional stalls at several different speeds. The 
problem was isolated to needed readjustment of the worm gear in the rotary table and a 
defective Wrjve (power supply) for the motor driving the rotary table. The necessary 
trouMeshooting and repairs were accomplished at no additional costs because of the 
maintenance and service agreement. The CT equipment is back in operation, and 
calibration is in progress. 

manufacturing srte (Scientific Measurement Systems) in Austin, Texars, on July 30,1993. 
During the acceptance tests, a few software errors were noted that were related to file 

The acceptance testing of the Sun workstation Model 670-MP was completed at the 
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Fig. 11. CT slice (0.25 mm thick) of the unfired 3Oinmdlam sample. 

coax cable with the addition of a DEC DELQA Ethernet controller to the microVAX QBus. 
Each of the four array processors is an Analoglc MSP6C30,W W E  board, capable of 
66 millions of floating-point operations per second (MFLOPS) per board with a 
backprojection rate of approximately 5 megapb<els per second per board. 

The SUN workstation runs on SunOS, SUNS UNM-baeed operating system, with 
Open Windows, an X-wkrdows-based graphicas user interface. The SMS software was 
adapted to this environment to provide image fib reconstnrction o(RP), image display and 
analysis (DE), quick view of images (FLASH), image file redudion (SW/UNSW),  and 
3-0 imaging (SOLID). Additional soffware provides SMS file convedon between the SUN 
and the microVAX for complete compatibility of all SMS files, to and from the microVAX. 
All network functions are provided via a TCPhP network, whw is standard with Sun-. 
 he m i c r o v ~ ~  was upgraded with MultinetTu, which is a KPI~P implementation for 
VAXJVMS. In addion, the folkwing programs were provided: 

1. vsx 
3. SRP: 
4. RLOGIN: 
5. VRP: 

VAX-toSUN translath of SMS binary files (data and images); 

Remote image r- in SUN from VAX; 
Remote log* from VAX to SUN, and conversely; and 
SUN program to reconstruct CT images without array prooessors. 

2. svx: SUN-t*VAX translation of SMS binary files (dm (uIc( images); 
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Fig. 12. CT slice (0.25 mm thick) of the large unfired 3Ommdiam gelcast sample 
displaced 23 mm. 

The acceptance tests included the use of four transmission files created from the 
existing microVAX system and four additional files provided by SMS. Each of the 
spedfied system characteristics was demonstrated by a separate automated command 
procedure. The previously created microVAX image files of tomograms, radiograms, and 
snapshots were converted to workstation format and displayed on the Sun monitor. 
Several microVAX transmission data files for parallel-beam tomograms, fan-beam 
tomograms, and fan-beam radiograms were converted to workstation format, 
reconstructed with the workstation, and subsequently displayed. 

Sample command files were edited and run on both computers to show that no 
degradation was suffered during the conversion from one computer to the other. These 
tests included: a file created on the workstation was edited on the microVAX and run on 
the workstation; a file created on the workstation was edited and run on the microVAX; a 
file created on the microVAX was edited on the workstation and run on the microVAX; a 
file created on the microVAX was edited and run on the workstation. The workstation 
fullgcreen images were saved as snapshot files, then displayed on the microVAX screen 
and used to make hard copies on the microVAX. Thermal hardcopy printing from the 
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Fig. 13. CT slice (0.25 mm thick) of the unfired gelcast sample no. 4. 

workstation is not presently available. Full mpatibi l i i  with existing microVAX CT data 
and command files was demonstrated by running existing microVAX Image-analysis 
command files on converted microVAX image files to produce duplicate results. The 
images displayed on the workstation were much sharper than on the microVAX. 

The SOLID program can be run on the microVAX, but the reconstruction and 
subsequent tying together of usually at least 40 CT slices for eventual display is 
prohibitively slow, e.g., several days. The same SOUD run on the workstation takes only 
about 2 h. We obtained a small experimental ceramic rofor from the Ceramic Processing 
Group for evaluation of the SOLID program and to assess the rotor per 58. However, we 
determined that a software glitch was producing several straight line surfaces (nonexistent 
on the sample) in the 3-D image of this rotor. The g l i i  is present when either computer 
is used. The vendor is in the process of resolving this complex problem. Most of the 
remainder of this reporting period was spent in learning the numerous new commands 
and tods forthe workstation, testingthose commands not covered in acoeptancetesting, 
and gaining experience in file transfer and data handling with the new format. In addition, 
some time was lost because of the failure of the central processing unit (CPU) board in 
the microVAX. However, this repair (which could have been very expensive) was also 
accomplished at no additional cost ushg ow maintenance agreement with SMS. 
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Fig. 14. CT slice (0.25 mm thick) of the unfired gelcast sample no. 6. 

The experimental unfired Si,N, gelcast samples, fired Si,N, samples, and fired Sic 
samples previously scanned and evaluated using the microVAX are being re-scanned for 
reconstruction and evaluationwith the workstation. The purpose of this operation is to 
attempt to verify the existence of several linear indications reported earlier that could have 
been assodated with reconstruction artifacts. 

Milestones 

On schedule. 

Publications 

A. J. Moorhead and W. A. Simpson, Jr., 'Effect of Surface Preparation on Strength of 
Ceramic Joints Brazed With Active Filler Metal," Ceramic Transactions Vol. 35, stnrctural 
Cevamics Joining I/, ed. A. J. Moomead, Ronald E. Loehman, and @Ma M. Johnson, 
American Ceramics Sodety, Westerville, Ohio, September 1993. 
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Fig. 15. CT slice (0.25 mm thick) of the unfired 30nlmdiam gelcast sample with the 
binder removed. 

2. W. T. Yost and J. H. Cantrdl, "Materials Charactwbtion Using Acoustic Nodtwarhy 
Parameters and HamKHlk Generation: Engineering Materials," Rev. P q .  Owmt. 
Nondest. €d. 96,l Q69 (1 9W). 

3. P. U et al., P m .  /E€€ Ulb9soncs S)mpshm, 11 13 (1985). 
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Fig. 16. CT slice (0.25 mm thick) of the Sic sample no. 4. 

5. A. Hikata and C. Elbaum, "Generation of Ultrasound Second and Third Harmonics due 
to Dislocations. I," Phys. Rev. 144(2), 469-n (1966). 

6. A. Hikata, F. A. Sewell, Jr., and C. Elbaum, "Generation of Ultrasonic Second and Third 
Harmonics due to Dislocations. 11," Phys. Rev. 151(2),442-49 (1966). 

7. B. P. Banner and B. J. Wanamaker, "Nonlinear Acoustic Effects in Rocks and Soil," 
Rev. Pmg. Quanf. Nondest Eva/. 9B, 1709 (1990). 

8. 0. Dace, R. B. Thompson, and 0. Buck, 'Measurement of the Acoustic Harmonic 
Generation for Materials Characterization Using Contact Transducers," Rev. Pmg. Quanf. 
Nondesf. €m/. 118,206976 (1992). 

9. M. A. Breazeale, "Whither Nonlinear Acoustics?," Rev. Pmg. Qumf. Nondesf. €Val. 9B, 
1653 (1990). 

10. W. A. Simpson, Jr., "Nondestructive Evaluation Development," p. 65 in Ceramic 
Techno/ogy Project Bimnvlry Progress Report, Martin Marietta Energy Systems, Inc., Oak 
Ridge Natl. Lab., AugustSeptember, 1992, p. 65. 



371 

- -. 
_ .  , 

YP17510 

Fig. 17. CT slice (0.25 mm thick) of the SIC sample no. 4 displaced 2 mm from Fig. 6. 
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Fig. 18. CT slice (0.25 mm thick) of the fired SIC sample no. 4 displaced 3 mm from 
Fig. 7 and 5 mm from Fig. 6. 
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Fig. 19. CT slice (0.25 mm thick) of the fired S&N, sample no. 2. 
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- W. A. Ellingson, T. D. Jacobs, 
D. L. Holloway, E. A. Sivers (Argonne National Laboratory) in cooperation with 
J. P. Pollinger and H. C. Yeh (Ceramic Components of Allied-Signal Aerospace 
Corporation) 

The objective of this program is to develop X-ray computed tomographic (CT) 
imaging technology for application to structural ceramic materials. This technique has 
shown the potential to map shart-range (a5-mrn) and long-range (95-mm) density 
variations (to perhaps 0.5-1 %), detect and size high- and low-density inclusions, and 
detect and size (within limits) cracks in green-state and densified ceramics. Use of three 
dimensional (345) CT (volume CT) imaging allows interrogation of the full volume of a 
compcrnent and is nuncontacting. It is also relatively insensitive to specimen shape. The 
current work is to show the reliability of extension of this technology to inspect components 
with complex shapes, e.g., turbcharger rotors. 

The work acccsmplished during this reporting period has focused on analytical and 
experimental verification of the reconsdtruction algorithms to be used in the research, We 
have had a delay in getting the Allied-Signal/Ceramic Components new subcantract in place 
and thus we have not had any parts produced. 

We received, setup and installed our new SUN SPAWC 1 O G X  workstation which 
is dedicated to 3D X-ray CT reconstructions. The workstation was brought on-line and 
loaded with o ~ ~ ~ ~ ~ i ~ ~ ~ ~  software. A 19” high resolution gfaphics screen is part of the 
system as is a CD WOM, 8-mm tape and 3 Gb external hard drive. 

For large objeds such as the ATTAP rotors to be used in this research study, in 
order to reduce data acquisition times, it becomes advantageous to move the X-ray 
head closer to the 2h4 detector. This results in a so-called large numerical aperture A 
problem (lirniiatian) of the existing 3-D reconstruction code, IS that at large numerical 
apertures, a loss in fidelity sf the reconstructions have been shown to be apparent’ at 
the top and bottom of the abject. For density analysis, such lack of fidelity could impact 
the reliability of X-ray CT measured density variations. A different 3-0 X-ray 61 code, 
the so-called Grangeat Code, may achieve better fidelity at the extremes of the object. 
This new code was modified this period and ported from the VAX 8700 to the SUN 
SPARC 10 workstation. Two simulation software packages have been used as inputs 
to the code ta verify the naperatiota. Both codes have been parted to the SUN SPARC 
lO/GX iocated at the X-ray CT scanner. The X-ray CT scanner will thus be equipped 

E’. Rizo and W. A. Rhgscsn, “An llnirid Corn son Baween Two 3D X-ray CT Algorithms for Charxieridng Ceramic 
Matmials,” Roc. C o d .  on NDE of Modern Ccrmics. Columbus, OH. pp. 121-125. July 1990. 
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with not only the new 1024 X 1024 X 14 bit CCD camera, as reported previously, but 
two reconstruction codes as well. We hope to soon acquire an array processor to 
connect to the SPARC 1 O/GX to further speed reconstruction times. 

(a @QrllQa rison of results with the &vp 3 - C O W  

Simulated data sets were used to compare the two reconstructton codes The 
simulated data used consisted of a set of 7 spheres of  the same radii and density spaced 
evenly along a vertical axis of rotation. The data was simulated so that the maximum 
aperture was 20 (half-angle). The aperture at each of the spheres is as noted below in Fig 

1. This siniulation was created using two simulation programs. One is called "PHIL.4" and 
the other "18CPROD". 

so  
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Fig. 1. Schernatic diagram showing simulation 

After reconstruction of both simulated data sets using both reconstruction codes, 
axial plots were made which allow the density variation to be determined along the 
axis of rotation. The density of each sphere of the reconstructed image was compared 
to the density of the center sphere at an aperture of 0". By computing the percent 
difference in density between any sphere and the 0" aperture sphere we obtained the 
results shown in Figs. 2 and 3. 

I cc i 7 F a  I dkanp r B C O ~  s r . l a - - i 7  - a d o n  r e c o n s ? .  
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Fig. 2. Comparison of axial density plots generated using 7 spheres using LOCPROU 
simulation with both reconstruction codes (a) Feldkamp, (b) Grangeat 
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Fig. 3. Comparison of axial density plots using I SpheifX using PHIL4 simulation code 
and bath reconstruction codes (a) Feldkamp, (b) Grangeat 

What IS easily discerned is that tilcre is a big dii-ference in the data depending 
upon which simulation software package is tisecf The LOCPROD appears to be a 
better simulation code 

By plotting the density variation as a function of angle (refer to Fig 1)  one obzains 
the plots shown in Fig 4 Figure 4 shows that both codes are excellen! up to an 
included angle of 30" (Iso half-angle) Above a 15" half-angle there IS. a slrqhtly 
higher density variation with the Fcldkamp o d e ,  but this can be compensated for The 
problem with the Grangeat code is that It IS very computer inernory intensive and thus 
very slow to obtain results 

Both codes will be evaluated on the density data. 
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Fig. 4. Comparison between reconstruction codes and simulation mdes 
(a) PHIL4 code, (b) LOCROD code 
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Nuclear Magnebc ReSOnatlC@ Imaging - S L DieCkridn, 0 0 Omatetef, 
A C Raptis, and W A Ellingson, Argonne National Laboratory, #Materials 
and Ceramics Division, Oak nidge National Laboratory, Oak Hldgc, TN 

The purpose o i  this work is to evaiuate the poteiilial of NMR imaging to impact the 
development and process control of near-nel-shape gel-cast ceramic composites. The 
specific objectives of this wark are to determine the utility of NMR imaging for: (1) 30 
mapping of polymerization homogeneity; (2) real-time imaging of the polymerization 
process; (3) nondestructive evaluation of voids and flaws in the resultant components; and 
(4) measurement of physical pioperlies such as as degree of polymerization, viscosity, and 
specimen strength via correlation of these properties with measureable NMR parameters 
( T i ,  Ti  r, and 'f2). This work will be performed in conjunction with Dr. Ogbemi (3. Omatete 
from the Materials and Ceramics Divisian at Oak Ridge National Laboratory. 

In this reporting period initial gellation studies on a series of t-nt.thacrylarnide-N,N'- 
methylene bisacrylamide (MAM-MRAM) copoiynw systems were conducted. These 
studies were performed to provide a basis set of experimental parameters required for 
cs t ab1 ish i n g zppr o p r i ate g e I 1 at I 0 n eo m pa n e13 I co nce r! t r a t i o ns f o r t 1-1 e N M H stud i es . These 
studies have concentiated upon determining the effect of temperature and initiator/catalyst 
concentrations upon the gellation time. NMR spectroscopic studies on the methacrylamide- 
N,N'-methylene hisaciylamide (MAM-MBAM) copolymer systems were also performed 
during this period. The purpose of these studies was to provide the basis set of 
experimental parameters required for further NMR imaging studies. Such parameters 
include the appiopriate pulse repetition rates, variations in chemical shift due to 
temperature and psi, and expected relaxation rates as a function of polymerization. 

1H N M R  spectra were acquired on the individual standard MAM-MBAM reagents and on 
the composite copoiymer premix reagents at 2 magnetic field strength of 7.1 T. Spectra 
were acquired in using hoth t420 and 0 2 0  (as the solvent) at ambient temperature and at 
35%. The composite spectium of the copolymer premix (1 3.3 wt o/o methacrylamide, 1 .€I 
WC o/o N,N'-methylene bisacrylamide, in deionized water) is presented in Fig. 1 .  Structural 
identification of the resultant peaks are indicated. 

In addition to the studies of the individual reactants, NMR spectroscopic studies were 
wnducted as a function of the exlent of MAM-MBAM polymerization. In these studies, real 
time 1 H  NMR spectra of the mpdymerization reaction was acquired as a function of 
reaction time, s;7e SIg. 2. The spectra demonstrare the expected reduction in the 
methylene and methyl resonances as the polyrnerization reaction progresses. Additionally. 
a variation of the spin lattice relaxation rates of the components as a function of reaction 
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Fig. 1. l H  NMR spectra of the composite spectrum of the copolymer premix (13.3 wt yo 
methacrylamide, 1 .S wt Ol0 N,N'-methylene bisacrylamide, in deionized water) The peak 
off scale is from the solvent (water). 

35 

Fig. 2. 1 H NMR spectra of the composite spectrum of the MAM-MBAM copolymer reaction as 
a function reaction time. Spectra acquired at 7.1T and at a reaction temperature of 35%. 
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extent is also expected. In the upcoming reporting period, relaxation studies will be 
conducted on this system and the methacrylamide-polyethylene glycol (1 000) 
dimothacrylate (MAM-PEG( 1000)DMA) copolymer system. 

Milestones on schedule 

Phase 3: 

3.5.1.6.1 1 

3.5.1.6.12 

3.5.1.6.13 

3.5.1.6.1 4 

3.5.1.6.15 

iW1t FSTQMZ2Lb'FUUI r FJ3.5 1.a 
Spectroscopy and Imaging of Gel Cast Ceramic Components: 

Complete spectroscopic studies of two gel systems. Comple ted  
1 111 5193 

Perform initial imaging studies on specimens 

Complete real-time imaging studies of the gellation process 
on specimens composed of the most appropriate gel system. 

Report the conclusions of imaging studies of as-cast, prefired, 
and fired components. 2/30/95 

Submit topical report. on application of NMR to gel-cast 
ceramic processing. 5/15/95 

composed of the most appropriate gel system. 411 5/94 

911 5/94 
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NDE STANDARDS FOR ADVANCED CERAMlCS 
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 (TGNDE) is reviewing existing standards on NDE (primarily de- 
veloped for metals) to determine potential applicability for ceramics as well as preparing 
original standards. The use of existing or modified standards is more efficient than the 
generation of new documents and will ensure the input of a large body of NDE expertise. 
Close liaison is established with ASPM Committee E-7 on Nondestructive Testing, and 
documents are in various stages of review, recommendations for modification, and 
balloting. R. W. McClung is a member of both committees and the official liaison. 

Liaison and technical support have been continued between ASTM Committees 
C-28 and E-7. To date, 31 NDE standards have been reviewed in detail with recom- 
mendations made to E-7 for modifications to identified documents. Successful action is 
complete on 27 documents; the others require action by C-28. 

was prepared based on an earlier-approved ASTM standard C-1212 on fabrication of 
seeded voids in pressureless sintered ceramics. After an advisory ballot for comments 
from the TGNDE, the proposed standard was revised and approved for a concurrent 
subcommittee and committee baliot, which is being conducted at the close of this 
reporting period. A TGNDE advisory ballot was conducted on a new draft standard for 
making precise measurements of ultrasonic velocity in advanced ceramics (one appli- 
cation is determination of porosity in ceramics). Approval was obtained far a concurrent 
subcommittee and committee ballot on this draft standard. However, due to an ASTM 
error, only the subcommittee ballot was conducted. An advisory ballot was also con- 
ducted concurrently for information and technical comments in sub-committee E-7.06 (on 
ultrasonic nondestructive testing methods). One negatiwe ballot and three sets of 
comments (with affirmative ballots) were received from the C-28 subcommittee ballot; one 
set of comments was received from the E-7.06 advisory ballot. Review has begun on the 
comments and negative ballot for resolution and possible minor modification to the draft 
standard. A letter and questionnaire were distributed requesting data for "radiographic 
equivalence factors" from members of the TG and other potential sources but received 
only minimal response; further action is planned, A TG advisory ballot is planned to 
obtain comments on the applicability of several new E-7 standards. Other work in 
progress includes an amplified outline for a draft standard for reference specimens 
containing laser-drilled holes and a possible standard on determination of porosity in 
ceramics using ultrasonic velocity. Preparation of a list of facilities and expertise for NDE 
of advanced ceramics at government laboratories is planned. In Committee E-7, several 
documents are in progress on radiography, computer tomography, and ultrasonics with 
relevance for application to advanced ceramics. 

A joint tutorial seminar in Committees 6-28 and E-7 was organized and presented 
on June 23, 1993, in Atlanta, Georgia, during the ASTM Committee Week. The purpose 
of the seminar was to inform members of both committees about fabrication methods, 
potential for introduction of flaws, and NDE methods with emphasis on application for 
process control. Arwid Pasto (Oak Ridge National Laboratory) presented "Fabrication of 
High-Performance Structural Ceramics." R. W. McClung presented "Nondestructive 
Testing for Process Control and Examination of Advanced Ceramics." 

A new draft standard on ceramic reference specimens containing seeded inclusions 
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4.0 TECHNOLOGY TRANSFER 

4 . 1  TECHNOLOGY TRANSFER 

4.1.1 Techno1 ogv Transfer 

Techno 70qv Transfer . R. Johnson (Oak Ridge National Laboratory) 
Technology transfer in the Ceramic Technology Project is accomplished 

by a number o f  mechanisms including the following: 

Trade Shows - A portable display describing the program has been built 
and has been used at numerous national and international trade shows and 
t ec hn i cal meet i ngs . 

Newsletter - A Ceramic Technology Newsletter is published regularly 
and sent to a large distribution. 

Reports - Semiannual technical reports, which include contributions by 
a l l  participants in the program, are published and sent t o  a large 
distribution. Informal bimonthly management and technical reports are 
distributed to the participants in the program. 
are required o f  all research and development participants. 

Open-literature reports 

Direct Assistance - Direct assistance is provided t o  subcontractors in 
the program via access to unique characterization and testing facilities a t  
the Oak Ridge National Laboratory. 

Workshom - Topical workshops are held on subjects o f  vital concern to 
the ceramics community. 

International Cooperation - This program is actively involved in and 
supportive o f  the cooperative work being done by researchers i n  West 
Germany, Sweden, the United States, and, most recently, Japan under an 
agreement with the International Energy Agency. This  effort is ultimately 
aimed at development o f  international standards and includes physjcal, 
morphological, and micro-structural characterization of ceramic powders and 
dense ceramic bodies, and mechanical characterization o f  dense ceramics. 
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E A  ANNEX II Manaqement 
V. J. Tennery (Oak Ridge National Laboratory) 

8 biective/scope 

The purpose of this task is to organize, assist, and facilitate international research 
cooperation on the characterization of advanced structural ceramic materials. A major 
objective of this research is the evolution of measurement standards. This task, which is 
managed in the United States by QRNL, now includes a formal IEA Annex agreement 
identified as Annex II between the United States, Germany, Sweden, and Japan. The 
original annex included four subtasks: (1 ) information exchange, (2) ceramic powder 
characterization, (3) ceramic chemical and physical characterization, and (4) ceramic 
mechanical property measurements. in the United States, a total of 13 industrial and 
government laboratories have participated and contributed their resources to this 
research. The research in Subtasks 2, 3, and 4 is now complete. During CY 1990, 
agreements were reached for Japan to join the annex and far research in two new 
subtasks to be initiated. These include Subtask 5, Tensile and FIexural Properties of 
Ceramics, and Subtask 6, Advanced Ceramic Powder Characterization. 

Recent developments 

Mr. Eiji Yamada, Energy Technology and R&D, lnternational Energy Agency, IEA 
Representative for Annex 11, Paris, France, will no longer be the representative (as of 
June 1 993). Mr. Masahiro Okuda, Principal Administrator, Energy Technology 
Collaboration Division, EA, Paris, is the successor to Mr. Eiji Yamada. He plans to 
participate in the Executive Committee Meeting in Stuttgart, Germany, on October 6, 1993. 

The letter of August 24, 1993, from Mr. Hisao Ogiyama, Alternate IEA Executive 
Member, informed us of the following changes: Mr. Sadao Mori, NEDO, will be the 
SUCC~SSO~ of Mr. Tarasawa, Executive Member, and Dr. Makio Naito, JFCC, will be the 
successor of Dr. Tsubaki, Technical Leader of Subtask 6. 

Proposed future research 

Germany is planning to participate in Subtask 8 (letter to Mr. Schuir dated 
May 25, 1993, from Drs. Faui and Seitz, KFA, Germany) but not in Subtask 7. 
in fact, change later.) 

the plan proposed by Japan and not the combination U.S./Japanese pian (Robert P o m p ,  
SCI, Sweden). (This may, in fact, change later.) 

meeting held on June 17, 1993, Japan approved the Japan1U.S. Combination Praposal 
(telefax of June 1 8, 1993). 

invited to attend the IEA Executive Committee Meeting to be held in Stuttgart on 
October 6, 1993. 

Sweden’s letter of May 19, 1993, indicated that they are only able to participate in 

Or. Mizuno, Japan Fine Ceramics Center, reported that at the Japanese Subtask 7 

Representatives from Norway (Dr. Jan L. Holm) and Selgium (Dr. J. P. Erauw) were 
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Meeting was hold in cin i, Ohia, on April 19, 1993, in 
conjunction with the merlcan Ceramic ScBcieSgr ng. There were 18 &tendees 

driers, and 4 repre- 
and U.S. vsrsisns of the . After mulch ~~~~~~~~~n of the Ja 

tht; Japanese strategy prapess 
and ~~~~~~~~~ to be used for 

US. plan involved the su 

vide WQ billets 
mens pius one billet la each ofher 
propassd that the supplying count 

ipating country. 

then returns 30 spa 
isc;ussion, a II.S./J 
iciirag two billets (6 
ach receiving CQ chining and returning 30 of 

60 specimens to the seapplyi 
hat isasiatical8y pressed (HI 
and a gas-pressure-sintered silicon nitride from Japan. In answer to a question raised on - 
strain gaging, the Japanese stated they have not discussed the issue of strain gaging and 
will have to discuss this further with their pafl-lticipatatin labsrabries. Steinbrech (Germany) 
~~~m~~~~~ that he felt that strain 
were discussed. Each country wi8 

country. The ~~~~~~~ nitride materials to be used would be 
) from bath ABB Ceramic (Sweden), a U.S. silicon nitride, 

g was necessary. The test fixtures ts be used 
hair own fidieres for specimens of the same 

, Le., 3 x 4 x 50 rmm with 20-mrn (inner) and W-mm (outer) spans, Some 
ng is currently planned for the US, specimens, 

Bob Schulz discussed the issue of the lack of German ~ ~ ~ ~ c ~ ~ ~ t i ~ ~  in Subtask 7. 
In previous meetings of the Executive CommEftee, it had been voted t b t  eac 
had to participate in ail subtasks or the country would n participate at all. 

It was decided that, if al! other countries were rea to commit io Subitask 7, the 
~~~~~~e~~ do the Annex 41 could be rewritten to alSo ~ ~ ~ ~ ~ ~ i ~ a t ~ ~ n  by Germany. The 
~~e~~~~~~ will be revised and f to the Executive Committee members in time for 
them ta be able to vote on it at t 

E:. Tennery then polled each country for their position on ~~~~u~~~~~ Subtask 7. 
Japan will meet 084 June 17, 1993, to decide this issue. Sweden has committed to the 
U.S. plan. However, more discussion in Sweden is required if a earnbination of the US. 
and Japanese plans is conducted, due to costs. Once DOE approval is given, the 
United States is ~~~~~ to start. Tennet-y ill c~nfirm with the  ti 
that they agree to the additisnail work of the ~ ~ ~ ~ i ~ ~ t i ~ ~  plans, Ther 
discussion on the "'best technique" (machining) used by aach country 
important optimum specimen. Each country must identify its "best technique" for 

ave been made and received (July 26, 1993) from HliTec Corporation, 

ctober 6, 1993, meeting in Stuttgar?, Germany. 

U.S. l ~ ~ ~ r ~ ~ o r ~ ~ ~  

b&fOre starting the work. 

usetts, for use in strain gaging a fraction sf the flexure bars for the 
main task. 

piaced with four suppliers for billets of five different silicon nitride rnaterizls far evaluation 
of the Weibull modulus and characteristic strength under "j  entical" machining conditions. 

For the selection of the US. silicon nitride to be used in Subtask 7, or 
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Yhe billets have been received and sent to Chand Kare for machining into 3 x 4 x 50-mm 
flexure specimens. The machining (by Chand Kare Technical Ceramics, Worcester, 
Massachusetts) was completed, and the flexure specimens were all received (at the High 
Temperature Materials Laboratory) by September 30, 1993. W. Ellingson of Argonne 
National Laboratory (ANL) has expressed an interest in characterizing the 4-by Sl-mm 
surfaces of specimens of the five materials using a new laser scanning technique to 
determine if it can '*distinguish" between these silicon nitrides having very different 
microstructures. One specimen of each material was shipped to ANL for some baseline 
measurements. 

Br. Seitz's (Germany) letter of September 22, 1993, indicated that there would 
probably be no direct involvement of German laboratories. Germany would, however, like 
to participate by perhaps exchanging reports of the work they have already done on 
ceramic machining with the reports done by participants of Subtask 7. This will be 
resolved at the IEA Executive Committee Meeting in Stuttgart on October 6, 1993. (The 
German government later had a problem with this matter.) 

Dr. Mizuno's (Japan) letter of August 27, 1993, agreed that Belgium could partici- 
pate in Subtask 7 but that, in Japan, they could not increase the number of available 
siliesn nitride specimens. Questions were also raised about how the results would be 
disclosed. 

Subtask 8 

The Subtask 8 planning activity is progressing at a rapid pace. Two primary 
activities under this project were the development of draft procedures for the measure- 
ment of secondary properties of powders and compilation of procedures collected from 
the participants. A number af these procedures developed at the National Institute of 
Standards and Technology (NIST) are in a very preliminary stage requiring significantly 
more work to refine them. This task will be initiated shortly. The participants have sent a 
few procedures for secondary propesties measurement to NIST. We have completed a re- 
view of these procedures, and a compilation has been prepared. This compilation con- 
sists of participants* contributions and NIST-produced procedures, as well as Subtiask 6 
procedures requiring additional work. These procedures will be discussed at the 
technical leaders meeting in Stuttgart on October 3, 1993. The revised procedures will be 
sent ta participants for their review and input. 

Technical hiahlinhts 

Subtiask 5, Tensile and Flexural Properties of Ceramics 

United States 

The draft report for Subtask 5 was completed on June 30, 1993, and sent to the 

The final report for Subtask 5 was completed on September 11, 1993. Twenty 
participants for comments on July 15, 1993 (comments were returned by July 30). 

copies were sent on September 28, 1993, to Stuttgart, Germany, for Dr. Tennery to 
distribute at the IEA Executive Committee Meeting in Stuttgart on October €3 (title listed 
under "Publications"). Also, on September 28, 1993, copies of the Subtasks 5 and 
6 reports were sent to R. B. Schulz, T. J. Gross, and J. J. Eberhardt, DOE Headquarters. 
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Germany, Sweden. and Jaggg 

We received from Dr. Sven Kzzlsson, Swedish Ceramic Institostei, ths  ~~~~~~~~~~~~~ 

ron ~~~r~~~~~~ 
I! the GM-IO (United States) and lha K p m m  an) specimens, andl 

~~~~~~~~~ and the ESK ~~~~~~~~ specimens (April 15, 1993). The 
ination of the INSTRON tensile spsclmetss test& at Wvo 

eettt; of all four materials together with original scannin 

ish raatianae Testing 
th limited ~ ~ ~ ~ r ~ ~ ~ ~ ~ o  

an flexure testing of 106 test specirne 
i. Seitz's letter of Augu 
fer-lnstitut fijr Wer dlst8ii7) is; ~~~~~~~~, The repor$ from 

Karlsruhe University, fnstitut fijs ZuverlBssigkelt und ~~~a~~~~~~~~~ (Professar Munz), will 
be available soon. When both are ready, Dr. Seitz will provide a copy to Dr. Tonney. 

Br. Pornpe's letter of August 18, 1993, indicated that the ~~~t~~~ 5 work has b@en 
Ieded, and the partial reports had been sent. Da. Carlssan has sent reports from 

%Bed that the find report from the 

motor, and SP to QRNh and errnany. No forma! report from United 
ng their spin tests has been epared, but Dr. Car!sssn has sent their 

results to the United States and Germany. He hopes $0 distr 
X-ray diffraction report from LinkQping at the !EA Executive 
October 6, 1993. 

report to QRNL on the Subtask 5 rosearch soon. 

e the radiography and 
ng in Stuttga~ an 

The telefax of August 13, 1993, Ifram Dr. Mizssno indicatsd that he will sen 

k 6, A 

Majar responsibility for t is subtask in the United State?; is at NIST, and 
report of progress an this subtask is provided in the section of this report ~ ~ ~ ~ i ~ ~ d  by 
NET. 

of the Subtask 6 final report was prepared and sent ts the technical leaders 
, Their major contribution ts this repor! will be ts  review the information and 

. In addition, a c pter on summary and conelusions was 
Japan, Sweden, and the United States. 
ajar esmmsnts. 'Therefore, this chapter 
the technical leaders on the Subtask 
echnical leaders accepted the draft 

6 was completed at NIST and rnaiied ta QRNL for 
p ~ ~ ~ t ~ ~ ~ ~  (September 10, 1993). In %he past, we had discussed the idea of r ~ ~ ~ a ~ ~ ~ ~  this 
report in two or three volumes. Since a raumbes of ~~~~~~~~~~~ suggested to combine 
Vsl. 2, containing data listing, with the main body of the report, we decided to produce 
the entire report in a single volume. Twenty copies of the Subtask 6 Final Rep 
sent Zs Germany fram ORNb on Se 
the IEA Executive Committee Meeti 

Dr. Stephen Hsu submitted I 
1993). We will continue to complete any details regarding Subtask 6. He has recorn- 
mended that Dr. Subhas Malghan be the new coorolinatar for Subtask 8. 

rnber 28, 1993, far distribution by Dr. M 
(title listed under "Publications"). 
esignation from Subtask 6 by M e r  (Septe 
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Status of milestones 

Milestone 41 151 3 (complete draft of final reports for Subtasks 5 and 6) completed 
on June 30, 1993. 

Milestone 41 151 4 will be discussed at the IEA Executive Committee meeting in 
Stuttgart, Germany, on October 6, 1993. 

Communications/visits/traveI 

Dr. Mineo Mizuno, Japan Fine Ceramics Center, Nagoya, Japan, visited ORNL on 
April 27, 1993, and presented a seminar entitled "Creep Rupture of Silicon Nitride 
Ceramics Related to the Ceramic Gas Turbine Project in Japan." 

V. J. Tennery left Oak Ridge, Tennessee, on September 29,1993, to attend the !EA 
Executive Committee Meeting in Stuttgart, Germany, on October 6, 1993. He also 
attended the conference, "Silicon Nitride 93,'' at the Max-Planck Institute for Metals 
Research and visited several German laboratories, 

Publications and presentations 

IEA Annex II, Subtask 5 Final Report - "Study of the Flexure and Tensile Strength of a 
United States Silicon Nitride," by V. J. Tennery. K Preder, M. K. Ferber, and 
M. G. Jenkins, Oak Ridge National Laboratory, September 1993, 230 p.p. 

I f 3  Annex 11, Subtask 6 Final Report - "Development and Testing ob Procedures for 
Characterization of Ceramic Powders," by S. 6. Malghan (United States), H. Hausner 
(Germany), R. Pompe (Sweden), J. Tsubaki (Japan), and S. M. Hsu (United States), 
Ceramics Division, National Institute of Standards and Technology (NIST), U.S. 
Department of Commerce for the Ceramic Technology Project, managed by the 
Oak Ridge National Laboratory for the U.S. Department of Energy, September 1993, 
594 p.p. 



390 

C h a r a c t e r i - z a t i o n  o.f Ceramic Pokrders 
S .  G .  Malghan, and L . - S .  Lurn 
(Nat iona l  In s t i t u t - e  o f  Standards and Technology) 

Cerami.cs have been success fu l ly  employed i n  engines  on a 
demonstrat ion b a s i s .  The successful manufacture and use o f  cerami.cs i n  
advanced engines depends 011 the  development of  r e l i a b l e  m a t e r i a l s  that 
w i l l  wi-thstarid high ~ r ap id ly  varying thermal s t r e s s  1oad.s. Improvement 
i n  the  character izai : ion o f  ceramic s t a r t i n g  powders i s  a c r i t i c a l  f a c t o r  
i n  achiev ing  reli-able ceramic ma te r i a l s  f o r  engine a p p l i c a t i o n s  . The 
product ion and u t i l i z a t i o n  of such powders r e q u i r e  c h a r a c t e r i z a t i o n  
methods and proper ty  s taridards f o r  q u a l i t y  assurance 

The ob jec t ives  o f  t he  NIST program are:  (1) to assist with t h e  
d iv is i -on  and d i s t r i b u t i o n  of  ceramic s t a r t i n g  powders f o r  an  
i n t e r n a t i o n a l  round-robin on powder c h a r a c t e r i z a t i o n ;  ( 2 )  t o  provide 
r e l i a b l e  da t a  on  phys ica l  (dimensional)  chemi-cal and phase 
c h a r a c t e r i s t i e s  o f  powders ; and ( 3 )  t o  conduct s t a t i s t i c a l  assessment,  
anal-ysis  and modeling of round-robin d a t a .  This program i s  d i r e c t e d  
toward a c r i t i c a l  assessment of  powder c h a r a c t e r i z a t i o n  methodology and 
toward establi-shment of  a b a s i s  f o r  t he  eva lua t ion  o f  f i n e  powder 
precursors  for ceramic process ing ,  This work w i l l  examine and compare 
by a v a r i e t y  o f  s t a t i s t i c a l  means tiie va r ious  measurement methodologi-es 
employed i n  the  round-robin and the  c o r r e l a t i o n s  among the  var ious  
parameters and charactLeris t ics  eva lua ted .  The r e s u l t s  o f  the round- 
rob in  a r e  expected t o  provide the  bas i s  f o r  i d e n t i f y i n g  measurements f o r  
which Standard Reference Mater ia l s  a r e  needed and t o  provide proper ty  
and s t a t i s t i c a l  d a t a  which w i . l l  se rve  the  devel.opmeut o f  i n t e r n a t i o n a l l y  
accepted s t anda rds .  

Technic a1 P r o  n r e s s  

During this p e r i o d ,  o u r  progress  has  been i n  the fol lowing 
a c t i v i t i e s :  p repa ra t ion  of f i n a l  r e p o r t  on Subtask 6 ,  development of  
t echn ica l  p l a n  f o r  Subtask 8 a c t i v i t i e s ,  and con t inua t ion  of  ASTM C -  
28.05 a c t i v i t i e s .  

A d r a f t  o f  t he  Subtask 6 f i n a l  r e p o r t  w a s  prepared and s e n t  t o  
t echn ica l  l eade r s  f o r  t h e i r  i npu t .  The primary input  expected from the 
txchnica l  lenders  was i n  the f o r m  of d a t a  a n a l y s i s  and review of  
chap te r s .  The  t echn ica l  l eade r s  of  Subtask 6 accepted t h e  d r a f t  i n  the  
a s -p resen ted  form. I n  thc  cu r ren t  format ,  t he  r e p o r t  con ta ins  one 
volume. The f i r s t  p a r t  c o n s i s t s  o f  summary d a t a ,  summary- s t a t i s t i c s ,  
procedures used t o  c o l l e c t  the data, and conclusions and 
recommendations. The secorid p a r t  i n  appendix c o n s i s t s  of t abu la t ed  
d a t a .  There are ten chap te r s .  

The f i r s t  chapter  i s  aii i n t roduc t ion  to the r epor t  c o n s i s t i n g  o f  
background inforiliation on I E A  Annex 2 ,  purpose o f  Subtask 6 ,  and a 
d e s c r i p t i o n  o f  t echn ica l  program. The second through n i n t h  chapters  
con ta in  core  o f  t he  d a t a  and procedures on s p e c i f i c  su r face  a r e a ,  
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  m e t a l l i c  and nonmetal l ic  chemical 



i m p u r i t i e s ,  major chetnical components, h a l i d e s ,  phase composition, 
spectroscopy,  and i n t e r f a c e  chemistry.  The t e n t h  chap te r  con ta ins  
siimmary t a b l e s ,  comments, conclusions and recoimnendations. Each of  t he  
t e c h n i c a l  chap te r s  i s  organized i n  t h e  same manner, i n  which, f i r s t  t h e  
procedure and accompanying comments a r e  p re sen ted ,  fol lowed by 
s t a t i s t i c a l  d a t a  obta ined  us ing  the  p rev ious ly  desc r ibed  procedure.  I n  
the  procedure d e s c r i p t i o n ,  t he  key s t e p s  are h i g h l i g h t e d .  The d a t a  
p r e s e n t a t i o n  format i s  approximately t h e  Sam2 f o r  a l l  methods s t u d i e d ,  
i n  which, f i r s t  t h e  mean, minimum, and maximum va lues  f o r  each 
p a r t i c i p a n t ' s  d a t a  a r e  t a b u l a t e d  f o r  a given method of  a n a l y s i s .  
Followed by t h i s ,  t he  d a t a  a r e  presented  i n  a g raph ica l  format and t h e i r  
summary s t a t i s t i c s  such as the  mean of  t h e  l a b o r a t o r y  means, 
r e p e a t a b i l i t y  and r e p r o d u c i b i l i t y  a r e  presented  fo l lowing  t h e  g raph ica l  
p r e s e n t a t i o n .  I n  t h e  c a l c u l a t i o n  of t he  summary s t a t i s t i c s ,  only  the  
d a t a  con ta in ing  a minimum of  two r e p l i c a t e s  a r e  inc luded .  Those d a t a  
n o t  used i n  the  c a l c u l a t i o n s  are c l e a r l y  i d e n t i f i e d .  A l l  d a t a ,  
i r r e s p e c t i v e  of  whether used i n  t h e  sumrnary s t a t i s t i c s  o r  n o t ,  are 
presented  i n  the  appendix.  

During review of t h i s  d r a f t  r e p o r t ,  D r .  Pompe, Swedish C e r a m i c  
I n s t i t u t e ,  made a sugges t ion  t o  s p l i t  t h i s  volume i n t o  t h r e e  s e p a r a t e  
bound volumes on phys ica l  p r o p e r t i e s ,  bu lk  chemical p r o p e r t i e s ,  and 
s u r f a c e  chemical p r o p e r t i e s .  One advantage of p re sen t ing  i n  t h e  form of 
t h r e e  volumes i s  t h a t  t he  s p e c i f i c  r e p o r t s  can be used by only  those  
i n t e r e s t e d  i n  the  s u b j e c t .  However, it adds o t h e r  problems such as the  
c o s t  of producing t h r e e  volumes, and moreover, t h e  t h r e e  volumes are n o t  
t r u l y  independent.  I n  a d d i t i o n ,  consensus opin ion  of  t h e  working group 
w a s  t o  combine the  d a t a  i n t o  one s i n g l e  volume. Therefore ,  t h e  f i n a l  
r e p o r t  w a s  produced a s  a s i n g l e  volume. 

The f i n a l  r e p o r t  on Subtask 6 w a s  completed a t  NIST and mailed t o  
D r .  V .  Tennery a t  URNI, i n  September f o r  prirtt:ing and d i s t r i b u t i o n .  
This  r e p o r t  w i l l  be r e l e a s e d  a t  t he  upcoming I E A  Annex 2 Executive 
Committee Meeting i n  S t u t t g a r t ,  Germany, h e l d  i n  conjunct ion  wi th  
S i l i c o n  N i t r i d e  93  conference.  The p a r t i c i p a n t s  of Subtask 6 should be 
r e c e i v i n g  t h e  r e p o r t  i n  t h e  next  4 t o  6 weeks. 

Subtask 8 planning a c t i v i t i e s  are progress ing  w e l l .  A l e t t e r  
r eques t ing  procedures  and powders w a s  s e n t  t o  t h e  p a r t i c i p a n t s .  The 
purpose o f  t h i s  a c t i v i t y  i s  t o  o b t a i n  procedures  from p a r t i c i p a n t s  t o  
a l l  the  methods of  powder a n a l y s i s  included i n  Subtask 8 .  These 
procedures  w i l l  be coiiipiled and e f f o r t s  w i l l  be  i n i t i a t e d  t o  develop one 
procedure f o r  each method of a n a l y s i s .  I t  i s  p o s s i b l e  t h a t  w e  w i l l  g e t  
very few procedures from t h e  p a r t i c i p a n t s  s i n c e  a l a r g e  number of 
procedures  included i n  Subtask 8 a r e  f a i r l y  new. A t  NIST,  w e  have 
i n i t i a t e d  an  e f f o r t  t o  develop t h e s e  procedures .  A t  t h i s  t i m e ,  we have 
developed t h i r t e e n  d r a f t  procedures .  These w i l l  be  combined w i t h  a l l  
o t h e r  procedures obta ined  from the  p a r t i c i p a n t s .  One of  t h e  next  s t e p s  
i s  t o  develop consensus de r ived  procedures  from t h i s  compi la t ion .  With 
r e s p e c t  t o  ob ta in ing  powders f o r  Subtask 8 t e s t i n g ,  we have had 
d i scuss ions  wi th  powder manufacturers  i n  t h i s  program. Subsequent ly ,  we 
are now seeking  sugges t ions  from t h e  p a r t i c i p a n t s .  A l l  of t h i s  i npu t  
w i l l  be used t o  reach a d e c i s i o n  on powder s e l e c t i o n .  

I n  response t o  our r e q u e s t ,  w e  have rece ived  only  a few procedures  
from the  p a r t i c i p a n t s .  We expect  t h a t  we w i l l  no t  be a b l e  t o  receive a 



l a r g e  number of  procedures  as i n  t h e  case o f  Subtask 6 ,  The pr imary 
r e a s o n  is  t h e  l a c k  o f  a v a i l a b i l i t y  o f  wel l -docunei i ted proced.ures f o r  
c l - i a r a c t e r i z i i t i o n  of  secondary p r o p e r t i e s  o f  ceramic powders. 

The methods f o r  powder a n a l y s i s  f o r  a number of secondary p r o p e r t i e s  
may b e  c o n s i d e r e d  t o  b e  p r o p r i e t a r y  i n f o r m a t i o n  by t h e  p a r t i c i p a n t s  
s i n c e  t h e y  are  an i n t e g r a l .  p a r i  o f  powder p r o c e s s i n g .  These procedures  
range from as b a s i c  as t h e  pH iiieasurement o f  s l u r r i e s  ?;o as complex as 
t h e  measurement o f  p r o p e r t i e s  of g r e e n  c e r a m i c s .  The foll.owing is  a 
l i s t  of  t h i r t e e n  procedures  i n c l u d e d  i n  Subtask  8 :  

1. 
2 .  
3 .  
4 .  
5. 
6 .  
7 .  
8 .  
9 .  

10 .  
11. 
12. 
1 3 .  

Deaggloineration by u l t r a s o n i c a t i o n  
S e t t 1 i n g  b e hav i o r 
Agglomerates s i z e  d i s t r i b u t i o n  
pH o f  s l u r r y  
Rheology o f  s l u r r y  
Sedimenta t ion  
C a s t i n g  r a t e  
Flow r a t e  o f  s p r a y  d r i e d  powders (SDP) 
S i z e  d i s t r i b u t i o n  o f  SDP 
P r e s s i n g  behavior  of  SDP 
D e n s i t y  of  green  body (GR) 
P o r o s i t y  o f  GB 
Mois ture  and v o l a t i l e s  i n  G B  

P r e l i m i n a r y  work on a number of  t h e s e  procedures  h a s  been  i n i t i a t e d  
a t  N I S T .  S i - e n i f i c a n t l y  more work i s  requi - red  t o  r e f i n e  them. This  hask 
w i l l  h e  i n i t i a t e d  sh0rt:l.y. We have reviewed and e v a l u a t e d  procedures  
s u b m i t t e d  by Subtask  8 p a r t i c i p a n t s  and a c o m p i l a t i o n  h a s  been  p r e p a r e d .  
T h i s  c o m p i l a t i o n  i n c l u d e s  p a r t i c i p a n t s  cont r ibn i :  i.ons , N I S T  produced 
p r o c e d u r e s ,  and Subtask 6 procedures  r e q u i r i n g  a d d i t i o n a l .  work. These 
procedures  w i l l  be  d i s c u s s e d  a t  t h e  technical .  1.eaders ineetirig i n  
S t u t t g a r t .  The r e v i s e d  procedures  w i l l  be  s e n t  t o  p a r t i c i p a n t s  f o r  
t11ei.r review and i n p u t .  

The SEA Annex 2 Execut ive Committee meet ing is  schedri1.c.d t o  iaeet on 
October  G I  1 9 9 3  i n  S t u t t g a r t ,  Germany, i n  cor i junct ion w i t h  t h e  S i l i c o n  
N i t r i d e  9 3  c o n f e r e n c e .  The t e c h n i c a l  l e a d e r s  of Subtask 8 are a l s o  
meet ing a t  t h i s  t ime to review t h e s e  procedures  and develop techni -ca l  
p l a n s .  Some o f  t h e  major issues t o  h e  a d d r e s s e d  a r e  powders 
p r e p a r a t i o i i ,  p rocedures  t igh ten i -ng  , and procedures  development.  We are 
going  t o  have t w o  new t e c h n i c a l  l e . d . e r s  r e p r e s e n t i n g  J a p a n  and Germany. 
They are Dr. Nait.0 Srorn J F C C ,  J a p a n ,  and D r .  N i e t f e l d  from H .  C .  S t a r c k  
C o . ,  Germany. I n  a d d i t i o n ,  t h e r e  i s  a p o s s i b i l i t y  t-hat Belgium c o u l d  
become the f o u r t h  member o f  t h e  I E A  Subtask  8 program.  

I n  t h e  ASTM C - 2 8 . 0 5  acl:.ivi.ty, t w o  p rocedures  oil p a r t i c l e  s i z e  
d i s t r i b u t i o n  t h a t  had r e c e i v e d  n e g a t i v e  b a l l o t s  have been r e v i s e d ,  and 
t h e  n e g a t i v e  b a l l o t s  were withdrawri. These procedures  w i l l  be  s u b m i t t e d  
f o r  c o n c u r r e n t  b a l l o t  so  t h a t  a dccis j .un can  be made p r i o r  t o  the Cocoa 
Reach C-28 meet ing .  

S t a t u s  o f  Mil.eezforir s 

On t a r g e t .  
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Pub 1 i cat i ons /Pre sent at ions 

S. G. Malghan, "Draft of Subtask 6 Report" distributed to technical 
leaders. 

S. G ,  Malghan, "Final Draft of Conclusions arid Recommendations of 
Subtask 6" distributed to IEA Subtask 6 participants. 

S. G. Malghan and others, "Developinent and Testing of Procedures for 
Characterization of Ceramic Powders, TEA Subtask 6 Final Report" 

Communications/Visits 

None 
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ce  ram i c M ec1ian.i.c.a 1 P r o  P er t Y T.e.s.t He tho_tl- Deve 1 o p e n  < 
George D .  Quinn (Naiional i n s t i t u t e  o f  S t a n d a r d s  and Tcchriology) 

ot,.ec.t i.ve / s c 0 p e 

This  t a s k  i s  t o  develop mechanical  t e s t  method s t a n d a r d s  i n  s u p p o r t  o f  t h e  
Ceramic Technology f o r  Advanced Heat Engines and Advanced Turbine  Technology 
A p p l i c a t i o n s  Programs, The pri.me DOE c o n t r a c t o r s  and s u b c o n t r a c t o r s  w i l l  b e  
surveyed t o  a s s e s s  t h e i r  needs and capabi l i<: i -es .  T e s t  method developmeni: should  
a l  s o  c o n s i d e r  t h e  general. USA s t r u c t u r a l  ceramics  community as w e l l  as fore i -gn  
l a b o r a t o r i e s  and companies,  b u t  emphasis w i l l  he  p l a c e d  on  t h e  needs o f  t h e  DOE 
coiiliiiunity . 

Draft recoimendat ions  f o r  p T a c t i c e s  o r  procedures  s h a l l  h e  developed based  
upon t h e  needs i d e n t i f i e d  above and  c i r c u l - a t e d  w i t h i n  (:he DOE ceramics  h e a t  
engine  community f o r  review and m o d i f i c a t i o n .  Round-robins  w i l ~ l  b e  conducted as 
n e c e s s a r y ,  b u t  shall be w e l l - f o c u s s e d ,  l i m i t e d  i n  scope nnd n o t  i n t e r f e r e  w i t h  
ongoing I E A  r o u n d - r o b i n s .  Procedures  devel.oped i i i  t h i s  program s h a l l  b e  
p r e s e n t e d  as A'I'TAP o r  CTAHE " s t a n d a r d  procedures .  I' A l t e r n a t i v e l y ,  (and 
e v e n t u a l l y )  t h e s e  wil l .  b e  advanced f o r  f i n a l  s t a n d a r d i z a t i o n  by AS'fM o r  by t h e  
U . S .  Army a s  p o s s i b l e  M I L  STD's. 

___ Technical  ~ Migh1ip.hts and Kesul.ts 

Previous  work i n  t h i s  p r o j e c t  h a s  c o n t r i b u t e d  L O  t h e  f o l l o w i n g  complpt-ed 
s taridards : 

L .  ASTF: C - i l u a - ~ l  "Dynamic Young's M o d u l ~ i s ,  Shear  Modulus, and P o i s s o n ' s  R a t i o  f o r  Advanced Ceramics  by 
Sonic  R e s o n a n c e , "  by S .  Gonczp, A l l i e d - S i g n a l ;  G .  Ouinn,  N I S T ;  and J .  I l e l f i n s t i n e ,  Corning .  

2 .  ASTM C -  1161-90 "Standard  T e s t  Method f o r  F l e x u r a l  S t r e n g t h  o f  Advanced Ceramics  a t  Ambient 
Tempera ture ,  " G .  Q u i n n ,  N I S T .  

3 .  ASTM C-1211-92 "Standard  T e s t  Method f o r  F l e x u r a l  S t r e n g t h  of  Advanced Ceramic a t  E l e v a t e d  
T e m p e r a t u r e , "  by G .  Quinn i n  c o o p e r a t i o n  w i t h  M r .  M .  F o l e y ,  Nor ton;  M r .  T .  R i c h e r s o n ,  A l l i e d - S i g n a l ;  
and 3r.  M ,  F e r b e r .  OF.NL. 

4 .  HIL HDBK 7 9 0  "Frac tography and C h a r a c t e r i z a t i o n  o f  F r a c t u r e  O r i g i n s  i n  Advanced S t r u c t u r a l  Ceramics ,  '' 
w i t h  J. Swab and M .  S l a v i n ,  U.  S. Army, ARL. 

5 .  ASTM C-1239-93 "Standard  P r a c t i c e  f o r  R e p o r t i n g  S t r e n g t h  Data  and E s t i m a t i n g  Weibul l  D i s t r i b u t i o n  
P a r a m e t e r s , "  by S .  Duffy ,  NASA-Lewis; G .  Quinn,  NIST; and C .  Johnson,  G . E .  

W e i b u l l  AriLlysis 
The d r a f t  scdndard :  "Repor t ing  U n i a x i a l  S t r e n g t h  Data arid EsiFinating 

Weibull D i s t r i b u t i o n  Paramerers  f o r  Advanred Ceramics ,"  by S .  Duffy,  G .  Quinn and 
C Johnson w a s  submi t ted  for an  ASTM S o c i e t y  b a l l o t  and was approved i n  t h i s  
seiniannual p e r i o d .  I t  h a s  been aqs igncd  t h e  d e s i g n a t i o n  C - 1 2 3 9 .  A few minor 
r e v i s i o n s  nzed t o  bp made i u t h i s  docurnent, and supplemental  b a l l o t  and revisi0Li.s 

w i l l  be  uridcrt.jken i n  l a t e  1 9 9 3  and e a r l y  1 9 9 4  a s  needed. 

Fracture 2'oiighiess 
S t a n d a r d i z a t i o n  o f  f r a c t u r e  toughness t e s t i n g  c o n t i n u e s .  MI-. Jonathan  

Salem o f  NASA-Lewis i s  o v e r a l l  l e a d e r  o f  thi-s  a c t i v i t y .  P r o f e s s o r  Isa Bar-on of-  

Worcester  P o l y t e c h n i c  1nst i t i i"ce i s  a c t i n g  as t h e  C - 2 8  - E-8 committee l i a i s o n .  
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This i s  a p o t e n t i a l l y  conten t ious  t o p i c  s i n c e  very  s t r o n g  p re fe rences  and 
opinions have developed over t h e  years.  Much of  t he  experimental  and r e sea rch  
work i n  r ecen t  yea r s  has  focussed on f r a c t u r e  toughness of composites o r  R-curve 
phenomena ~ 

During t h i s  6 months p e r i o d ,  t h e r e  w a s  i n t e n s i v e  work on ana lyz ing  the  
r e s u 1 . t ~  of t he  c o n t r o l l e d  su r face  f l a w  round-robin.  This VAMAS p r o j e c t  s t a r t e d  
i n  November 1 9 9 2  and ended i n  September 1993. The round-robin i s  a j o i n t  program 
by NIST and by EMPA, t h e  S w i s s  Federal  Research Laboratory.  M r .  Jakob Kubler of 
EMPA w a s  a t  NIST dur ing  the  summer t o  assist  wi th  the  aba lys i s .  

Twenty-four l a b o r a t o r i e s  i n  Europe and t h e  United S t a t e s  a r e  agreed t o  
p a r t i c i p a t e  and 20 s e n t  r e s u l t s  back i n  t h e  a l l o t t e d  t i m e  pe r iod  (which w a s  
extended beyond May 1993 by 5 months!) I n  t h e  USA, t he  p a r t i c i p a n t s  were NASA- 
L e w i s ,  N I S T ,  and Alf red  Un ive r s i ty .  (Carborundum and S t .  Gobain-Norton were no t  
ab le  t o  f i n d  time t o  do t h e i r  work.) The round-robin involved t h r e e  m a t e r i a l s :  
Norton h o t - p r e s s e d  s i l i c o n  n i t r i d e ,  grade NC 132; ESK hipped s i l i c o n  n i t r i d e ;  and 
EMPA ( S w i s s )  s i n t e r e d  y t t r i a - p a r t i a l l y  s t a b i l i z e d  z i r c o n i a .  The l a t t e r  two 
m a t e r i a l s  were donated by EMPA. Each p a r t i c i p a n t  rece ived  10 specimens o f  each 
mater ia l  wi th  d e t a i l e d  i n s t r u c t i o n s  on procedure.  I t  w a s  p lanned t h a t  t he  
e x e r c i s e  would r e q u i r e  no more than  1 - 2  man-weeks o f  e f f o r t  p e r  l a b o r a t o r y .  This 
round- rob in  i n t e r f a c e s  n i c e l y  wi th  an ongoing round-robin i n  Europe conducted 
under the  auspices  of t he  European S t r u c t u r a l  I n t e g r i t y  Soc ie ty .  The l a t t e r  
e x e r c i s e  inc ludes  chevron notch (CN), s ing le -edge  precracked beam (SEPB) ,  
i nden ta t ion  s t r e n g t h  ( I S )  and s ing le -edge  notched beam (SENB) methods on similar 
materials.  

Sketchy r e s u l t s  from t h i s  round-robin have been r epor t ed  i n  p a s t  bimonthly 
r e p o r t s ,  b u t  now t h a t  t he  round-robin is  c l o s e d ,  we can p r e s e n t  t h e  p r i n c i p a l  
f i n d i n g s .  Figures  1 through 3 i l l u s t r a t e  t he  f r a c t u r e  toughness r e s u l t s .  
Exce l len t  cons is tency  w a s  ob ta ined  f o r  t h e  NC-132 ho t -p res sed  s i l i c o n  n i t r i d e .  
A l l  20 l a b o r a t o r i e s  r epor t ed  r e s u l t s .  The grand average toughness f o r  107 
accepted specimen outcomes w a s  4 . 6  MPaJm wi th  a s tandard  d e v i a t i o n  o f  on ly  0 .37 .  
The ESK s i l i c o n  n i t r i d e  w a s  more d i f f i c u l t  t o  t e s t ,  and the  average toughness f o r  
105 accepted specimens w a s  4 . 9 5  MPa./m wi th  a s t anda rd  d e v i a t i o n  o f  0 . 5 5 .  Only 
1 2  l a b o r a t o r i e s  t r i e d  the  z i r c o n i a ,  which w a s  o p t i o n a l ,  and e i g h t  l a b o r a t o r i e s  
ob ta ined  accepted r e s u l t s  wi th  and average f o r  42 specimens of 4.42 MPaJm and a 
s tandard  d e v i a t i o n  of 0 . 5 7 .  The z i r c o n i a  posed many problems f o r  t h e  
l a b o r a t o r i e s ,  and several mis in t e rp re t ed  t h e i r  f r a c t u r e  s u r f a c e s  and marked 
hackle  l i n e s  as t h e  p rec rack .  This  d a t a  i s  shown i n  Figure 3 b u t  i s  marked by 
an "X" and is  no t  included i n  the  grand average ,  

I n  t h e  case  of t h e  N C - 1 3 2 ,  t h e  average i s  i n  e x c e l l e n t  agreement wi th  
chevron notch ( C N )  and s ingle-edged  precracked beam (SEPB) resul ts  ob ta ined  a t  
NASA-Lewis by Shannon and Salem. A review o f  over  20  s t u d i e s  t h a t  have publ i shed  
f r a c t u r e  toughness va lues  f o r  NC-132 i n d i c a t e s  t h a t  a va lue  o f  4.6 probably is  
the  d e f i n i t i v e  toughness f o r  t h i s  m a t e r i a l .  The ESK and z i r c o n i a  r e s u l t s  a r e  
c r e d i b l e  as w e l l ,  b u t  t h e r e  is  fewer a l t e r n a t i v e  d a t a  t o  compare t h e  r e s u l t s  t o .  
A s i m i l a r  ou ts tanding  agreement o f  CSF t o  CN and SEPB d a t a  had been reached 
e a r l i e r  i n  work on s i n t e r e d  a s i l i c o n  ca rb ide  (Carborundum SA) publ i shed  by 
Ghosh, Brad t ,  Kobayashi, Jenkins  and S a l e m  a t  U .  Washington. 

A s tunning  conclus ion  from t h e  round-robin  i s  t h a t  t h e  r e s u l t s  are not 
I t  i s  t r u e  e s p e c i a l l y  s e n s i t i v e  t o  t h e  d e t a i l s  of t h e  precrack  s i z e  measurement. 
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NC-132 Hot.--pressed Silicon Nitride 
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Figure 1. Resul t s  o f  the  f r a c t u r e  toughness by the  controlled sur face  f l a w  
method f o r  N C - 1 3 2  hot-pressed silicon nitride. The average and 
s tandard  devia t ion  o f  each l abora to r i e s  r e s u l t s  are shown as well as  
the number o f  specimens ::he l abora tory  had some success with.  
Laborator ies  usual ly  t r i e d  e i t h e r  5 o r  10 specimens. The grand 
average is shown by the dotted l i n e .  
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ESK Hipped Silicon Nitride 
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Figure 2. Results for the ESK hipped silicon nitride, which was more difficult 
than the NC- 132. 
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Figure 3 .  Results E O K  the  yttria-stabilized tetragonal zirconia. Of 12 
laboratories t h a t  attempted this material, eight had some measure of 
success .  
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that the participants had different tendencies and inclinations in marking their 
precracks, but the mitigating influence o f  the square root dependence o f  fracture 
toughness upon the precrack size tended to diminish the scatter. Furthermore, 
there was a fascinating tendency for the Newman-Raju stress intensity shape 
factors to partially offset scatter in the crack sizes. That i s  to say, an 
overestimate in precrack depth measurement, would be partially offset by a 
diminishment in the shape factor. 

A comprehensive report is in preparation and will be ready for review by 
the participating laboratories in late November 1993. It will include extensive 
fractographic analysis. Once the reviews (all 20 participating laboratories) 
have been obtained, the final report will be corrected and made available to any 
interested party. This should be in January or February of 1994 .  A condensed 
version of the report has already been prepared for presentation at the January 
meeting of the Engineering Ceramics Division in Cocoa Beach. It is scheduled for 
the afternoon of- Thursday, January 1 3 .  

The success of this exercise indicates that the method warrants 
standardization. It was not clear whether this was s o  at the beginning of the 
exercise, since there was serious concern over some aspects of the method, such 
as whether participants could read the precracks properly. There is a new 
impetus to use this method since a new ASTM standard for metals, E-740,  uses a 
method that is conceptually very similar. The findings of the round-robin 
exercise will be used to refine the new ceramic fracture toughness standard being 
developed in ASTM Committees C-28 and E - 8 .  This draft features the controlled 
surface flaw method, the chevron notch method, and the single-edged precracked 
beam method. 

During this period, a revised draft standard which was prepared by 
Professor Isa Bar-on of Worcester Polytechnic was reviewed at NIST. A conference 
call of 1% was held with M. Jenkins, J. Salem, I. Bar-on, and G .  Quinn to review 
this document and to discuss the presentation of Professor Bar-on at the November 
meeting of E - 8  in Houston. 

A billet o f  N C - 1 3 2  was given by G .  Quinn to J .  Salem in October to enable 
NASA-Lewis to coordinate a chevron notch round-robin on this material. 

Ha r d n  es s 
Work continues at NIST on developing hardness standards for advanced 

ceramics. An internally funded program is attempting to develop two "standard 
reference materials" f o r  which the hardness is certified by NTST. Parallel to 
this is an intensive review of the world standards for Vickers and Knoop hardness 
and laboratory work on examining the techniques and errors in measurements. 

Hardness testing is in principal very simple, but in practice it is very 
sensitive to technique. Our original intent was to simply modify current 
techniques and write a simple standard for advanced ceramics. Unfortunately, it 
will require a little more work, but the problem should be solvable in the near 
term. The problem with measuring the hardness of advanced ceramics is that the 
materials are themselves hard, and the indentations are very small. It is 
difficult to get a precise or accurate reading of the diagonal length with an 
ordinary microscope. Operator bias and technique is critical. 

It has been decided that work will initially focus on a Kiioop standard 
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s i n c e  t h e r e  are a l r e a d y  two r e l a t e d  ASTM s t anda rds  as noted above. We a r e  
c a r e f u l l y  s tudying  t h e  mat te r  of t h e  apparent  sho r t en ing  of the  d iagonal  l eng ths  
due t o  t h e  l i m i t s  of resol.ution o f  o p t i c a l  microscopes as i l l u s t r a t e d  i n  Figure 
6 .  The 7X/2NA c o r r e c t i o n  f a c t o r  i s  mandat-ed i n  the-_two ASTM s t anda rds  C-730 and 
_.. C-8459.  b u t - i s  no t  used bv s t anda rds  . in  t h e  r e s t  o f  t h e  world.  The d i f f e r e n c e  
i n  hardness  wi th  o r  without  the  c o r r e c t i o n  f a c t o r  i s  about 100-150 u n i t s  of most 
g l a s s e s !  This  has  l e d  t o  w i l d  confusion i n  t h e  l i ~ t e r a t u r e  wi th  r e s p e c t  t o  
whether t he  c o r r e c t i o n  f a c t o r  has  o r  has  n o t  been app l i ed .  For example, o lde r  
ve r s ions  of t h e  Scho t t  Glass c a t a l o g  l i s t  hardness  both  wi th  and wi thout  t he  
f a c t o r .  The o r i g i n a l  work which suggested t h e  c o r r e c t i o n  f a c t o r  w a s  necessary 
w a s  done i n  t h e  1 9 5 0 ' s ,  before  the  advent of scanning e l e c t r o n  microscopy. We 
t h e r e f o r e  are measuring inden ta t ions  wi th  s e v e r a l  o p t i c a l  microscopes and wi th  
a c a l i b r a t e d  scanning e l e c t r o n  microscope i n  o rde r  t:o v e r i f y  t h e  e f f e c t .  

During t h i s  6 months p e r i o d ,  work on t h i s  p r o j e c t  s h i f t e d  back t o  the NIST 
i n t e r n a l  p r o j e c t  t o  prepare  SRM's. The s t a n d a r d i z a t i o n  i n  ASTM Committee 6-28 
must w a i t  pending t h e  outcome o f  t he  SRM e f f o r t .  A s m a l l  round-robin w a s  s e t  up 
and commenced i n  October.  P a r t i c i p a n t s  have only 2 weeks i n  which t o  measure the  
hardness  of a s t e e l  b a l l ,  a tungsten ca rb ide  d i s k ,  and a s i l i c o n  n i t r i d e  b a l l .  
Eight  l a b o r a t o r i e s  a r e  p a r t i c i p a t i n g :  Cerbec,  Corning, Osram/Sylvania, ORNL, 
IJ i lson,  Kenriametal, NPL-England, and MPA, Dortmund, Germany. The l a ( - t e r  two a r e  
world famous l e a d e r s  i n  hardness  t e s t i n g .  

Frac  tography 
During t h i s  6 months pe r iod ,  elements of MIL HDRK / 9 0 ,  "Standard P rac t i ce  

for Charac te r i z ing  F rac tu re  Origins  Limit ing Defects i n  Advanced S t r u c t u r a l  
Ceramics" were brought  i n t o  the  ASTM C - 2 8  forum. This  work i s  a c o l l a b o r a t i v e  
undertaking wi th  N I S T  and wi th  J .  Swab o f  U .  S .  Army Rcsearcli Laboratory (ARL). 
A l i s t  of f law d e f i n i t i o n s  w a s  in t roduced  i n t o  the  'Terminology Subcommittee, C -  
2 8 . 9 1  and t h c s e  were b a l l o t e d  i n  Septeiiiber 1 9 9 3 .  Pending the  outcome of these  
b a l l o t s ,  t h e  d e f i n i t i o n s  w i l l  bc advanced f o r  a Socie ty  b a l l o t  o r  w i l l  be r ev i sed  
a t  t h e  C-28 Cocoa Beach meeting. 

In the  meantime, a f rac tography round-robin w a s  organized under the  
auspices  o f  t h e  VAMAS col l .aborat ion.  This e x e r c i s e  was developed by t he  US ARL 
i n  coopera t ion  wi th  N I S T .  Emphasis w i l l  he OA several .  t o p i c s  inc luding:  t he  
d e t e c t i o n  and c h a r a c t e r i z a t i o n  of  machining damage, t he  d e t e c t i o n  and 
c h a r a c t e r i z a t i o n  of  ma te r i a l  p rocess ing  r e l a t e d  f l aws ,  and f r ac tog raph ic  
techniques and a n a l y s i s .  The round-robin w i l l  inc lude  the examination o f  photos 
and specimens. The US (ART.,) d i s t r i b u t e d  the  photos arid specimens i n  May 1993  and 
the  e x e r c i s e  c losed  out  i n  October.  N I S T  i s  a s s i - s t i n g  wi th  the  i - n t e r p r e t a t i o n  
of  t hese  r e s u l t s .  

-_ S t a t u s  of Milestones 

A l l  mi les tones  a r e  on schedule .  

Publications/Presentations 

1. . ASTM Standard C - 1 2 3 9 - 9 3  "St;andard P r a c t i c e  f o r  Report ing S t rength  Data 
and Es t imat ing  Weibull D i s t r i b u t i o n  Parameters , "  by S .  Duffy, NASA-Lewis; 
G .  Quinn, NIST;  and C .  Johnson, G . E . ,  Apr i l  1 9 9 3 .  
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2. G. Quinn, "Fracture Toughness of Advanced Ceramics at Room Temperature: A 
VAMAS Round-Robin," Ceram. Eng. and Sci. Proc., Vol. 14, 17-81 1993, pp.  
92-100. 

3. G. D. Quinn, J. J. Swab, and M. J. Slavin, "Fractography and 
Characterization of Fracture Origins in Advanced Structural Ceramics, 
idem, pp. 75-83. 

4 .  C. R. Brinkman, G. D. Quinn, and R. W. McClung, "Development of ASTM 
Standards in Support of Advanced Ceramics Development," in Proc. of the 
ASME Turbo Expo Conference, May 1993. 
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