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CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT 
FOR OCTOBER 1992 THROUGH MARCH 1993 

SUMMARY 

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

Significant accomplishments in fabricating ceramic components for the 
Department of Energy (DOE), National Aeronautics and Space Administration 
(NASA), and Department o f  Defense (DoD) advanced heat engine programs have 
provided evidence that the operation of ceramic parts in high-temperature 
engine environments is feasible. However, these programs have also 
demonstrated that additional research is needed in materials and processing 
development, design methodology, and data base and 1 i fe predict ion before 
industry will have a sufficient technology base from which to produce 
reliable cost-effective ceramic engine components commercially. 

developed with extensive input from private industry. 
original plan was updated through the estimated completion o f  development 
in 1993. 
industrial technology base required for reliable ceramics for application 
in advanced automotive heat engines. 

progress has been made in the development of reliable structural ceramics. 
However, further work i s  needed to reduce the cost of ceramics t o  
facilitate their commercial introduction, especially in the highly cost- 
sensitive automotive market. To this end, the direction o f  the Ceramic 
Technology Project is now shifting toward reducing the cost of ceramics to 
facilitate commercial introduction of ceramic components for near-term 
engine applications. In response to extensive input from industry, the 
plan is to extend the engine types which were previously supported 
(advanced gas turbine and low-heat-rejection diesel engines) 
near-term (5-10 years) applications in conventional automobile and diesel 
truck engines. 
industry, the major portion o f  the work is being done in the ceramic 
industry, with technological support from government 1 aboratories, other 
industrial laboratories, and universities. 

envisioned. the work elements are as follows: economic cost modeling, 
ceramic machining, powder synthesis, alternative forming and densification 
processes, yield improvement, system design studies, standards development, 
low-expansion ceramics, and testing and data base development. 

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

An assessment of needs was completed, and a five-year project plan was 
In July 1990, the 

The original objective of the project was to develop the 

During the course o f  the Ceramic Technology Project, remarkable 

t o  include 

To facilitate the rapid transfer o f  this technology to U.S.  

A systematic approach to reducing the cost of components is 

1 



0.0 Project Management and Coordination 

1 .O Materials and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1.3 Thermal and Wear Coatings 
1 . 4  Joining 
1.5 Cost Effective Ceramic Machining 

2.0 Materials Design Methodology 

2 . 2  Contact Interfaces 
2.3 New Concepts 

3 . 8  Data  Base and Life Prediction 

3 . 1  Structural Qualification 
3 . 2  Time-Dependent Behavior 
3 . 3  Environmental Effects 
3 , 4  Fracture Mechanics 
3.5 Nondestructive Evaluation Development 

4.0 Technology Transfer 

4 . 1  Technology Transfer 

This report includes contributions from a l l  currently active p r o j e c t  
participants. 
breakdown structure outline. 

The contributions are arranged according to the work 



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

Ob.iective/scoue 

This task includes the technical management of the project 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. This task includes preparation o f  annual 
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 t o  DOE; high1 ights 
and semiannual technical reports are provided to DOE and program 
participants. 
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. 

In addition, the program is coordinated with interfacing 

This coordination is accomplished by participation in DOE 

3 





1 .O MATERIALS AND PROCESSING 

INTRODUCTION 

This portion of the project i s  identified as project element 1.0 
within the work breakdown structure (WBS). 
(1) Monolithics, (2 )  Ceramic Composites, (3)  Thermal and Wear Coatings, and 
(4) Joining. 
currently includes work activities on low cost Si4N4 powder, green state 
ceramic fabrication, characteriza,tion, and densification, and sn struc- 
tural, mechanical, and physical properties of these ceramics. Research 
conducted within the Ceramic Composites 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 o f  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. As part o f  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 t o  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 
will provide U.S. companies with new or improved ways for producing 
economical, highly reliable ceramic components for advanced heat engines. 

It contains four subelements: 

Ceramic research conducted within the Mono1 ithics subelement 

5 
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1.1 MONOLITHICLS 

1.1.1 Silicon Carbide 

€€i& Term7em imz Hexoloy SX Silicon CarMe 
S. K. Lau and G. V. Srinivasan (The Carborundum Company) 

o Introduction: 
HEXOLOY@I SX Sic has been demonstrated to possess higher toughness and strength than 
HEXOLOY SA Sic. Its toughness is about 50% to 100% higher than that of HEXOLOY 
SA Sic  and its typical room temperature MOR value ranges between 620-9 15 MPa (90- 133 
ksi). Moreover, these are only preliminary data, and it is believed that the mechanical 
properties can be further improved via proper optimization of composition, powder selection 
and processing conditions. 

o Scope and Objective: 
The approach taken for this work was to first establish a complete mechanical property 
database and conduct a detailed microstructural characteriz?tion on the first generation SX 
material. The emphasis would then be focused on the selection of a best Sic powder source 
and the optimization of processing conditions for this first generation material via a systematic 
designed experimental method. In parallel, a Carborundum in-house sponsored program 
with the objective of identifying a second generation additive composition with improved 
high temperature properties was also to be conducted. Once this second generation 
composition was identified, the information would be fed into the current program. Further 
experiments would then be conducted to optimize the properties of this second generation 
SX material. Finally, the complete property database would then be established for the 
second generation composition. 
The three major objectives for the current program are as follows: (1) to establish the 
property database and conduct a detailed characterization of the best SX material at program 
startup, (2) to improve the processing conditions of that material via a designed experimental 
method, and (3) to develop a second generation SX material with improved properties. 

Task 1 Objective: Complete Characterization of Generation 1 SX-Sic Material. 
Completed, details reported in previous semi-annual report. 

Completed, details reported in previous semi-annual report. 

Status Completed. 
Repeated sintering runs were conducted to fabricate samples for deliverables. The last 
batch sintered at the optimum conditions yielded an average room temperature MOR of 
122 ksi. While this was lower than the 140 ksi from the earlier design experiments, it 
represented the closest value obtained using a different batch of starting Sic  powder. Twenty 
MOR bars from this batch were sent to ORNL to fulfill the contract deliverable requirement. 

Status: Completed. 
The original objective of Task 4 was to optimize a second generation SX material. However, 
based on experimental findings reported and detailed in the last semi-annual report, the 
program plan was modified to conduct a second series of design experiments to further 
improve the SX-GI composition. This approach was approved by ORNL. 

o 

o Task 2 Objective: S ic  Powder Selection. 

o Task 3 Objective: Property Optimization for Generation I SX-Sic 

o Task 4 Objective: Complete Characterization of Generation I1 Material. 

HEXOLOY is a registered trademark of The Carborundum Company 



8 

Densification runs for the Task 4 design experiments were then conducted. The experimental 
conditions were: 

Powder Processing Technique: Modified Turboniilling 
Sinter Temperature: 
Post-Treat Temperature: 
Post-Treat Pressure: 

ST3 (-1) to ST4 ( t l )  
PT3 (-1) to PT4 (+1) 
P3 (-1) to P4 ( + I )  

Near theoretical densities were obtained for sintering temperature levels (0) and ( t l ) ,  when 
followed by any of the post-sinter treatment conditions used. However, for the lowest 
sintering temperatwe level (- l), only 90 to 97% T.D. was obtained after various post-sinter 
treatments. Mechanical property evaluated included MOR at room temperature and high 
temperature (1232°C for selected samples), Chevron Notch toughness at room temperature 
and 1232"C, and dynamic fatigue at 1232°C. The results are listed in the attached Table 1 .  
Low MOR values were observed for the lowest sintering temperature as expected. The 
highest average room temperature MOR obtained was 128 ksi corresponding to the sintering 
condition of (+1) and post-treat temperature of (-1) and post-treat pressure of (tl). 
When comparing two relatively similar densification conditions between this set of design 
experiments and that of Task 3, the current design yielded an average room temperature 
MOR of 118 ksi compared to 140 ksi from the previous design. This difference again 
highlights the reproducibility difficulties in the SX-GI furnacing process. 

After the completion of Task 4 matrix experiments, about 20 plates had been sintered under 
the optimum conditions for a more detailed mechanical characterization. 

Fabrication of tensile rods was also conducted. Previous experience in sintering rods for 
tensile samples suggested that the densification conditions would be different from those 
for the smaller plates for MOR bars. Experimental rods of shorter lengths were first sintered 
at various conditions. The optimum densification conditions were identified. Finer 
adjustments were then conducted for the longer actual size rods. More than 20 fully dense 
rods were successfully fabricated. 
Mechanical characterization, including MOR, tensile and dynamic fatigue testing of all 
these Task 4 specimens densified at the optimum conditions was then completed using both 
Carborundum and HTML/ORNL facilities. The MOR values determined at various 
temperatures with strength limiting defects are listed in Table 2. 

induced surface defects up to a temperature of 1232°C. The mechanism of formation o f The strength limiting defects were again identified to be "Si rich pools" and machinin 

"Si rich pools" as a reaction product was explained in earlier reports. In this task, about 
30% of the failures were due to "Si pools" compared to 7OYo in Task 1. The use of the 
optimum sintering conditions identified appears to have reduced the frequency of formation 
of "Si pools" and increased the strength as shown in Figure 1. At 1370"C, surface glass 
formation was again identified as the strength limiting defect. 
As described earlier, different sintering conditions were needed to densify the larger tensile 
rods. It was found that the Task 4 conditions identified were in fact very similar to those 
employed in Task 1. As a result, no significant change in tensile strength was observed as 
shown in Figure 1. Figure 2 shows the dynamic fatigue data obtained for both Tasks 1 
and 4. No slow crack growth was observed up to a minimum temperature of 1232°C as 
expected. 
All the technical work for this contract has been completed. The 20 MOR bar deliverables 
to ORNL have also been fabricated and delivered. 

Completed, details reported in previous semi-annual report. 
o Task 5 Objective: Developmenl of an Improved Dispersion Process. 

o Communications/Visits/Travel: 
Dr. G.V. Srinivasan conducted tensile tests at HTML/ORNL during the month of December 
1992. Drs. S.K. Lau, G.V. Srinivasan and R.S. Storm presented the final program review 
at ORNL on February 4, 1993. 



Table 1 

Task 4 Matrix Experiment Characterization Results 
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Table 2 

Task 4 MOR As Function of Temperature 

11 MOR in I Ternoerature. I Strength 
MPa (ksi) ! - "C Limiting oDefect 1' 896 (130) I 25 Volume: "pool" 
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Figure 1. Strength characteristics of SX-G1 
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Figurs 2. Dynamic fatigue characteristics of SX-GI . 
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o Problems ~~~~~~~~~~~~ 

Difficulties in reproducing the strength levels obtained from different densification runs 
have been regularly encountered. It is suspected that the reaction between Sic  and the 
Y-AI-0 second phases forming strength limiting pools o f  varying sizes and shapes is the 
main reason for this variability. Carborunduni needs to assess the severity of this problem 
before going further with the development and commercialization of SX materials. 

o Publications 

1. Srinivasan, G.V., S.K. Lau, and RXStorm, "Recent Advances in Development of High 
Temperature HEXOZOY SX-Sic," to appear in the Proceedings of the Annual 
Automotive Technology Development Contractor's Coordination Meeting, Detroit, 
November 2-5, 1992, SAE, Warrendale, PA. 
Srinivasan, G.V., S.K. Lau, R.S. Storm, M.K. Ferber, and M.J. Jenkins, "Process 
Optimization of PIEXOXXIY SX-Sic Towards Improved Mechanical Properties," to 
appear in the Proceedings of the International Gas Turbine Meeting, Cincinnati, OH, 
June 1993. 

2. 

At this time all the experimental work under this contract has been completed. The final 
program report is in preparation. 
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1.1.2 Silicon Nitride 

Characterization of A t t r i t i o n  Milled Silicon Nitride Powder 
S. G. Malghan, P. T. Pei and D. B. Minor 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

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

The major objectives of this project are: 1. establish 
repeatability of particle size distribution and other relevant 
characteristics of slurries milled in a high energy agitation mill 
(HEAM); 2. determine processing and densification characteristics of 
powders milled 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 Progress 

During this reporting period, we completed the analysis of first 
stage experiments on repeatability, and developed a modified procedure 
for follow-up milling experiments. Briefly described, these experiments 
consisted of milling of a mixture of SNE-10, 5 and 3 powders in a high 
energy agitation mill, and sampling at 0, 20, 32, 50 and 80 min. milling 
periods. Yttrium oxide was added at the 20th min. after all the silicon 
nitride powder was added. The specific surface area data were obtained 
using the BET method. The particle size distribution data was obtained 
using a standard procedure for Horiba LA-900, a light scattering device. 
Three samples from each milling time were analyzed; and the loth, 25th, 
SOth, 75th and 90th percentiles of that distribution were recorded for 
further analysis. One of the conclusions of review of repeatability 
data on milling of silicon nitride powders is that the observed spread 
of repeatability is due to both variability in the milling system and 
measurement procedure. The following are some data on variability due 
to the specific surface area measurement procedure. 
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Figure 1 shows da ta  on s p e c i f i c  sur face  a rea  of 80 min. mil led 
samples. For each of the f i v e  t e s t s ,  th ree  s a m p l e s  were analyzed by 
using the  procedure recommended by IEA Subtask 6 ,  which included 200°C 
degassing p r i o r  t o  the measurement. A l l  these measurements were 
obtained within 48 hrs .  a f te r  the  mi l l ing  test:. These samples w e r e  
d r i ed  i.n a convection oven a t  40°C. The da ta  f o r  tes ts  40, 41, 42, 43 
and 44 are represented by c i r c l e s  a s  (Set #I). The da ta  represented by 
t r i a n g l e s  were obtained f rom these samples a f t e r  approximately six weeks 
o f  the completion o f  millLng tests (Set # 2 ) .  The same procedure w a s  
used f o r  sur face  area measurement for S e t  #1 and 2 ,  During t h i s  per iod,  
the samp7.e~ w e r e  s t o red  i n  a closed b o t t l e  under the normal laboratory 
environment. Figure 2 shows the  same da ta ,  bu t  presented i n  randomized 
order  under which S e t  #2 surface area. da ta  were obtained. These da ta  i n  
Figure 1 and 2 show severa l  t rends :  

- Surface a rea  of  s i x  weeks delay samples (Set #2) was mostly 
l o w e r  than those obtained within 48 h r s .  of the  mi l l ing  
t e s t  (Set #l). 

- Average o f  a l l  30 da ta  poin ts  w a s  10.57 m2/g. Most o f  the 
da ta  f e l l  within + o r  - one CT (s tandard devia t ion) .  

- Surface a rea  o f  80 min. milled powder decreased as mi l l ing  
proceeded from t e s t s  41 t o  44, as shown by the  t r end- l ine .  

- Randomized da ta  presenta t ion  showed no t rend with respect  
t o  the  order i n  which the t e s t s  were conducted (Figure 2 ) .  

These da ta  demonstrated t h a t  v a r i a t i o n  i n  r e p e a t a b i l i t y  with respect  
t o  surface a rea  measure[wnt is  due t o  both mi.1.1i.ng and measurement 
procedure. 

A measurement f ac to r  responsible f o r  t h i s  type o f  wide v a r i a t i o n  i n  
the surface area da ta  could be moisture i n  the  mil led powder. To 
examine thi-s a spec t ,  the nii.lled samples from a l l  f i v e  tes ts  were heated 
t o  550°C: and cooled samples were analyzed f o r  sur face  area. These da ta  
demonstrated a d r a s t i c  improvement i n  the range o f  v a r i a b i l i t y .  The 
average surface a rea  decreased from 10.5 t o  9 . 0  m2/g and standard 
deviati.on w a s  also l e s s  than 1 m2/g which is of the order  o f  measurement 
e r r o r .  From these da ta  we f ind  t h a t  the component r e l a t e d  t o  v a r i a t i o n  
i n  repeatabil-i-ty due t o  surface a rea  measurement can be cont ro l led  by 
treatment o f  the sampl.es. However, t h i s  raises a quest ion on 
p o s s i b i l i t y  o f  agglomerates formation a t  550°C. 

The da ta  o f  
f ive t e s t s  i n  Figure 3 show, as expected, a l og - l inea r  decrease i n  the 
median diameter as a funct ion of natural log o f  time. Except f o r  t i m e  
0 da ta ,  the r e s u l t s  show 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 fe rences  between 
the data  of n I I l i n g  t e s t s  f o r  a l l  pe rcen t i l e s  of  the d i s t r i b u t i o n .  
R e s u 1 . t ~  of the f i v e  test:; represented by d i f f e r e n t  symbols i n  Figure 4 
are c l e a r l y  separated f o r  longer mi l l ing  times ~ demonstrating the  
s c a t i s t i c a l  s ign i f icance  between t e s t s  da ta .  

The wi th in-mi l l  run ( t e s t )  standard deviat ion and between m i l l  run 
( t e s t )  standard deviat ions have been estimated f o r  each o f  the f i v e  

Next the  p a r t i c l e  s i z e  distribut:.i.on da ta  were analyzed. 
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percentiles, at each of the five milling times. Plots of their relative 
sizes (in percent) are shown in Figure 5 and 6. The relative within-run 
standard deviation is approximately constant for all percentiles for 
milling times 20 and above. The reason for a single apparent outlier in 
one of the mill runs is not known. With the four "outlying" exceptions, 
95% confidence intervals for these estimates range from 0.6 to 3 % .  The 
relative between-run standard deviation is also about constant for all 
percentiles and times 2 0  min. and above. The approximate 95% confidence 
intervals ranging from 3% to 25% are also fairly wide. 

The standard deviation of a single measurement at 95% confidence 
interval is an useful measurement since it includes both within-run 
measurement error variability as well as between-run variability. The 
95% confidence intervals for the standard deviation of a single 
measurement were determined. Since all measurements on milled samples 
were made shortly after the sample was milled, the confidence intervals 
from these data are sufficient to characterize day-to-day variability in 
the measurement process. However, this does not answer the question of 
how much of the variability between mill runs is due to the effect of 
milling or due to the measurement process. 

The second series of tests to evaluate the repeatability were 
initiated in February using a modified procedure based on the results of 
the first series. The primary modifications from the first series 
included the following: (1) completion of powder addition in the first 
twenty minutes of milling to promote uniformity in milling data; (2) 
addition of yttria in the form of suspension dispersed in the presence 
of Daxad 3 4  dispersant to enhance dispersability of yttria; ( 3 )  The 
measurement of particle size distribution at all five sampling times in 
triplicate of three samples to evaluate measurement error; (4) decrease 
of the number of electrokinetic sonic amplitude ( E M )  measurements to 
three at 3 2 ,  50, and 80 min only. The milling is carried out at 5 3 - 5 5 %  
volume loading of powder in the slurry. Initial observations of 
settling and casting data of these slurries show that the dispersion of 
particles has improved. 

The casting of these slurries has shown that consistently we have 
been able to achieve 2.11 to 2.18 g/cm3 green density, depending on the 
slurry conditions. Our casting procedure has not been optimized and we 
have found that it can be improved. Improvements such as porosity of 
gypsum block and pressure application may further improve the green 
density to 2.3 g/cm3. The concentration of Daxad 3 4  polyelectrolyte in 
the dispersion of these powders has been evaluated and found to be not 
very critical as long as the concentration is in the range of 1500 ppm 
based on the powder weight. The increase of  Daxad 3 4  concentration by 
four-fold resulted in an increase of viscosity of this slurry which was 
accompanied by faster settling rate and low green density. At higher 
Daxad 3 4  concentrations, the size of agglomerates appears to be slightly 
larger which could not be detected by the particle size measurement. 
The pH of dispersion preparation appears to be an important parameter 
though the pH does not change drastically provided the initial mixing of 
the powder is carried out at pH 9.5 to 10.0. 



Relative Within Mill-Run Standard Deviation (%) 

Figure 5. Response of relative within mill (run) standard deviation as 
a function of milling time for data of five percentiles. 
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Status of  Milestones 

O n  target 

Comunicationsflisits 

S . J , Lornbardo, St. Gobain-Norton Company visited to discuss milling 
collaboration. 

Publications 

klackley, V. A .  and Malghan, S .  G., “Application of Electroacoustic 
Analysis t o  Colloidal Processing of  Silicon Nitride Powders, ’’ Proc. NXST 
Workshop on Electroacoustics for Particulates Characterization, May 
1993. 

Wang, P . ,  Minor, D. B., and Malghan, S. G . ,  “Binder Distribution in 
Silicon Nitride Green Body by Stray-Field NMR Imaging,” accepted for 
pubP. in J. Materials Research, May 1992. 

Mnlghan, S ,  G. and Minor, D. B., “Silicon Nitride Powders Processing in 
High Energy Agitation Mill,” Annual Automotive Technology Development 
Contractors Coordination Meeting, October 1992. 
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.. * .  
Microwave Sinte ' 
T. N. Tiegs, J. O.%ggans, K. L. Ploetz, H. D. Kimrey, and P. A. Menchhofer 
(Oak Ridge National Laboratory) 

of S b  Nitr~ds 

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

TechnkddghliehUj 

Sintered R e x u  'on-Bonded Silicon Nitnde (SRBSN) - In previous reports, we have shown 
that the mechanical properties of the MW-SRBSN are not equal to ceramics made from 
the higher-cost powders but are appropriate for a number of applications at lower 
temperatures and stress levels.1 It would be desirable to improve both the strength and 
toughness of the materials. Consequently, additional samples were fabricated using 
different processing procedures and materials to improve these properties. For example, 
isopropyl alcohol (PA) was substituted for the water in the milling step. This reduced 
the oxygen pickup and improved nitridation of the silicon at lower temperatures, thereby 
increasing the a-Si3N4 content of the compacts prior to high-temperature sintering2 The 
current samples are also nitrided with approximately 5 vol 5% He in the N2-H2 atmosphere 
to further increase the a-Si3N4 content in the compacts.3 Analysis indicated an increase 
in u-Si3N4 content after nitridation as shown in Table 1. The increase in a-content is 
believed to increase the aspect ratio of the RSi3Nq grains and improve the fracture 
toughness of these materials. 

. .  . .  

Table 1. Summary of results on a a-Si3N4 content of samples after irradiation. 
Final compositions of samples were Si3N4-11.5% La2q3-3% A1203 

Milling Nitridation Nitridation a-Si-jM4 content 
Sample ID medim time (h) atmosphexe 

TM- 137F WiUU- 20 N2-4% H2 27 
TM-137J Water 25 N2-4% H2 52 
TM-lISOH Water 28 N2-4Q H2-5% He 57 
TM-1sOA Isopropanol 27 N2-4% Hz-S% He 88 
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A comparison of the costs for the different sample types of silicon nitride is 
shown in Table 2. The cost advantage of the SRBSN materials is readily evident. It 
should be emph that these costs are based on purchases made by the present authors 
on quantities of 10 kg). -haws of large quantities of these materials would be 
expected to decrease the costs by 4Q% from those presented here. Thus, a commercial- 
scale operation for either SRBSN composition, assuming a 40% reduction, would be 
expected to have raw materials costs on the order of $ab or less. Comparison of the raw 
material costs reveals that all of the SRBSN compositions in the present study are 47% 
those for either of the sintered silicon nitride (SSN) materials. 

Table 2. Composition of sintered reaction-bonded silicon 
nitride (SRBSN) materials 

Initial Milling 
Silicon Si& Sinteringaid a-Si3Nq liquid Material 

Sample Sample impurity Additive content* content forming COS[ - (Wb) 
No. w (wt %) (wt 96) (wt (wt %) method# as-sinmedt 

TM-137 

TM-139 

TM-141 

TM-142 

TM- 145 

TM- 150 

TM-152 

TM-133 

TM-132 

SRBSN 

SRBSN 

SRBSN 

SRBSN 

SRBSN 

SRBSN 

SRBSN 

SSNtt  

SSNTt 

4.05" 

4.05" 

4.05a 

4.05" 

4.05a 

(-0.05" 

d.05" 

N.A.tt 

N.A.tt 

None 

None. 

1.6 

1.6 

None 

1.6 

None 

None 

None 

11.5 % La203 

1 1.5 9% La203 

1 1.5 % La203 

9 %I Yzoj 

11.5 96 La203 
3% ~ 1 2 q s J  
11.5 % La203 
3% A120f.8 
11.5 % La203 
3% Al2qtf.g 
11.5 % La203 
3% A1203hj 

3% A12Of.s 

3% Al2qf.g 

3% A12Of~8 

3% AL203sJ 

9 % Y203 
3% m203iJ 

1W 

5d 

1W 

1W 

1OC 

1W 

1OC 

>98e 

>98e 

Waterfslip- 
cast 
Waterfslip- 
cast 
Water/m* 

IPA**/CIPS 

IPA**/CIP* 

IPA**/CIPS 

IPA**/CIPS 

Waterfslip- 

Waterfslip- 
caSt 

case 

6.42 

5.17 

6.42 

9.89 

9.30 

6.19 

6.19 

37.26 

41.76 

*All compositions contain the same molar content of sintering additives. 
#Material cost based on purchase price in l@kg lots. Cost will decrease at larger quantities. 
?Assumes a yield from nimdation of silicon of 58% for water milled and 62% for P A  milled materials. 
*Cold isostatic pressing. 
**Isoprophyl alcohol. 
Wkem Metals, Co., Buffalo, N.Y.; Grade Si-HQ; 4.2-pm mean particle size. 
h k e m  Metals, Co., Buffalo, N.Y.; Grade Metallurgical Si; 3 . 4 ~  mean particle size. 
cdtarck, Berlin, Germany; Grade LC-1ON SigNq. 
dStarck, Berlin, Germany, Grade S1 Si3N4. 
Wbe Industries, Japan; Grade E-10 Si3N4. 
fla203-Molycorp. White Plains, N.Y.; Grade 5205, >99.98. 
gA12@-Reynolds, Malakoff, Tex.; Grade RC-HP DBM. 
kazO3-Molycorp, White Plains, N.Y.; Grade 5200, >99.99%. 
iA1203-Ceralox, Tuccson, Ariz.; Grade P (0.5 pm). 
8Y203 Molycorp, White Plains, N.Y.; Grade 5600, >99.99%. 
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Densification behavior of the SRBSN and SSN materials is summarid in 
Table 3. As shown, high densities were obtained with samples fnd at temperatures of 
18OoOC for 1 to 4 h. Microwave sintering of the SRBSN was more effective than 
conventional sintering for similar conditions as indicated by the results from samples 
TM-137 and -139. This behavior has been observed in previous comparisons of 
microwave and conventional sintering of Si3N4 powder compacts and SRBSN,1$4,5 As a 
result, comparative sintering runs were not made for all of the sample types, and the 
microwave sintering was emphasized. The specimens fabricated with the high-purity 
powders (TM-133 and -132) sintered to densities >98% at temperatures of 170rOQC with 
microwave heating. 

Table 3. Summary of results of the densifcation and strength of the sintered 
reaction-bonded silicon nitride (SRF3SN) materials 

sintering 
conditions Sintered density Flexural strength 

Sample Heatingtype ("C/h) (g/cm3, % T.D.) at 25°C (MPa) 

TM-137 (SRBSN) Conventional l$Ml/l 3.09, 91.3 N. D. 
TM-137 (SRBSN MicroWave 18W1 3.37, 99.9 480 k 86 
TM-139 (SRBSN) Conventional 1800/4 3.20, 95.4 N. D. 
TM-139 (SRBSN) Microwave 1800/2 3.23, 96.4 415 f 54 

TM-145 (SRBSN) Microwave 18W1 3.12, 93.7 N. D. 

TM-150 (SRBSN) Microwave 1800/1 3.16, 93.6 N. D. 
18OOD 3.34, 99.1 526 f 17 TM-152 (SRBSN) Microwave 

TM-133 (SSN) Microwave 17W1 3.32, 98.3 654 4 16 
TM-132 (SSN) Microwave 17W1 3.27, 98.5 N. D. 

TM-141 (SRBSN) h.ficrOwave 1800/1 3.35, 99.4 310 k 54 
TM-142 (SRBSN) Microwave 1800/2 3.25, 97.7 677 k 45 

734-145 (SRBSN) MicroWave 18W2 3.23, 97.0 785 & 98 

Densification was alsa dependent on the powder pmessing conditions and the 
initial cc-SigN4 content. The materials milled in water generally sintered to high densities 
easily as exhibited by TM-137 and -141. It is a well known fact that significant oxidation 
of the Si occurs during milling in water, and it is this additional Si@ in these samples 
that improved densification. When the same composition was processed in IPA 
(TM- 150), the Si% content was diminished and densification was lower. To compensate 
for the low Si@ content, a small amount was added to the same composition (TM- 152), 
and high densities were again easily obtained. Consequently, for the other compositions 
processed in IPA (TM-142 and -145), additional Si@ was added  at a level to simulate the 
Si@ content in a typical Si3N4 powder. The effect of the initial u-Si3N4 content is 
shown in a comparison of TM- 137 and -139, where a lower a-Si3N4 level resulted in 
lower densities. The cause for this behavior is presently being examined in more detail to 
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further processes involved. From an ee standpoint, it would be 
desirab 
cost of these materials. 

density as shown in Table 2, and obsesved strength variations were attributed to several 
factors. Proeessing in water was detrimental to the strength of the SRBSN materials. 
This is illustrated by the cold isostatically pressed (CIPd) samples, where the strength 
was significantly improved by using P A  during the milling step (TRI-141 vs -152). 
Other research has shown agglomeration of the Si during water processing, and this is 
evidently affecting the 
factor affecting the s 

density was lower. 

higher than for similar SRBSN materials pmessed at te 
ventional heating.6 The highest strength materials con 
lower purity silicon. It is known that the lower 
in the samples after nitridation but before the si 
the low-purity silicon had -70% a-phase content after nitridation as compared to 40% 
for the nitridation product from the high-purity silicon. It is believed this higher 
a-content results in more acicular grain growth during the a-to-I3 transformation and 
improved properties. However, the lower purity powders are expected to have lawer- 
high temperature properties due to the less refractory nature of the intergranular phases. 
Flexural testing at elevated temperatures s ed appmiable strength decrease at tem- 
peratures above 1000°C (see Fig. 1). The le containing Y203-Al203 and using the 
high-purity Si ('I'M- 142) showed good strength retention up to loa)°C. 

a-Si3N4 content since it repre cant portion of the total 

Mechanical testing was perfomed on selected materials that achieved high 

rnaterials,2 By far the most important 
tive. By substituting Y2O3 for La203 

(TM-142 vs -152), from -525 to -675 W a  even though the 

The highest mean ambient temperam wen th was 785 MPa. trength is 

step. Generally, the samples with 

ORNL-DWG 93-12&64 

----.A- TM-137 SRBSN 
---U-- TM-142 SRBSN 
+ TM-145 SRBSN 

0 200 400 600 800 1000 1200 1400 
'Temperature ("C) 

Fig. 1. Flexural strength of skte 
nitride and sintered silicon nitride matend as a function of temperature. 
Samples TM- 133 and -137 were nominally Si3N4- 11.5% La203-3% Al2O3. 
Samples TM-142 and -145 were nominally Si3N4-9% Y2@-3% Al2O3. 

TM- 133 were fabricated from high-purity materials 
"C for 1 h, All samples were heated in the microwave. 

TM-137, -142, and -145 were reaction-bonded and sintered a "C for 
ntered 
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Along with fabricating test samples, parts were fabricated for demonstration of 
reaction-bonding and sintering of complex shapes in the microwave. Several p a s  were 
produced having both thick and thin cross sections. Comparisons of the microstructures 
and the properties of the materials from the various locations can then be made. 

In addition to complex shape fabrication, it is also planned to demonstrate the 
microwave reaction-bonding and sintering of a large number of parts. At the current 
time, two samples are heated at the same time, and parts as large as 1 kg in mass have 
been successfully nitrided. Scaling the process up to significantly higher values will 
require significant effort in fabricating p e n  parts. The possibility of purchasing 
unnitrided parts from an outside vendor is being explored. 

The starting materials for the SRBSN consisted of appropriate amounts of silicon, 
a-Si3N4, Al2O3, and Y203, to give a final composition for the TM-145 samples after 
nitriding and sintering of Si3N4 - 9 wt 96 Y2O3' 3 wt 96 Ai203 The powders were f i i t  
turbomilled in P A ,  then the slurry was dried and sieved through a 40-mesh screen. 
Pellets of approximately 100 g were formed by uniaxial pressing in a 76-mm-diam die, 
followed by isostatic pressing at 5 kg/cm2 to give green densities of 1.59 to 1.62 g/cm3. 
The SRBSN discs, which were approximately 70 m dim by 15 m thick, were pre- 
sintered in argon at 1200°C for 1 h and then bisque-machined to produce either complex 
parts or thin rectangular pieces (4.5 mm thick x 16.5 mm wide x 45 to 74 mi long), 
used in experiments in which multiple SRBSN samples were processed by microwave or 
conventional heating. 

Figure 1 shows the typical sample arrangement and insulation scheme that was 
used for two multi-sample experiments. In setup 1 [see Fig 2 ( ~ ) ]  b i s q u e - f i  samples, 
stacked on boron nitride (BN) plates, were surrounded by dense Si3N4 milling media. 
Eight bisque-fired samples were equally spaced in a vertical orientation against the 
inner surface of the BN crucible. This is called the picket-fence (PF) arrangement, 
similar to the arrangement described by Kimrey et al.7 In setup 2 [see Fig. 2(6)], the 
close-pack-mixed (CPM) arrangement, the pickets were not used. Instead, dense (- 99% 
TD) previously processed SRBSN samples with the same composition were placed along 
the outer edges of each BN plate surrounding an inner group of four bisque-fired TM-145 
samples. Microwave processing of complex SRBSN pieces was done without the aid of 
any picket or CPM. In these experiments, two to three bisque-fd machined pieces were 
stacked on alternating layers of BN plates and surrounded by dense Si3N4 milling media. 
In both the multisample configurations and the complex piece configuration, samples 
were enclosed in a BN crucible, which was packed in Si3N4 powder. As indicated in the 
figure, a molybdenum-sheathed thermocouple with a BN sleeve was inserted between the 
sample layers to measure the temperature. 

Nitridation was performed in a static atmosphere containing IQ-4% H2-5% He at 
-0.1 MPa (16 psia) with additional N;? added as the reaction proceeded. After nitridation, 
the temperature was increased to the sintering temperature and maintained for: the 
appropriate time. An entire heating cycle to 1800°C required approximately 25 h. The 
conventional processing for the SRBSN samples was carried out in a graphite-resistance 
heated furnace in a two-step process. In step one, the pm-sintered test pieces were 
stacked on BN plates inside a graphite crucible and heated to 1450°C in flawing nitrogen 
in 34 h. The samples were then cooled and covered with Si3N4 packing powder and 
heated in flowing nitrogen at S"C/min to 180O0C. Note that, in this conventional 
process, two steps were required, because earlier studies showed that pats completely 
packed in powder in step 1 experienced partial melting during the exothermic nitridation 
reaction stage.8 

Samples were measured and weighed before and after experiments. Lacations of 
samples within insulation setups were recorded for later analysis of heating uniformity 
between different areas of the packages. Densities of all test samples were determined by 
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Fig. 2. Typical sample arrangement and insulation 
scheme used in multi-sample SRBSN sintering: (a) picket- 
fence ~ ~ ~ e ~ ~ n ~  (PF) and (b) close-packed-mixed (CPM) 
arrangement. 

nts were machined into bend 

nter (high) to the outer edge of the crucible flow). Thus 
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Picket samples 3*94 
Edge samples 3.1’9 
Inkxior samples 3*4 
Average 3.17 

0.021 
0.017 
0.02 1 
0.024 

samples by ~ ~ C X Q W ~ V ~  heating 
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Layer 1 3.128 ir 0.WI 

Layer 3 3.226 f 0.085 
Layer 4 3 - 2 4  f 43,m 
h y m  5 3.243 5 0. 

Average 3.232 f 0,012 

Layer 2 3.22’7 f 0.006 

671 172 3.19 k 0.005 48J f 60 
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Fig. 3. Complex sintered reaction-bonded silicon 
nitride parts processed by microwave and conventional 
heating. 

Table 6. Summary of results on hardness and fracture toughness for 
sintered reaction-bonded silicon nitride material processed 

by microwave and conventional heating 

Microwave processing Conventional processing 

Section Vickers Indent Vickers Indent 
Sample thickness hardness toughness hardness toughness 
section (cm) (GW (Wadm) (GPa) W a d m )  

A 
B 
C 
D 
E 
F 

Average 
Std. Dev. 

0.825 13.90 
0.585 14.40 
0.410 14.10 
0.355 13.80 
0.315 14.60 
0.280 14.10 

14.13 
0.38 

6.56 
6.39 
6.23 
6.19 
6.29 
6.30 

6.32 
0.2 1 

12.30 5.59 
12.30 5.17 
12.80 5.80 
12. $0 5.55 
12.60 5.48 
12.80 5.43 

12.58 
0.3 1 

5.50 
0.23 

Find processing conditions 1800°C for 1.5 h. 





31 

most of the power was uised in 

sults in the formation of a Y2Si2@ 
s stable at different temperatures as 
ese phase changes. 

1225OC 1535OC 

for grain boundary phase crystallization 
ble 7, no p- or S-Y2Si207 were observed in 
a-'b12Si2@ was predominantly present 

g cooldown. These samples also had 
to-I3 Si3N4 transformation took place during 
1560"C, the y-Y2Si2@ was pre- 

dominantly present, and generally high a-Si3N4 contents were observed. Crystallization, 
in these cases, ~ r o ~ a ~ l y  took place during microwave annealing with no further u-to4 
Si3N4 transformation taking place. 

cated in Table 7, co -to43 Si3N4 transformation was observed as 
low as , especially when it led with long anneal times (10 h). At higher 
temperatures, 413 transformations occurred in much shorter times. Only minor grain 
coarsening was observed for the high-temperature anneals (>1700OG), but no enhanced 
elongation of the BSi3N4 grains was found. 

The h i g h - t e ~ ~ ~ ~ t ~ e  fast fracture strength did not show an obvious dependence 
on anneal conditions (see Fig. 5). However, the high-temperature strength did appear to 
be dependent on the residual a-Si3N4 content in the specimens (see Fig. 6). The residual 
a-Si3N4 m y  be indkative of a finer average @n size for these specimens and not an 

her strength for the alpha-phase materials. 
effect of microwave annealing on fracture toughness is shown in F'g. 7. 

observed for microwave annealing between temp . The decrease in fracture toughness for the highest 
to the r n i n ~ r  mount of grain coarsening that took 

fatigue testing at 1370°C showed increased failure stress (and hence 
st stressing rates (0.001 MPa/s) as indicated in Fig. 8. 

The conventional annealed materials have B dynamic fatigue failure stress of -340 MPa. 
The present results ate that improvements in the failure stress can be obtained by 
annealing between to 15SOQC €or 35 h. Tbese temperatures are just below the 
eutectic temperature for the intergranular glass phase where optimum Crystallization 
should take place. 

While thex were some observd property improvements, they were not so 
dramatic to justify abandoning conventional over microwave heating. The Si3N4-4% 
Y2Q3 materials used in the study were developed for elevated temperature use and 
already possess excellent high- temperature strength, fatigue resistance, and creep 
properties. ahis is due to the very refractory nature of the grain boundary phases and the 
small quantity of secondary p present. However, microwave annealing of these 
materials m y  be necessary i lieations where the maximum in fmture toughness and 
fatigue resistance is required and thus justifies its use. 

have been processed. This involved four combined reaction-bonding and sintering runs 
and one reaction-bonding only. The samples were sent to Norton for evaluation. 

conventional annealing at 14CN°C, with a baseline K1,=5.1 MPa 4 rn, in- 

Norton SRBSN - Addition& samples of Norton reaction-bonded silicon nitride 
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Table 7. Summary of results of phase analyses of 
mimwave-annealed silicon nitride 

Anneal Residual 
Annealtime a-S i3N4 Y2Si2# 

Sample (‘a (h) content (9%) Ph= 

MW-la 
Mw-2a 
Mw-3a 
Mw4a 
Mw-sa 
me 
Mw-7a 
Mw-w 
Mw-w 
Mw- 1w 
Mw-1 laa 
Mw-1 lbb 
Mw-126 
MW-136 

1738 
1507 
16 
17 
1650 
1773 
1562 
1400 

173W1507 
1650 
1500 
1 
1 
1 

0.5 
6.7 
5.3 
1.4 

6.7 
1.4 
5 
Q.5/5 
5.3 
5.3 
5.3 
5 
5 

10 

0 
25 
21 
7 
0 
0 

21 
3 
3 

23 
19 
6 

12 
12 

g- 
alpha 

700 

650 

600 

550 

500 

450 

400 

T--- .-. ., . ... .......... 

__c__ 

I I I I I I I 
I I I I I I I 
I I I I I I I 
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Anneal Conditions [Temperature (“C) / Time (h)] 
Fig. 5. High-temperature flexural strength of microwave-annealed silicon nitride, 
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s of Milestones 

Milestone 112405 has been completed. The results are shown in this report. 

Cb~nicationsNisits/Travel 

Travel by T. N. Tiegs from November 1-4,1992, to San Francisco, Calif. to attend the 
45th Pacific Coast Regional Meeting of the American Ceramic Society and present a 
paper entitled "Silicon Nitride from MARS." 

Travel by T. N. Tiegs from November 30 - December 3, 1992, to Boston, Mass. t~ attend 
the Fall Meeting of the Materials Research Society and present a paper entitled "Sinter 
Reaction-Bonded Silicon Nitride by Microwave Heating." 

Travel by T. N. Tiegs from January 11-15,1993, to Cocoa Beach, Ha., to attend the 17th 
Annual Conference on Composites and Advanced Ceramics of the American Ceramic 
Society and present a paper entitled "Microwave Processing of Silicon Nitride Ceramics*" 

Problems Encounte r d  

The microwave furnace was not in operation for approximately 5 weeks due to computer 
malfunctions in the control system. 
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Development of Microwave Processina of Silicon Nitride Components for Advanced Hear 
Enlaine Applications Reaction Bonded and Sintered Reaction Bonded Silicon Nitride 
C .  A. Willkens (Norton) 

Obiective/ScoPe 

Microwave processing offers potential advantages, such as decreased nitriding and sintering 
times, nitriding of larger cross-sections and unique microstructures, as compared ta traditional 
sintering techniques. This CRADA project will apply Microwave processing technology 
developed at ORNL to unfired reaction bonded silicon nitride (RBSN) and sintered reaction 
bonded silicon nitride (SRBSN) materials processed at NRDC. Powder compacts produced at 
NRDC will be brought to ORNL for microwave nitriding and sintering studies. The properties of 
microwave nitrided andlor sintered silicon nitride will be directly compared against same lot 
materials traditionally "fired" at NRDC. 

Technical Prowess 

RBSN 

Significant differences in as-nitrided microstructure between microwave and traditionally nitrided 
samples have been observed. in order to better understand these differences, cast and CIP'd 
test bars and tiles of a two different size distributions have been fabricated, presintered for 
strength and sent to ORNL for microwave nitriding. A sarne lot set was nitrided traditionally and 
sent to ORNL for comparison testing with the Microwave nitrided samples. Properties are being 
determined on the as-nittided surfaces of the test bars. 

SRBSN 

SRBSN precursor tiles of two different compositions (9032, 9033) were traditionally sintered and 
sent to ORNL for comparison testing with companion precursor tiles that were nitrided and 
sintered in a single cycle at ORNL. Companion silicon nitride powder tiles (7054, 7059) were 
also sintered and sent for comparison testing with microwave sintered tiles of the same powder 
lot. Modifications to the traditional sintering cycle to achieve higher density, strength and 
toughness were implemented and transferred to the microwave cycle. 

Status of Milestones 

On schedule. 

Publications 

None 



38 

B. E. Wittmer (Associate Professor, Southern Illinois University 
at Carbandale, Carbondale, IL 62901 

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

The project research goals for Phase 1 are divided into 3 major tasks: 

e Economic Mod 

In the most recent work, economic comparisons were made for batch 
and continuous sintering of small and large cam-roller followers as functions of 
furnace size, capacity, production volume, yield, and type of hot zone (tungsten 
or graphite). The results are currently scheduled for publication in the June 
1993 issue of the Ceramic Bulletin. Figures 1 and 2 are typical of the results 
obtained in this modelling. The belt furnaces are labelled $40 and 880 while 
the batch furnaces are labelled 242436 and 242448. In all cases, it was 

more cost effective than in batch furnaces, and sintering in furnaces with 
graphite heating elements and shielding is more economical than in furnaces 
with tungsten heating elements and molybdenum shielding. 

that sintering of small or large cam-roller followers in belt furnaces is 

Work has continued on determining the physical property data for the 
compositions previously sintered in the belt furnace, in addition to more recent 
cornpasitions containing reduced amounts of sintering aids. All of the 
compositions successfully sintered in the belt furnace have had four-point 
flexural strength an fracture toughness measured (given in Table 1). An image 
analyzer with digital imagin was used to measure the crack lengths for 
indented test bars. Because of the improved resolution and contrast of the 
crack geometry, more precise crack length measurements are possible, 
resulting in inore accurate fracture toughness determination. A system similar 
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Figure I. Projected cost for sintering large cam-roller followers in graphite and 
tungsten belt furnaces as a function of production volume. 
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for use in all future measurements. 
I Si,N, formulations, using UBE 

urbomilling and pressure casting 
rmulatrons were A2Y6, A2Y8 with 5 
% P-Si,N, seed. Due to the 

compositions, the A2Y6 
matrix, in order to determine the 
formulation with only 8% sintering 

s with 5 wt.% P-Si,N, seed added 
seeded vs. unseeded compositions. 

compositions sintered irr the 
sintering in the Centorr Model 6- 

BF belt furnace. 
irhd, work was initiated to determine the 
etters with BN coatings as suitable 

leded Si,N, compositions in the belt furnace. 
n the middle during a break-in run, while 

ith 5N setter plate warped and discolored. 
due to a reaction with the C vapor present 
e clue to this reaction or differences in 

o boats. Additional sintering 
peratures to try to minimize 

Cost Si,N, Powders. 

This task was iniki the use of 3 commercially available SiJ, 
powders have a range of purity and powders as p 

cost, with the b@ 
higher in cost an 
34) from P e ~ ~ ~ ~ ~ ~ ~ ~  Ceramics, PeninsuSa, OH was evaluated. The results for 
these various ders are shown in Table I. Some of the highest room 

g the lower cost an purity and Ube E-IO being the 
Another source o low purity and cost Si3N4 (ASN- 

tained from these lower cost powders. 
phase sf this ~ ~ ~ ~ ~ ~ t r ~ c ~ ,  evaluation will continue and will 
when they become available from Dow Chemical Company. 
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Table I. Sintering Conditions and Physical Property Results for 
Carnp~sitions Sintered in the Centorr Model 6-BF Belt Furnace 

A4Y6 
E-1 0 

A4Y6 
LC-18 

A4Y6 
LC-I  2 

A2Y8 
E- lo 

A2ka8 
E-I  6 

5,s 

.... 
7.9 

_1___.-- 

5.7 

18.3 
9.6 
7.4 
7.4 

7.9 
8.0 

6.5 
8.3 
8.0 

6.5 

6.7 

6.2 

7.3 
7.1 
6.2 
6.5 

6.7 
6.8 

6.0 
6.9 
6.6 
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Table I. Sintering Conditions and Physical Property Results for 
Compositions Sintered in the Centorr Model 6-BF Belt Furnace 
(Con tin ued) 

Sintering 
Conditins KlG 

(MPa- 
m") 

Cook 
& 

Lawn 

Klcc 

m") 
Chan- 
tikul 
et ai. 

(MPa- 
MOR 
( M W  

969 

879-1 059 
980-1 166 

784-1 121 
1016-1042 
896-942 

870-954 
870-1 042 
894-1 12 1 
894-1 01 7 

Comp. % TD 
Time 
(min) 

Temp 
("(2 

1625 A4Y13 
LC-10 

90 7.2 6.5 99.5 

99.8 
100 

A4Y 13 
ASN-34 

1700 
1675 

90 
90 

6.5 
5.8 

8.1 
7.2 

12.9 
8.  I 

12.5 

A4Y 13 
E-I 0 

1725 
1700 
1625 

99.8 
99.6 
99.6 

6.5 
6.3 
6.1 

90 
30 
90 

90 
30 
90 
90 

A4Y 1 3 

5%p Seed 
E-10 

99.5 
99.3 
99.7 
99.3 

13.3 
7.2 

12.7 

1725 
1700 
1675 
1625 

6.4 
7.0 

6.5 
---- 

e LC-'IO and LC-12 Si,N, powders were purchased from Hermann C. 

E-10 Si,N, powder was purchased from UBE Industries America, NY, NY 
ASN-34 Si,N, powder was a gratis sample from Performance Ceramics, 

Y20, and La,O, (high purity grades) powders were gratis samples from 

A120, (HPA-0.5 AF grade) powder was a gratis sample from 

Starck, W. Germany 
e 

e 

Peninsula, OH 

Molycorp, Inc., White Plains, NY 

Ceralox Corp., Tuscon, AZ 
e 
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Status of Milestones 

1. Refine Economic Model and Design for CIioserl Completed 
Furnace c anfi g $1 ration 

2. Csntiiiue Evaiuatiori of Sintering Parameters On S c h s d u k  
on Properties of Selected Si,Nsse Compositions 

3. Continue Evaluation of Low Cost Si,N, Powda-s On Schedule 

cs 

D.E. Wittrner ta Annual Cocoa %3each Conference to present paper based on 
work performed as part of this contract 

D.E. Wittmer, J.J Conover, and V.A. Knapp to Anslual ACS Meeting in 
Cincinnati to present results af research performed as part of this contract. 

Faulty isopress pump delayed processing. 

Q.E. Wittrner, J ,,I Conover, V.A. Knapp, and C.W. Milles, Jr ~ "Earoncsrraic 
Comparison af Continuous and Ratch Sintering 0% Si,N,, '' accepted for 
Publication 8s feature in the June l993 i swe  of the Amecican Ceramic Society 
Bulletin. 

D.E. Wittrner, J.J. Conover, V.A. Knapp, acd 6.W. Milles, Jr., "Economic 
Cormparison of Continusus and Batch Sinteriiig of Si,pJ, ", presented at the 
Annual ACS Meeting April 18-23, 1 S93 in Cincinnatio OH. 

B.E. Wittrner, J.J. Conaver, T. Paulson atad C.W. Miller, Jr., "Self-Reinforced 
Si,N, Sintered in a Cont~-olBed Atmosphere Belt. Furnace," presented at t h e  17th 
CCAC, Cocoa Beach, FL Jan. 1ia--l5, 7993. 
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ment of a M#h Qua litv. Low Cost S ilicon N itride Po wdeb 

G.A. Eisman, D.F. Carroll, A.W. Weimer, C.L. Conner, G.C. Cochran, S.D. 
Dunmead, and J. Hwang. (The Dow Chemical Company) 

The objective of this program is to scale a carbothermal nitridation process to the 
pilot plant level for the production of a high quality, low cost silicon nitride powder. 
The initial tasks of this program are designed to 1) determine the relationships 
between raw material precursors, reactor conditions, and post-processing on the 
characteristics of carbothermal powder using an intermediate scale reactor and 
2) identify those characteristics which yield a sinterabte powder that can be 
pressure-less sintered into dense, high strength components. This information 
will provide a basis for the ensuing pilot plant facility scale-up of carbothermal 
silicon nitride powders. The program's target goals are to produce a high quality, 
low cost silicon nitride powder that can be pressureless sintered into components 
with a density greater than 98% theoretical, an average room temperature 
strength greater than 800 MPa, a Weibull modulus greater than 15 and a fracture 
toughness greater than 5 MPa-ml/z. 

The intent of the program is to facilitate a domestic supply of powder produced by 
a process which, at market maturity, sells for approximately $1 O/ib (1 992 dollars). 

XECHNlCAI PROGRESS 

The objectives of Task 1 are: synthesis of 3 kg of powder in a pre-pilot plant 
reactor, a process flow sheet of non-proprietary elements of the process, and a 
preliminary cost analysis of the current process. 

Task 1.1 Process Flow Sheet 

The process flow sheet currently being assembled and to be delivered in May, 
incorporates the unit operations which are utilized in the silicon nitride process. 
Pre-processing unit operations involving feed preparation and post-processing 
unit operations which are in place to handle the powder after the reaction stage 
are depicted. In addition, the steps involved in the reaction stage are outlined. 
Below is an outline of the general stages of the process. 

Overall, the process to prepare the feeds, synthesize the product, and handle the 
"crude" product is quite simple and therefore lends itself to potentially low cost 
operations. In the first block of operations detailing the feed preparation, raw 
materials are added at various stages and then mixed. In addition to the 
reactants, any additives utilized in the process are added and blended into a final 
precursor "mix". The feed preparation involves additional proprietary steps to 
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Table 1. Approximate characteristics of the Si3N4 powder made in Task 1.3 to 
meet the May 93 deliverables. 

Task 3.1 Powder Characterization 

The carbothermal silicon nitride powders synthesized in Task 1.3 are currently 
being characterized to determine their physical properties. Table 2 is a summary 
of results obtained on powders produced in the intermediate reactor during the 
first six months of the contract. As indicated in Table 2, a broad range of powder 
characteristics could be obtained with our carbothermal process. The residual 
oxygen and carbon contents in these powders varied from 1.40 to 2.46 M.Yo and 
0.30 to 0.71 wt.%, respectively. The impurity level in the carbothermal powder is 
low and well within specifications. An improvement to increase the quality of the 
powder can be seen by comparing the iron and aluminum concentrations in 
earlier powders A-D to later powders E-F. The levels of iron and aluminum have 
been significantly reduced by improving our raw materials handling procedures. 
This continuous process improvement dramatically improved the mechanical 
properties of our materials (see Task 3.7). The surface areasa of the powders 
have ranged from 5.6 to 11.6 m2/g. In all cases, the powders have had an alpha 
silicon nitride phase content greater than 95 wt.%. Figure 1 is an SEM 
micrograph showing the morphology of carbothermal powder 8. This powder is 
sub-micron in size and has an equiaxed particle morphology. 

Task 3.2 Powder Sintersbillty 

Sinterability studies were conducted according to an experimental design to 
identify which powder characteristics, reactor conditions, and raw material 
precursors produced a high quality sinterable powder. In these experiments, 
carbothermal powders were mixed with a proprietary sintering additive 
formulation, which had a total glass content of 7.5 volume%. The sintering 
additive formulations took into account the oxygen contents of each carbothermal 
powder. The formulations were uniaxially pressed into greenware and partially 
sintered at elevated temperatures. This partial sintering technique facilitated 
comparisons between powder characteristics and relative rates of densification. 
The sintering formulations were also systematically varied to determine the 
effects of sintering composition. Figure 2 summarizes the effect of the residual 
carbon content on the sinterability of carbothermal powders. The error bars in 

a prior to the mild milling post-processing step. 
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Table 2 
Characteristics of five different lots of carbothermal silicon nitride powder 
produced in Task 1.3 using reactor configuration #2. 

nm - not measured. Analyses in progress. 

, . . ., 

Figure 1. Scanning electrotl rriturugraph of carbothermal powder 6. 
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Figure 2. The effect of residual carbon on the sinterability of carbothermal 
powder. Specimens were partially sintered at elevated temperatures to examine 
the relative rates of densification. 

Figure 2 represent a 95% confidence interval derived from an analysis of the 
experimental design data. As the amount of sintering additive #3 is increased, 
the partial-sintered density for the low carbon powder (powder B) remains greater 
than the density of the high carbon powder (powder A). Based upon these 
results and other evaluations, the best sinterability is generally obtained in 
carbothermal powders with residual carbon contents less than 0.6 wt.%. 

The effect of surface area on sinterability of carbothermal powders is shown in 
Figure 3 for two carbothermal powders with a residual carbon content less than 
0.6 wt.940. As the surface area increases from 8.0 m2/g (Powder B) to 11.6 m2/g 
(Powder C), an increase in the partial sintered density is observed. The increase 
in densification is attributed to a finer particle size of the higher surface area 
powder. In order to compare the sinterabiiity of the  carbothermal powders with 
respect to commercial1 available silicon nitride powders, the densification 

The results show that Powder C,  which has a residual carbon content less than 
behaviors of a di-imide x and direct metalc powder are also shown in Figure 3.’ 

~ 

b Ube Industries, SNE10. 
Denka, P21C 
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Figure 3. The effect of surface area on the sinterability of c ~ r ~ ~ t ~ e r ~ ~ i  silicon 
powders. Speci en5 were partially sintered at elevated ~ ~ ~ ~ ~ r ~ ~ ~ r e  to 

examine the relative rates af densification. 

a surface area of 11.6 m*/g, ex 
owder and slightly less than th 

tian of the carbotherma1 powder, s 
increase the sinterability to a level 

xperirnents are currently unds ay ts develop an optimum 
t can pressureless sinter the caabotherrnal silicon nit 

of theoretical density. Two sintering formulatia 
Daw proprietary sinter 

content 7.5 volume%) and a generic Y203-."112(93 s 
cantent 11.5 volume %). Table 3 summarizes preli 

m compositions forth 
s that were devele, 

, respectively with 
Powders B and c were sintered to 9 
a 5 W.% '4203-5 W.% AI203 formulation. These preliminary results indicate that 

ly for a commercial &imide 
B, C and E were sintered to densities af 97.1 %, 98.9Y0, 



51. 

Table 3. 
Densification results for carbothermal silicon nitride powders sintered with a 
proprietary sintering aid formulation and a generic Y203-Al203 formulation. 

nm - not measured. 

the carbothermal powders have the characteristics necessary to be pressureless 
sinter into dense components. With optimization of the sintering schedule, it is 
anticipated that the sintered densities will be well above the goal of the contract 
( ~ 9 8 %  density). 

Task 3.4 Suspension Development 

To understand the stability of carbothermal powders in water, slips of 1 volume% 
solids were prepared from powders B-E. The pH, conductivity and sedimentation 
behavior of these slips were continuously monitored over a 24 hour period. A 
fifth carbothermal powder, which was mildly milled after burn-out, was also 
evaluated. The results indicate that all powders reached a constant pH and 
conductivity after a 1 5-minute exposure to water. Powders 6-E exhibited a 
constant pH of 4.6 to 4.8 while the mildly milled powder exhibited a higher pH of 
8.1. The higher natural pH exhibited by the mildly milled carbothermal powder 
may be the result of fresh silicon nitride surfaces exposed durin milling. For 

metalc powder have been evaluated to be 8.9 and 4.0, respective1y.l The 
conductivity measurements of the carbothermal powders ranged from 7 to 15 
ps/cm with no apparent difference between the milled and unmilled powders. 
These values were lower than those obtained for a commercially available di- 
imideb (26 pm/cm) and direct metalc (95 pm/cm) powders.’ All suspensions were 
stable over the 24 hour period with no apparent sedimentation. 

comparison, the natural pH of a commercially available di-imide % and direct 

The zeta potential of a carbothermal powder was also measured to characterized 
the powder surface. Figure 4 is an example of the zeta potential as a function of 
pH for our carbothermal powder. The isoelectric point for this powder was 
observed at a pH of 2.3. This behavior is characteristic of an oxygen enriched 
surface layer on the Si3N4 powder. The carbothermal powder was also found to 
exhibit a large, negative zeta potential at pH values >6. This extended region of 
a highly negative zeta potential over a broad range of pH values is desirable 
especially when preparing stable suspensions of silicon nitride/sintering aid 
formulations. The zeta potential of a di-imide produced powderb is also shown in 
Figure 4 for comparison.l The di-imide powder had an isoelectric point at a pH of 
6 and a large negative zeta potential at pH values greater than 8-9. 
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Figure 4. Zeta potential of a carbothermal silicon nitride powder as a function of 
pbl. The zeta potential for a di-imide based powder is also shown for 
comparison. 

Task 3.5 Greenware Formation and Part Densification 

Examination of several kinds of dispersants for the carbothermal powders are 
under way using powders produced in Task 1.3. At least two dispersants have 
been identified which produce slips with viscosities less than 100 cps at high 
solid loadings. Pressure casting and slip-casting results have shown that high 
quality, crack-free greenware with densities ranging from 53 to 58% can be made 
with the carbothermal powders. Further improvements in green densities are 
expected with an optimization of the carbothermal powders' particle size 
distributions. An examination of greenware homogeneity has also revealed an 
uniform distribution of sintering additives can be obtained in a 1.5 inch thick part. 

In order to produce sintered blanks for mechanical property evaluation in Task 
3.7, greenware from powders A, B and E and Dow's proprietary sintering 
formulation were fabricated using a slip-casting technique. This greenware was 
sintered, using our standard conditions, to a density of 97.2%, 98.9% and 96.5% 
for powders A, B and E, respectively. 
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Task 3.7 Part Characterization 

The sintered blanks produced from powders A, B and E in Task 3.5 were 
machined into mechanical test specimens. In order to evaluate the quality of the 
carbotherrnal powder, the average room temperature strength, Weibull modulus 
and fracture toughness were measured. The results of this evaluation ar@ 
summarized in Table 4, in comparison to the contract goals. The average room 
temperature strengths of the specimens made from powders A and E3 were 600 k 
1 15 MPa and 51 0 & 145 MPa, respectively. Fracture surface analysis revealed 
that the modest strengths of these specimens were due to small metallic 
inclusions in the material. The source of these inclusions was identified and 
corrective actions were taken to remove these defects from the carbotherrnal 
powder (see Task 3.1). Powder E is an example of the improvement in 
mechanical properties after the metal inclusions were eliminated. The average 
room temperature strength increased to 795 _+ 45 MPa. The Weibull modulus for 
this material was 18. Even though these strength results are near the contract 
goals, further improvements in strength are expected after the greenware, 
sintering formulation and sintering conditions are optimized for the carbothermal 
powder. The average fracture toughness for each material was determined using 
the chevron-notched bend beam technique. Powders A, B and E had fracture 
toughnesses of 7.4 k 0.2, 6.8 k 0.2 and 7.3 f 0.2 MPa-ml/*, respectively. 

STATUS OF MI1 ESTONFS 

All milestones on schedule. 

Table 4 
Mechanical property summary for three carbothermal silicon nitride lots. 

* based upon 27 specimens. 
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1. Carroll, D,F., Cochran, G.C., Canner, C-L., Dunmead, S.D., Eisrnan, G.A., 
, J., Weirner, A.W., and Mossner, D., "Characteristics of a 

Carbothermal Silicon Nitride Powder," Presented at the 1993 American 
Ceramics Society Meeting, Cincinati, Ohio, April 19, 1993. 

1. D. Carroll and J. Hwang, unpublished data. 

Ray Johnson, Susa 
Program at the Oak 
Department of Energy (Washington, D.C.), visited the Dow Chemical Company in 
December, 1992 to attend the kick-off meeting. 

inslow, and Sonny 
ge National Labor 

ers, of the Ceramic Technology 
, and Bob Schulz of the 

C.L. Conner visited Garrett Ceramics (El Sugund 
forthcoming interaction and collaboration on Dow generated powder. April, 1993. 

D.F. Carroll traveled to Cinchatti, Ohio to attend and present a paper at the 1993 
American Ceramic Society meeting. April 19, 1993. 

in assessing the 

PROM EMS ENCOUNTERED 

None to-date. 
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Cost Efiective Process Siiicm Nitride Eng$ze Com_oonents 
Garry Garvey (Golden Technologies Company, Inc.) 

QbiectivdScope: 

The objective of this work is to develop a low-cost process for the manufacture of high 
quality ceramic engine components based on sintered reaction bonded silicon nitride 
technology. The work shall comprise three technical tasks including materials selection, 
process development, and property evaluation. The material property goal for this 
work phase is a mean RT &point flexure strength of 525 MPa with Weibull modulus of 
15. 

Background: 

The commercialization of silicon nitride engine components requires that reliable, high 
strength silicon nitride 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 from $15 to $70 per pound. Sintering aids for silicon 
nitride are equally expensive. Yttria ranges from $20 to $60 per pound. The use of 
silicon as a raw material for sintered reaction bonded silicon nitride (SRBSN) can 
produce raw material savings, however, the current commercial practice of non- 
aqueous 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. It 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 Ceramics Company/Golden Technologies Company has an executed License and 
Commercialization Agreement to license patents related to silicon nitride technology 
from Eaton Corporation. This technology is based on the aqueous processing of silicon 
metal to produce high quality SRBSN and promises to result in reducing the cost of 
silicon nitride parts. 



The experimental plan is based on an iterative design in which silicon metal powder 
and other raw materials are characterized (task 1), subjected to cost effective processing 
(task 2) and the silicon nitride parts thus produced are evaluated (task 3). The emphasis 
being on identifying low cost processes capable of producing high strength, reliable 
parts. The program is also designed to identify low cost, reliable domestic suppliers of 
the requisite raw materials that can be used to produce high quality parts. 

Task I: "Raw material selection and characterization" will be conducted by sampling up 
to five di€€erent manufacturers for each component. Ceramic raw material lots will be 
charac terized with respect to particle size distribution, surface area, LOI, heterogeneous 
and ~ O I I I ~ ~ ~ I W Q U S  compositions. Organic batch components will be analyzed for 
consistency of manufacturer specified parameters. 

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

Task 11: "Material processing". The point of departure of this task will be to replicate 
the technology licensed form Eatoia Corporation. Once this facet has been completed, 
Caors/G'TC will endeavor to develop novel proprietary and patentable technology to 
simultaneously improve properties, reduced costs and limit environmental risks. Each 
operation in the process flow path will be investigated for opportunities for 
irnproverrwnt. Unit operations to be examined include: milling, spray drying, forming, 
debindering, nitriding) sintering and machining. 

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

0 We have successfully exceeded the goals of this program for strength and reliability. 
GTC-530-71A-81 exceeds the strength goal by 16% and the reliability goal by 5%. 
The following table is a report of three completely separate and consecutive batches 
of SRBSN including: strength, reliability and batch size: (WBS-3.1.2) (03/31/93) 
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Thee full. scale attrition mill rum were completed. The milled powder was 
characterized and processed into sintered parts. Quantitative microstructural 
analysis indicate similar results to bench scale experiments confirming the 
scalability of the process. atch sizes were 2PW of slip producing 13W of dry body 
per run. (WBS-2.14 (03/31/93) 

The fast fracture strength of SI3 SN has been evaluated at temperature up to 1125°C. 
SRBSN sample retained 90% of their strength up PO 95Q'C. (VVBS-3.1.2) (03/31/93) 

A seven C Q I Y ~ X I ~ I I ~  dry pressing binder system has been developed. Bench top 
pressing yields have been improved from 40 to 95%. Debindering and sintered 

ave been proven to be satisfactory with this new composition. Final 
contyositional a jushcnts will be made once the automatic press is operational. 
(WBS-2.1.3) (03/31/93) 

We have irriplemented a progrim to characterize property gradients in sintered 
parts. While many samples are ~ ~ o ~ ~ ~ ~ ~ ~ o u ~  due to a combination of processing 
parameters, many ex bit ~ ~ ~ Q ~ r o ~ ~ .  Anisotropy generally results from non- 
optimal thermal processing. %evert18 experiments have been performed by 
perturbing preferred operating conditions resulting in  OW density products 
and/or thermo-decomposition of: sibcan nitride resulting in increased silicon and 
porosity. Qptiimal thermal processing parameters have been identified which 
produce homogeneoilsly low silicon porosity levels. (WBS-3.1.2) (02/15/93) 

Detailed TEM and electron diffraction studies of Coors/GTC SRBSN was performed 
at Case-Western Reserve University. Results indicated that no residual amorphous 
intergranular phase exists. The silicon nitride phase was determined to be beta 
phase with a large fraction of grains ~ x ~ ~ i t i n ~  acicular morphology. Typical aspect 
ratios of 8:1 were fouiad. (W S-3.1.2) (02/01/93) 

The effects of refractories on the sintering characteristic of silicon nitride were 
studied. Both refractory metals and ceramics were studied including molybdenum, 
graphite, alumina, silicon carbide, boron nitride and silicsii iitride. A standard 
refractory material was selected. ( i3S2.1.5) (02/01/93) 

A series OP experiments were pcsforaraed to correlate powder properties, process 
parameters, and product properties. Particle size, surface are and oxygen content were 
varied. The microstructural and mechanical properties of parts produced from these 
powders were evaluated. Optimal article size, surface area and oxygen content were 
determined. (WRS-1.2) ~ ~ ~ / ~ ~ ~ 9 3 ~  

A series of experiments consisting of fifteen continuous sintering runs have been 
perforined. Maxinium temperatures, time at temperature and thermal profiles of the 
three ZQIW furnace w ~ r e  varied. These experiments indicated that silicon nitride can 
be rapidly sintered in a continuous furnace to 99% density. (WVBS-2.1.4) (01/15/93) 
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* An experiment was performed to evaluate the effectiveness of different milling and 
mixing techniques at producing high quality silicon nitride parts. High shear 
mixing was eliminated as a substitute for mill due to economic considerations. 
Attrition milling was fQWd to be more efficient than ball milling and eliminated the 
explosion hazard inherent in aqueous milling of silicon in ball mills. Six different 
milling medias were evaluated for their milling rates and ability to produce high 
quality silicon nitride. (WSS-2.1.1) (01/01/93) 

0 An extensive Rheological Matrix Experiment has been performed. The effects of 
thirty-two different additives on Rhczulogy have been evaluated. Each dispersant, 
binder, lubricant and electrolyte were evaluated at least four different levels and six 
different shear rates. Matrix ef€eects of binary combinations were also evaluated. 
From these experiments, a standard dispersant-binder-lubricant-electrolyte 
combination was selected as a standard composition. (WBS-1.1) (12/01/92) 

0 The Eaton Process has been reproduced. Results are consistent with those reported 
by Eaton. These results are given below: (12/01/92) 

Density (Archimedes) (g/cc) 3.27 

True porosity (Yo) 3.0 

Hardness (Vickers Q 1 kg) jkg/mm2) 1450 

Toughness (15Bj 6.0 

Absorption (YO) 0.1 

MOR (ksi) (MPa) 449 
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1.1.4 Processina of Monolithics 

lmproved Processing 
V. K. Pujari, La. M. Tracey, M. R, Foley, A. K. Garg, N.1. Paiile, 
P. J. Pelletier, L.C. Sales, C. A. Willkens, R. L. Veckley (Norton Company) 

Obiective/scope 

The goals of the program are to develop and demonstrate significant 
improvements in processing methods, process controls, and 
nondestructive evaluation (NDE) which can be commercially implemented 
to produce high-rel iab~~~ty silicon nitride components for advanced heat 
engine applications at temperatures to 1370OC. Achievement of this goal 
shall be sought by: - The use of silicon nitride - 4% yttria c o ~ ~ o $ i t ~ o n  which is 

The generation of baseline data from an initial process route 

Fabrication of tensile test bars by colloidal techniques - 
Identification of (critical) flaw populations through NDE and 

Correlation of measured tensile strength with flaw populations 

Minimization af these flaws through innovative improvements 

consolidated by glass encapsulated WIP’ing. 

involving injection molding. 

injection molding and colloidal consolidation. 

fractographic analysis. 

and process parameters. 

in process methods and controls. 

- 
- 
- 

- 
- 

The quantitative program goals are: 1) mean RT tensile strength of 
900 MPa and Weibull modulus of 20, 2) mean 1370°C fast fracture tensile 
strength of 500 MPa, and 3) mean 1230°C tensile stress rupture life of 100 
hours at 350 MPa. 

Technical hiqihlights 

During the reporting period, the focus was on analysis of data 
generated during the Stage I I I  process demonstration, which was 
conducted fro ay 1 to November 30, 1992. The demonstration involved 
the fabrication and testing of several hundred NCX-5102 tensile rods. The 
fabrication folBowed t he  standard operating procedure (SOP) of the 
aqueous based, pressure casting process optimized during the 15 month 
Stage I I  portion of the program. 

Stage I involved the establishment of baseline forming datal using 
injection molding and colloidal consolidation processes for fabrication of 
near net shape formed (NSF) tensile rods. Pressure casting was found to 
offer the best potential for achieving the program’s mechanical property 
targets and for cost-effective rnanufacturability. The progress from these 
baseline process tians to the current is summarized in Figure l a .  
Mean tensile stre has been effectively doubled, with the current level 
of NCX-5102 mean strength at 1 GPa. Tensile strengths at: the 1 EPa 
level have rarely been reported in the past. This current result is the 
mean for over 300 samples, as discussed in detail below. In general, 
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flexure mean strength levels have not been this high, as indicated by 
competitive material data plot 
strength realized in this progr 
reduction in average flaw siz 
reducing flaw frequency, as 

enhancement in 
by affecting a fivefold 
d significantly 
by data, Figure Ib, 
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Figure 1 : Chronology of Process lmprovernent 

Stage I I I  Room Temperature Tensile Strength Database 

The tensile test database from the Stage Ill demonstration set 
includes fractography results on location, type and size of the failure 
origins obtained using optical and scanning electron microscopy. The 
majority of the room temperature specimens had failure origins at the 
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surface within the uniformly stressed 6 mm diameter gage length. Two 
types of surface failure origins were identified; namely, machining flaws 
and amorphous areas that developed during a post-machining treatment 
step. A typical machining flaw which includes a grinding groove and 
associated radial cracks as depicted by liquid dye penetrant technique is 
shown in Figure 2. Also, two distinct types of volume flaws were 
observed. One was a microstructural flaw characterized by a zone of 
microporosity. The other involved inclusions from contamination 
subsequently traced to a piece of processing equipment. 

Machining groove (1 3pm) in HIP’ed/machined NCX-5102 
revealing crack branching and material fracture. 

A grinding groove, 6 pm wide, which produces 8-35 pm radial cracks 
(350X) 

Figure 2: LDP Detection of Machining Related Cracks 



In the statistical analysis discussod 6c6aw, the surface amorphous 
flaws and the volume rnicrostcuctidral f l a w  were ransidered ko comprise a 
set of intrinsic flaws, since they ranbomiy OCWI within the standard 
processing cycle. On Zks other hai;a.j, the machining damage a n d  inclusion 
flaws were classified as being extrinsic f l a v ~ ,  s i m e  ?hey arc subject to 
control by means unrelated to tha silicari nitride process per se, 

The database includw a total af 328 valid tensile tosts. The 320 
strength data are presented in 2 cw-tcllativ@ probability of failure plot using 
standard Weiblall casrdinaiss i3-i E. igure 3 ,  The data ramp from 540 to 
1237 MPa a n d  have a mean vdue  of 997 MFa, The nm-dinsar character of 
the distribution with mcaitiple ifificwtiarw suggc:s:s $!.tat a 2-pararnoter 
Weiblmll fit of this data (0,=1038 MPs, i117 10 4) w,./euld be inappropriate and 
that the multirnodai raziture sf the data sSiau$d be represented using 
competing risk analysis. 
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The rnultimodal analysis wgs pursued by considering the group of 
320 strength data 8 s  beii~ig composed of twa sets, with one set (n=l70) 
representing strengths af intrinsic defects and the ether (n=? 50) 
representing strengths of ex?irirssic defects, Figure 4 I Carnpetir-ig risk 
analysis reveals that the extrinsic strsngtti data dorrrinate t h e  rianiinear 
low strength tail af the ov&rrall distr~bi~~tiOn, Figure 4 .  A plot of their 
distribution is similar to that of Figure 3. The intrinsic strength data on the 
other hand has a distinctly diffsre~nt chaiacter which is welI represented by 
a 3-parameter Weibsnil model with a threshcjld stress sf 865 MPa, a scale 
value af 444 MPa and a shape value af 392.  The intrinsic strength data 
are platted in Figure 5 along with this 3-p.zranPeior rnadel and also with a 
2-parameter fit which clear!;. is a poor representation af the data. The line 
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eft of the data represents the program target material having a 
snsile strength of 900 MPa and a 2-parameter Weibull modulus o 
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Figure 5: Cummulative Probability of Failure Plot of Intrinsic 
Strength Data 



64 

From a reliability perspective, the important feature of the 3 
parameter Weibull distribution is the existence f a threshold stress below 
which there is zero probability of failure. Physi ally this corresponds to a 
processing methadology which has succe in truncating the upper tails 
of the critical flaw size distributions, A th Id at the level indicated 
clearly has direct impact on design syste in fielding reliable 
ceramic components. For instance, NCX-5102 with the 3 parameter 
distribution of Figure 5 would provide higher reliability at a31 stress levels 
when compared to the program target material, as indicated in Table 1. 

Table 1 : Probability of Survival at Given Stresses (MPa) 

II I Target I ~ e i b u ~ ~  2 I Weiblall 3 
parameter Parameter 

R9994 583 533 707 

6199999 520 444 689 

Elevated Temperature Tensile Test Data 

The potential of reaching the program’s elevated temperature 
property targets was demonstrated durin Stage I !  using a 
SOP. Fast fracture strengths at 1370°C were found to ran 

in 5 tests. Stress ruptu 
s at 250, 300 and 350 MPa 

from 425 to 520 MPa with a mean of 477 
lives at 1230°C equaled or exceeded 180 
in separate tests, although not all tests at 350 MPa s ed 100 hours. 

It was found that processing conditions for opti room 
temperature properties differed from the above SOP, primary focus in 
the program was to establish strength and reliability improvements through 
flaw control using room temperature strength data as the measure of 
improvement. Qn this basis, the Sta 
which favored room temperature cha 

Fifteen Stage I 1  I samples were tested to fast fracture at 1370°C. 
The mean strength was 396 MPa, with a range 344-452 MPa. Ten Stage 
Ill stress rupture tests were conducted at 1230°C. The target 100 hour 
lifetime was achieved at 250 MPa, but not at higher stress levels. The 
data from the Stage !I and Stage Ill tests are shown in Figure 6 in a plot of 
applied stress vs. failure time. 

Large Cross Section Specimen Strength Data 

1 1 1  optimization focused on SOP 
lerization of NCX-5102. 

eneral applicability of the optimized process b 
was demonstrated by fabricating and testing 
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150 mm long specimens. These have been referred to as MLP (machined 
from large piece) specimens, in that the specimens were machined into 
many flexure bars (3x5x50mm) for assessment of the properties across 
the 50 mm section. Excellent fast fracture strength results were obtained 
both at room and elevated (1370°C) temperatures. The data were found to 
fit a 3 parameter Weibull form in each case, Figure 7a,b, with threshold 
stress values of 653 and 51 7 MPa for room temperature and 1 37OoC, 
respectively. 

TARGET 7 400 

A 

350 0 0 O O D C I H  

0 

0 0 0  0 H 

e ; 275 
a a a 

STAGE III specimens not optimized 
for  high temperature properties. 

225 

I 
1000.0 0.1 1.0 I O .  0 100.0 

FAILURE TIME (HRS] 

0 STAGE I11 
FAILED 

0 STAGE III 
SURVIVED 

II STAGE I1 
FAILED 

lli STAGE I1 
SURVIVED 

A TESTED AT 
HTML 

Figure 6: Tensile Stress Rupture Data at 1230°C in Air for Stage 
II and Stage 1 1 1  Specimens 
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Improved Processinq 
S. D. Nunn, 0. 0, Omatete, C. A. Walls, N. Bell, 
and K. L. Ploetz (Oak Ridge National Laboratory) 

0 bi ect iv e/s cop e 

The objective of this task is to determine and develop the reliability of selected 
advanced ceramic processing methods, This program is to be ~ ~ ~ ~ ~ c t e d  on a scale that 
will permit the potential for manufacturing use sf 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 highliqhts 

I .  Silicon Nitride Gelcasting 

Work is continuing on silicon nitride compositions prepared using two of the new 
gelcasting systems that are being evaluated as lower-toxicity replacements for 
acrylamide. The two systems are: metharcrylamide m o m m a  (MAM) with 
polyethylene glycol dimethacrylate (PEG BMA) crosslinking agent and MAM with 
methylene bisacrylarnide (MBAM) crosslinker. The compositions are being evaluated 
for maximum solids loading, viscssity, and deaising characteristics. The gel system 
monomer-to-crosslinker ratio, catalyst addition, and accelerator level are bein 
to determine the effect on slurry and gel properties. 

A new casting method is being evaluated to reduce the possibility of trapping air in 
the mold and causing either surface defects or non-filled regions in thin mold 
sections. The method involves designing the mold to have the capability of being 
partially evacuated before being filled with the gelcasting slurry. Two vacuum 
gelcasting molds have been designed and fabricated. One of the molds will produce 
a simple flat plate that will be used to make modulus of rciptuae bars for 4-point bend 
test strength measurements. The other mold will be used to cast button-head tensile 
test rods. 

Another processing approach that is being evaluated is low-pressure injection 
molding. An injection molder and Slat plate mold have bean received and are 
presently being prepared for use in gelcasting. Some modification of the equipment 
will be required to allow chilling of the slurry supply tajak (is prevent premature 
gelation) and to provide mold heatins capability to alllsw gelling in place, It is 
believed that this system may demonstrate gelcasting in a production-type 
environment. 

Samples of gelcast silicon nitride contdining 6 id. % Y,O, and 2 W. % AI,O,, which 
were gas-pressure sintered for 2 h at 1850" C and 100 psi nitrogen pressure followed 
by 1 h at 1900" C and 300 psi, had a density of 99%. The gelcasting formulation 
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used to prepare the batch was MAM/MBAM in a 9:l ratio. The average room- 
temperature &point bend strength of this material was 673 i 76 MPa. The fracture 
toughness was about 7 MPdm. Scanning electron microscopy (SEM) examination of 
the fracture surfaces revealed a relatively flne-grained microstructure (grain diameter 
0.5 to 1 .O pm) with the grains having a high aspect ratio. An example of the 
microstructure is shown in Fig. 1. 

Several gelcasting batches were prepared using various chemical formulations. All of 
the batches were made with UBE E-10 silicon nitride powder and contained 45 vol % 
solids: 

A 6 Y20$2 A&03 batch was made using the old standard premix "6" formulation 
(acrylamlde/MBAM 23:l). This batch was us& to cast the first button-head tensile 
rod specimen. The mold is designed to allow evacuation before casting and bottom 
filling, both of which should minimize the possibllity of trapping or entraining air 
bubbles during the casting procedure. A photograph of the mold and examples of 
parts that were successfulty cast in the mold are shown in Fig. 2. Some distortion of 
the tensile rods occurred during drying because the gelled rods were not strong 
enough to be self-supporting. 

To increase the rigidity of the gelled body, a batch was prepared using the 
MAM/MBAM formulation with a ratio of 6:l. The viscosity of the turbomllled slurry was 

Fig. 1. Fracture surface of gelcast UBE E-1 0 silicon 
nitride containing 6 wt % Y203 and 2 wt % AI2O3 fired in a 
two-step gas-pressure sintering process far 2 h at 1850°C 
and 100 psi nitrogen folfowed by 1 h at 1900°C and 
300 psi pressure. 
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Fig. 2. Button-head tensile rod specimen mold with gelcast 
parts of silicon nitride and alumina. 
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measured at various shear rates. As shown in Fig. 3, the slurry exhibited 
pseudoplastic behavior with the viscosity dropping rapidly to a relatively constant level 
of 100 to 200 mPaos (cP) when the shear rate was increased to more than about 
150 s-', The slurry was very fluid and was deaired and cast easily. The increased 
amount of cross-linking agent in this batch produced a much stronger gelled tensile 
rod, but further improvement will be required both in gel strength and in fixturing to 
support the tensile rods during drying to completely eliminate distortion. 

To evaluate the consistency of strength values that may be obtained using the 
gelcasting process, another 6 Y20J2 AI,O, silicon nitride batch was prepared using 
the MAM/PEG 3:l ratio, which has been described in previous reports. The batch 
was mixed and carefully vacuum deaired before being cast in flat plate molds. The 
cast samples were dried and fired at 1850" C for 4 h under a 50 psi nitrogen 
atmosphere. The samples had a density of 99%. Twenty 4-point bend test bars were 
fabricated and broken at room temperature. The average strength was 622 i 49 MPa. 
The Weibull modulus was about 15, indicating excellent uniformity in the strength. 

I I .  Sintered Reaction Bonded Silicon Nitride (SRBSN) Gelcasting 

Gelcasting of Si for forming SRBSN parts was evaluated in the MAM/MBAM gelcasting 
system. Attempts at preparing gelcast batches were unsuccessful due to the 
reactivity of Si metal in the aqueous slurry. Pretreatment of the Si powder by aging in 
water at room and at elevated temperatures, oxidizing in air at 6OO0C, and partially 
nitriding the powder at 1200°C were methods that were tried to passivate the powder 
surface and reduce reactivity. However, the new surface created during milling of the 
powder for batch preparation negated these surface treatments and resulted in gas 
evolution in the slurry. 

Additional batches were prepared using isopropyl alcohol or a mixture of alcohol and 
water to reduce gas evolution at the Si surface. While this method helped during the 
milling process, gas formation was observed when the catalyst and the accelerator 
were added to the batch prior to casting. 

A study was then undertaken to determine the effect of solution pH on gas evolution. 
It was found that gas formation was eliminated at low-solution pH levels ( -  pH 4). 
This indicated that Si gelcasting may be possible in an acidic system. One such 
system that is being considered utilizes acrylic acid (H,C = CHCOOH) as the 
monomer and the lanthanum salt of acrylic acid as the crosslinker. The salt is 
prepared by dissolving La,O, powder in acrylic acid, forming a trifunctional 
organometallic compound [H,C=CHCOO],La. Aqueous 1 5% solutions of the 
monomer and crosslinker were prepared. The optimum monomer/crosslinker ratio, 
initiator level, and accelerator level were determined in a series of trials. It was found 
that good gels could be obtained at 80°C using a 7:l ratio of monomer to crosslinker 
with 0.42% ammonium persulfate (AP) initiator and 0.21 % TEMED accelerator. This 
system will now be evaluated with Si to see whether the outgassing problem can be 
eliminated. 
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111. Alumina Gelcasting 

The fracture surfaces of 4-pt. bend test bars described in an earlier report were 
examined using SEM. The examination revealed a uniform microstructure consisting 
of equiaxed grains approximately 2 pm in diameter. The fracture surface of a typical 
sample is shown in Fig. 4. The examination also showed a mixed fracture mode, with 
about 25% transgranular fracture. 

An alumina batch was prepared using a MAM/MBAM mixture (9:l ratio). The batch 
contained 55 vol % Reynolds RC-HP DBM alumina, a fine-particle-size, sinterable 
alumina containing 0.05 wt. % MgO. The gelcasting slurry was cast in thin plate 
molds, and the dried and debindered plates were fired at 1500" C for 4 h in air. The 
fired plates had a measured density of 99%. Four-point bend test bars were cut from 
the samples and had an average fracture strength of 451 * 81 MPa. This is an 
excellent strength for sintered alumina, but the standard deviation needs to be 
improved. 

A portion of this batch was also cast in the tensile rod mold and produced an 
excellent gelled casting as shown in Fig. 2. 

IV. Alternate Gelcasting Systems - Gel Characterization 

As was discussed in the last progress report, three gels (acrylamide, MAMPEG, and 
MAM-MBAM), were characterized by three rheometer vendors. Based on their 
experimental reports, a purchase specification for an automated rheometer was 
prepared. Since the rheology of gels filled with ceramic powders will also be 
investigated, a high torque (200 mNom) was specified. The specification has been 
approved and sent to the three vendors to bid on supplying the rheometer. 

A large controlled-temperature/humidity chamber has been delivered and installed. It 
provides a large workspace 0.5 m3 ( 19 ft3) for drying gelcast parts and should have 
an approximate controllable combined temperature and humidity range of 25 to 95" C 
and relative humidity of 25 to 95%. The chamber is undergoing trial runs preparatory 
to further studies of the drying of gelcast ceramic parts. 

Dried MAM-PEG gel was examined using thermogravimetric analysis (TGA) at a 
slightly lower heating rate of 4"C/min compared to 6"C/min reported earlier. Figure 5 
shows the comparison of the data. The shape of the curves is similar. However, the 
curve at the slower rate gives sharper inflection points, which are better suited for 
determining the binder burnout schedule, 

Pure gels were prepared from the three gelcasting systems: acrylamide, MAM-PEG, 
and MAM-MBAM. Similarly, 50 vol Ox, alumina cylinders were gelcast in the three 
systems. Both the pure gels and the alumina green parts were dried at controlled 
relative humidity and room temperature. The dried gels and the alumina green parts 
were pyrolyzed in a Mettler TGA Model T-60, specially modified to serve as a 
temperature program reactor, from room temperature to 800°C at 4"C/miin. The flue 
gas was passed into a UTI-100 quadrapole mass spectrometer for gas analysis. 
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E 
Fig. 4. Fracture surface of 4-point bend test specimen 

of gelcast RC-HP DBM A1203 fired at 1500°C for 4 h showing 
uniform grain structure and mixed-mode fracture. 
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Fig. 5. A comparison of the mass loss of two samples of 
methacrylamide monomer/polyethylene glycol dimethacrylate gel 
during thermogravimetric analysis. One sample was heated at a 
rate of 6"C/min and one sample at 4"C/min. 
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The TGA data for the pure gel and the green part for each gelcasting system were 
compared by plotting them on the same graph. In all three systems, the green parts 
lost only 4 to 5 % of their weight, the dried gel serving as binder; the gels were 
completely pyrolyzed. The green bodies commenced weight loss just above room 
temperature and lost all the weight at about 500°C. The weight loss for the pure gels 
commenced around 100" C and was not complete until temperatures above 600" C. 
Figure 6 shows the burnoff for the MAM-MBAM system, which typifies the trend 
discussed above. 

The data from the mass spectrometer showed that the pure gels eluted similar mass 
species at about the same temperatures. The same species at much lower concen- 
trations also came off the green parts but at slightly lower temperatures than the pure 
gel. Figures 7 and 8 show, respectively, the mass species eluted for pure MAM-PEG 
gel and the green part in the same system. As Figure 7 shows, the graph for pure 
gels can be divided into three regions: room temperature to about 250°C, 250 to 
450°C, and above 450°C. Below 250"C, only bound water is eluted with two peaks 
both above 100" C. In the intermediate region, the gel decomposes and small 
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hydrocarbon species are eluted. In the region above 450"C, there is combustion in 
addition to decompositiats as both water and carbon dioxide are eluted and show 
peaks, in addition to the hydroesrbon species peaks. 

Figure 8, which typifies the data for the green parts, fails into two parts, below and 
above 150°C. Below 15 
green body is eluted, an 
sition peak temperatures were neariy the same far all of the species (with the major 
decomposition peak at - 340" C) indicating that decompositi~n and combustion 
occur concurrently. Them is usually a sharp, large species-1 2 peak. 
carbon but a measure of other hydrocarbons (and even carbon man 
tain carbon and were not specifically being monitored, 

h was retained in the incompletely dried 
@. Above 150"C, tho multiple decomps- 

V. Garrett Cooperative Research and Development Agreement (CRADA) 

As a follow-on to the previous CRADA between BRNL atid Garrett Ceramic 
Components (GCC), work on the gelcasting of silicon nitride components is 
continuing under an extension of %he CRADA. Research under the previous 
agreement demonstrated the feasibility of using gelcasting to produce 
complex-shaped components (automotive turbochar er rotors) using GCC's GN-18 
SiJ, composition. Mechanical property testing showed that gelcast Si,N, could be 
produced that had mechanical properties comparable to GCC's slipcas'i SI,N,. Under 
the new agreement, OWNI- is incorporating one of the new gelcasting chemical 
systems thal has improved environmental, safety, and health ratings. (Previous work 
was done in the acrylamide system. The acrylarnide monorner has a high toxicity 
rating.) Work focuses QI-I achieving low-viscosity slips containing high volume 
fractions of Si,N, powder and on complete removal of the organic materials during 
binder burnout. GCC is firing gelcast samples using glass-encapsulation hot-isostatic 
pressing and measuring the mechanical properties. 

Two gelcasting trial batches were prepared using the GCC GN-10 silicon nitride 
formulation. The batches were to compare two of the new gelcasting systems and to 
determine the best initiator and accelerator levels to obtain acceptable gels. The two 
systems were the MAM/MBAM and the MAM/PEG systems, which have been 
described in some detail in earlier reports. Both of these systems appear to be good 
alternatives to the acrylas-nide system. 

The 200-mi batches were prepared with approxi ately 45 vo1 '36 solids loading. 
Mixing was done by hand and on the KS-500 shaker table. Daxad 30 and pH control 
using ammonium hydroxide were used to improve particle dispersion. The AP initiator 
level was varied from 0.02 to 0 36 vol %, and the TEMED accelerator level was varied 
from 0.04 to 0.36 vol %. The samples were placed in an oven at 45°C to gel. A 
qualitative evaluation of the gels that were formed indicated that the best gel was the 
MAM/PEG ccb;mpositicrn with 0.09 vol % AP and 0.09 vsl % TEMEB. 

A large gelcasting batch (1 506 ml) was prepared using the previously determined 
composition. To obtain complete dispersion of the ceramic powders in the solution, 
the batch was mixed using a Scrrbomill. The resulting slurry was very fluid and deaired 
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well under vacuum. Addition of the AP and TEMED to the deaired slurry resulted in 
spot gelation (the formation of gelled lumps) in the slurry. This is an undesirable 
characteristic and has been shown in the past to result in inhomogeneities in the fired 
material. This difference in response to the level of initiator and accejerator additions 
between the test batches and the large batch appears to be due to a difference in the 
extent of powder dispersion. The small, hand-mixed batches were dilatant (shear 
thickening), while the turbomilled batch was thixotropic (shear thinning). These 
differences in the rheology of the slurries indicate a clear difference in the dispersion. 

A second 1500-ml batch of GN-10 in MAM/PEG was prepared to reevaluate the initi- 
ator and accelerator levels that would be required in the turbomilled batches. From a 
series of samples tested at 45"C, it was found that 0.02 vol % AP and O B 1  vol % 
TEMED additions resulted in the best gel. 

Having determined the additions needed to obtain a good gel with the turbomilled 
batch, a new batch was prepared for gelcasting based on these findings. Again, the 
batch consisted of 45 vol % GN-10 in a MAM/PEG solution. The batch was deaired 
under vacuum, and the initiator and accelerator were added. A portion of the batch 
was cast in a flat-plate mold using our normal procedure of pouring the slurry into the 
open top of the mold. Another portion of the slurry was cast into a new mold, which 
is capable of being evacuated and then filled from the bottom. The vacuum molding 
procedure can eliminate trapped air in the mold and also eliminates the possibility of 
entrapping air in the turbulent stream of a poured slurry, as in the conventional 
casting method. The vacuum casting mold produces a simple thick plate. The cast 
samples were dried and are being examined to determine whether or not the vacuum 
casting was beneficial in eliminating flaws from the cast part. 

An additional gelcasting batch consisting of 45 vol OX, GN-10 composition in a 
MAM/PEG (3:l) solution was prepared. The batch was deaired under vacuum, and 
the initiator and accelerator were added. This batch was cast in the new tensile rod 
mold to evaluate the ease of filling and gelling in an evacuated mold. The cast parts 
showed excellent molding characteristics but suffered from the same distortion 
problems observed with other materials (see Sects. I and 111) during drying due to 
inadequate stiffness of the gelled part. A GN-10 tensile rod specimen is shown in 
Fig. 2. Modifications to improve the process are being evaluated. 

The remaining T-25 turbocharger rotox molds (provided by GCC) are being prepared 
for casting. A special casting setup has been designed to allow the molds to be 
bottom filled inside an evacuated chamber. This procedure should help to minimize 
the possibility of forming surface defects and non-filled areas in the thin sections of 
the rotor fins. 

Status of milestones 

On schedule. 

Publications and presentations 

None. 



F. F. h n g e  and D. S. Pearson (University of California) 

Obi ective/scope. 

We are trying to increase the understanding of the role of interparticle forces 
in the processing of ceramics. The effects of electrolyte addition and pM 
changes on the rheological properties of dispersions, the kinetics of pressure 
€iltration, and the mechanical properties and niicrostructure of the resulting 
bodies will be compared to each other and to existing models of interparticle 
forces ( i e .  , DLVO theory). 

Technical ~ ~ ~ ~ r ~ ~ ~ .  

Two approaches were taken to improve the processability of silicon nitride 
slurries. Both methods attempt to produce short range repiilsive potentials 
between particles, i.e., make coagulated slurries. It has been denionstrated for 
alumina slurries that this type of repulsion produces suspensions which can 
be consolidated to high relative densities and do not mass segregate. 
Coagulated alumina slurries are produced by adding salt to dispersed slurries. 
Bodies consolidated from these slurries are plastically deformable and thus 
will not crack due to the removal of the forming stress and may be reformed 
after consolidation (while wet) to complex shapes. 

nitride to mimic alumina which is known to coagulate. Silicon nitride 
powder can be coated in two methods. The first relies on precipitation of an 
aluminum salt onto the particle surface. The reaction involves heating a 
suspension of the powder, an aluminum salt (e.g. aluminum nitrate) and 
urea. Urea decomposes at approximately 80 C raising the pH of the slurry and 
forcing the aluminum to precipitate. The second method reacts aluminum 
alkoxide (e.g. aluminum sec-butoxide) directly to the silanol groups of the 
silicon nitride surface. The reaction occurs spontaneously at room 
temperature. By slowly adding water to the nonaqueous slurry, a thicker 
layer of alumina is built up because the water reacts with the alkoxide bound 
to the surface which is then capable of reacting with more alkoxide. 

We have pursued both procedures in the past and found that uniform 
coatings of the surface are not obtained. We had hoped that by building up 
thicker layers of alumina we would improve the behavior of the powder. 
L41though we can change the isoelectric point of the coated silicon nitride 
€ram pH 5.5 to pH 9, i.e. the same as alumina (see figure l), the powder packs 
to the same relative density as the as-received powder. Measurements of the 
slurry viscosity as a function of shear rate indicate that the addition of salt 
does coagulate dispersed slurries, very similar to the effect seen on alumina 
slurries. Figure 2 shows that slurries with added salt at ph 4 have lower 
viscosities than slurries that have been flocced at plEJ.9. This is contrary to the 
prediction of DLVQ theory and a primary indication of the presence of a 
short range repulsive potential. The consolidated bodies are elastic whether 
the powder is alumina coated or as-received. 

The first approach is to change the surface chemistry of the silicon 
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Figure 1 Shows the zeta potential of two batches of alumina coated silicon 
nitride which display an iso-electric point identical to that of alumina. 
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The second approach to producing short range repulsive potentials in 
silicon nitride is to use different electrolytes. Indifferent electrolytes such as 
NH4C1 used to coagulate alumina slurries are believed to surround the 
particle surface and therefore prevent particle-particle contact. The addition 
of indifferent electrolytes to silicon nitride slurries produces short range 
repulsive potentials (as seen by packing density and viscosity measurements) 
however the consolidated bodies are elastic. We conjectured that the ions 
surrounding the particles are pushed off during slurry consolidation, that is, 
the short range repulsion does not persist in the consolidated body. 
Following this reasoning, potential determining ions were added to slurries 
because they are more strongly bonded to the particle surface. The first such 
electrolyte added was ammonium citrate tri-basic. The citrate ion changes the 
isoelectric point of alumina from pH 9 to pH 3. The iep of silicon nitride is 
slightly changed from pH 5.5 to 4.5 as seen in figure 3. Dispersed alumina 
slurries with ammonium citrate are coagulated and behave similarly to 
slurries with ammonium chloride added. Besides the obvious changes in 
processing pH (namely coagulated slurries are processed at pH 8 when 
ammonium citrate is present), the yield stress of alumina slurries is lower 
when ammonium citrate is added+ This is true of slurries in both the flocced 
and coagulated states. It appears that the much larger citrate ion produces a 
larger short range repulsion than the chloride ion. 

the slurries as expected. No yield stress measurements have been done to 
show if there is a difference between the strength of the repulsion due to 
citrate versus chloride ions because the hoped for effect does not occur, 
namely, the short range repulsion does not persist during packing. 
Consolidated bodies are elastic regardless of the presence of the citrate ion. 
Since the positive site charge density of silicon nitride is less than for alumina 
at the pH where the slurries were coagulated, we thought that the number of 
citrate ions bonding to the silicon nitride was probably less than for the 
alumina. The silicon nitride surface can be highly negatively charged at high 
pH. Consequently, large potential determining cations were found for the 
silicon nitride slurries. 

Tetraethylamine and tris (2-aminoethyl) amine are large potential 
determining cations. TEA changes the isoelectric point of silicon nitride from 
pH 5.5 to pH 6.5 while TAEA changes the iep from pH 5.5 to pH 9.5. Viscosity 
measurements indicate that both ions produce short range repulsive 
potentials in silicon nitride slurries. Figure 4 shows the effect with TEA. 
Neither ion produces consolidated bodies that are plastically deformable, Le., 
the short range repulsive potentials developed do not persist during packing. 

sensitive method of measuring the strength of the short range repulsion. We 
have found significant differences in yield stress in alumina slurries with 
added ammonium citrate that might appear insignificant in simple viscosity 
measurements. This allows us to investigate the effect of ion size on the 
strength of the interparticle repulsion. We have already observed that 

The addition of ammonium citrate to silicon nitride slurries coagulates 

As alluded to earlier, yield stress measurements seem to be the most 
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Figure 4 Silicon nitride slurries at pH 10 (unless otherwise noted) 
with tetraethylamine showing that adding salt produces a short 
range repulsion between particles. 
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alumina slurries with 0.3 Ivl ammonium citrate appear flocced at pH 3 (the 
new isoelectric point) as seen in figure 5. This amount of ammonium citrate 
is approximately enough to cover the particle surface with a monolayer. It is 
about equal to the critical coagulation concentration. When more 
ammonium citrate is added, the yield stress decreases indicating that several 
layers of citrate ions are building up to lower the yield stress. The yield stress 
measurement technique enables us to measure the strength of the short range 
repulsion giving us insight as to the function of the salt in the process of 
coagulation. 

nications/Visits/Travel 

None. 

Problems Encountered 

None. 

Publications. 

None. 
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Figure 5 Yield stress versus ammonium citrate concentration 
showing a decrease in yield stress with increasing salt. All 
slurries are at pH 3 except OM at ptl 9. 
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1.2 CERAMIC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

0-pij.giation of Silicon Nitride ceramics 
K. J. h e ,  W. W. Yan and T. Y. Tien (The University of Michigan) 

To develop processing methods to  optimize strength, toughness and 
creep resistance of monolithic silicon nitride ceramics. Silicon nitride 
ceramics with fiber-like P-Si3M4 grains will have higher fracture strength 
and toughness and better creep resistance. The fiber-like structure can be 
obtained by sintering the silicon nitride ceramics at high temperature under 
a nitrogen over-pressure. The mechanical properties can further be improved 
by controlling the size and the aspect ratio o f  the fiber like P-Si3N4 pa ins  
and the composition and nature o f  the grain boundary phase(s). The major 
goal o f  t h i s  project is to  develop monolithic silicon nitride ceramics with 
optinium mechanical properties. 

Technical Propess: 

Previous results indicated that strength and toughness depend on the 
size and aspect ratio of the P-Si3N4 grains. This investigation contains two 
part: 1) Effect of chemistry of the sintering aid used on the morphology of tho 
83-Si3N4 ga ins  and 2) The effect o f  starting powder on the moryh~logy of the 
p-Si3N4 gains. 

itives selected for this study was MgO, CaO and Y2O3 
and any combination o f  these compounds. Compositions were prepared and 
sintered. Grain size measurement will be performed in the next period, 

Three different silicon nitride powders from Ube were selected for this 
study. These three difIerent powders have the same P-Si3N4 content (5%) but 
with dicesent particle sizes. Compositions were prepared and sintered. Grain 
size measurement will be performed in the next period. 

Status of Milestones 

On schedule 

Communication s&isit/Travel 

Problems Encountered 

None 
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Characterization of Grain Boundarv Phases in Silicon Nitride Ceramics 
I. M. Peterson and T. Y. Tien (University of Michigan) 

Obiec t i ve /Sca  

The objective of this investigation is to 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 to 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 
optimum mechanical properties can be obtained. 

Class forming compositions in the system Y,Si,Al,Mg/N,O were selected 
for this study. Compositions investigated for previous reports were in the 
compatibility triangle Si3N4, cordierite, N-phase. N phase has a 
composition 2Si2N20:MgA1204. Both cordierite and N-phase have 
thermal expansion coefficients lower than that of silicon nitride. In this 
report, thermal expansion coefficients of glass compositions in the 
YAG/cordierite/ Si3N4 region are reported. 

Technical Hiphlights 

The glasses were synthesized from the starting powders, AI203, Si3N4, 
Si02, Y203 and MgO. They were mixed by hand with isopropyl alcohol 
with an agate mortar and pestle, dried, and cold pressed into pellets. The 
pellets were melted at 165OoC, for two hours under 10 atmospheres of N2. 
The samples were quenched by turning off the power to the furnace, and 
cooled to room temperature in approximately 3 hours. . The presence of 
crystalline phases was determined by x-ray diffraction. Only samples 
which did not show any crystalline peaks were used to determine the 
thermal expansion coefficient and Tg of the glass . 
The thermal expansion coefficient was measured from room temperature 
to 1200OC using an alumina single rod dilatometer calibrated with a fused 
silica standard. The value of the thermal expansion coefficient form room 
temperature to 515°C was calculated. The Tg was determined from the 
dilatometer trace. 

The thermal expansion coefficient of the glass can be calculated from the 
weighted SUM of the thermal expansion coefficients of the constituents of 
the glass, as expressed in equation 1: 
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whcrc Xi is the mole fraction of the constituent and ai is the empirically 
determined thermal expansion coefficient. 

Using previously reported ai values for MgO, AI203 and Si02, ai values 

for S13N4 and Y203  arid AlN were determined. The ai values are liste 
Table I. Figure 1 shows the calculated and measured values for a wide 
range of Y-Mg-Si-A1-0-N glasses. 

Figure 2 shows the glass transition temperature as a function of silicon 
nitride content for cordierite-based glasses. The glass transition 
temperature can be expressed in equation 2: 

Tg ("e) = 826 3- 9.07 (Wt % Si3N4) 2 

Status of Milestones 
On schedule 

CommunicationsNisi ts/Travel 
None 

Problems Encounte.r-d, 
None 

Publications 
None 
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TABLE I 

This study 

Si02 3.8 

A1203 3.1 

y203 16.0 

MgO 6.0 

Si3N4 - 5.0 

AIN - 1.5 

Takahashi1 Appen2 

3.8 

3.1 

** 

6.0 6.0 

** Takahashi SrO 16 
CaO 14.5 

1) Takahashi, K: J. SOC. Glass Technol. 37,3N 
2) Appen, A.A.: Silikattechn. 3 , 113 (1953) 

(1953) 

Thermal Expansion of Oxynitride Glasses 

0 Loehman Dat 
Peterson Dat 

3 4 5 6 7 8 

Thermal Expansion Coefficient (Measured) 

Loehmann data after Loehmann, R.E. J. Am. Cer. S o c  62 491-4 1974 
Figure 1 
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Reuction Sintering of a'/ a' SiAlON Ceramics 
K. Houser and T. Y. Tien (University of Michigan) 

Obiective/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 one composition 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 Ym/3Si12-~m+n)Alm+nOnN16-n and is illustrated in Figure 1. The p' phase 
is a subtituional solid solution where the (Si-N) is replaced by IA1-0). Th.e a' 
phase is a stuffed derivative of the a-Si3N4 phase that can incorporate some of 
the yttrium atoms into the unit cell as interstitials. 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 a-Si3Nq. 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 to obtain fully dense two phase Si3N4 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 p'-SiAlON grains and the a'- 
SiAlON grains will be performed. 
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epresentation of" the Y-SiAION system 

I Y203 

Si02 

igure 1: The a'-SiAIQN plane 
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Technical Highlights: 

The initial compositions used in this study followed the Sifl4-Y203:9AlN join in 
the Si,Al,Y /N,O system. (See Figure 2) In order to obtain the composition 
Ym/3Si12-(m+n)Alm+nOnN16-n where m=0.3, n=0.15, amounts of 5i3Nql A1205 
AN, and Y2O3 were mixed in the proper ratios. These compositions were 
sintered in 10 atm N2 at 1900°C for 2 hours. Results of x-ray diffraction (XBID) 
showed two phases present--both a' and p' SiAlON. However the densities of the 
samples were under 3.00 g/cm3, which is less than 90% of the theoretical density. 
In order to improve the density of these samples it was determined that the 
percentage of oxides must be increased. 

Further compositions were made following the m=0.3 tie line, varying n from 
values of 0.5 to 1.75. As the value of n increased, the percentage of A N  and 
A1203 increased. (See  Figure 2.) The compositions were gas pressure sintered 
under the same conditions as listed above. XRD results showed that both a' + p' 
SiAlON were formed. The densities of the samples however, were still less than 
3.00 g/cm". 

The composition m=0.3, n=1.75 was chosen for a more thorough investigation of 
its sintering characteristics at various temperatures and times. Samples were 
sintered at 1600,1700,1800, and 19OOOC in 10 atm of N2 for 2 hours and at 1700 
and 1800°C for 1,2 and 4 hours. Density measurements revealed that lower 
temperatures yielded denser samples and that this density was relatively 
constant over time at a given temperature. Scanning electron microscope (SEM) 
pictures of the polished surface of the samples shows this density difference by 
the increasing amount of porosity with increasing temperature. (See Figure 3.) 

XRD established that both a' and p' phases were present. The sample fired at 
1600°C for 2 hours also showed traces of a-SigN4. This signifies that the c1 to p 
transformation was not complete in the 2 hour sintering run and that possibly at 
longer times further transformation and densification would occur. 
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Sink Conditions: 1900°@/~hrs/l Oatm 
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Figure 2 



Influence of Temperature on Porosity 
in m=0.30, n=1.75 Y-SiAlON 

Y,,Sil,,,+~,AI,,,O,N,,., 

Figure 3 
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In-Situ Reinforced Silicon Nitride 
H. Yea and J. Pollinger (Garrett Ceramic Components) 
J. Yamanis and C-W. Li (Allied-Signal Research and Technology) 

Objective/Scope 

The objective of this program is to develop compositions and processes to obtain high 
fracture toughness and strength for silicon nitride (Si,N,) 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 in situ reinforced (ISR) Si,N,, 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 oxidizing environments. The mechanical property goals of the program are 
listed below: 

Modulus of Rupture at 25OC* 
Modulus of Rupture at 12OO0C* 
Modulus of Rupture at 14OO0C* 
Stress Rupture at 10000C# 
Stress Rupture at 12OO0C## 
Weibull Modulus+ 
Fracture Toughness, KI, at room temperature* * 
Maximum Use Temperature 

900 MPa (130 ksi) 
630 MPa ( 90 ksi) 
490 MPa ( 70 ksi) 
630 MPa ( 90 ksi) 
490 MPa ( 70 ksi) 
20 
1 o wa.rn112 
1 400OC 

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 identi& conditions which improve the baseline 

------^---_-----_" 

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

# Stress at which sample shall survive 100 h at 1000.C. 
* * Measured by Chevron notch method. 
+ As determined by maximum likelihood method. 
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material and to map composition-processing-property relationships. The second stage 
shall be an optimization stage (Tasks 3 , 4  and 5 )  and shall focus on the development of 
ISR Si3N4with 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 122601); Task 2 - Material Property Characterization was 
completed end of January 1993; Task 3 -- Composition and Process Optimization was 
initiated beginning of January 1993 and shall be continued through August 1993. 
Discussed below are the work performed in this semi-annual reporting period which 
included the completed Task 2 effort and on-going Task 3 effort. 

Technical Highlights 

TASK 1 - Composition and Process Development 

Completed. 

TASK 2 - Material Property Characterization 

This task requires the selection of at least four compositions, based on Task 1 
results, for a more comprehensive characterization, which included strength, toughness, 
oxidation, post-oxidation strength, and crystallization behavior. In selected cases, the 
stress-rupture life at 1000°C and creep resistance at high temperatures were also 
evaluated. The results will be used to guide the final optimization of the material to be 
conducted under Task 3 - Composition and Property Optimization. 

All required property characterization of the four selected compositions has been 
completed. Fast fracture strength, indentation strength, and the fast fracture strength of 
materials after a grain boundary cryatsllization treatment, are summarized in Table 1, while 
the oxidation weight gain and post-oxidation strength for three of the four compositions 
(Composition 3 was not included due to its significantly inferior properties shown in Table 1) 
are shown in Tables 2 and 3 .  The 1000"C/1000h oxidation data (Table 2) confirm that 
Composition 1 has the poorest oxidation resistance at 1000°C (usually referred as 
intermediate temperature) among the three compositions. It is very encouraging to note that 
Compositions 2 and 4 show a very low weight gain (-0.05 mg/cm2) and a very small strength 
loss (<-lo%) after the 100O"C/1000 hour treatment. These data confirm that Compositions 
2 and 4 do not have the intermediate temperature oxidation problem. The strength loss for 
these two compositions is about 20% after a 140O0C/1O0 h oxidation. Composition 4 shows 
better surface quality and less weight gain after the 140O0C/10O hour oxidation. 



Table 1. Property Data for Task 2 Compositions 

‘Chevron-notch value; *indentation-strength-in-bending using 50 kg load. Numerals in parentheses denote number of specimens tested. 
**W3:wt% ofsintering aid 3; MG mol ratio of sintering aid 2 to sintering aid 1; W,:wt% grain growth modifier. 
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Table 2 
Oxidation Weight Gain (mdcm’) 

Table 3 
Post-Oxidation Strength ( m a )  

I 7584=25 (3) 6891t41 (3) I 647453 (6)  J 

Fractography results showed that the fracture origins for Composition 2 are oxidation pits, 
while for Composition 4 the fracture origins are still large grains. 

In summary, Compositions 2 and 4 exhibit better overall properties and thus have 
been selected for hrther optimization under Task 3. The major reasons for eliminating the 
other two compositions are: Composition 1 has poorer oxidation resistance at 1000°C 
(intermediate temperature), and Composition 3, which does not have the grain growth 
modifier, has low strength. The high temperature strengths of compositions 2 and 4, 
either in the as-sintered or crystallized states, meet the program goals, while the room 
temperature strengths for the as-sintered materials are only -50 MPa below the program 
goal. Furthermore, it has been found that the crystallization treatment tends to lower the 
room temperature strength. Both Compositions 2 and 4 exhibit excellent intermediate 
temperature oxidation resistance, especially after the crystallization treatment, with 
composition 4 having a better oxidation resistance in the temperature range of -1300- 
1400OC. 
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TASK 3 - Composition and Process Optimization 

The objective ofthis task is to further improve the material properties, based on 
results from Tasks 1 and 2, to meet the program goals. The approaches include optimization 
of the selected conipositions through modification of thermal processing, green forming, and 
composition. The optimized material will then be characterized in-depth under Task 4. 

Based on Tasks 1 and 2 results, Compositions 2 and 4 were selected for optimization. 
In addition to these two compositions, a third composition, designated Composition 5,  was 
formulated during this reporting period for inclusion in the optimization effort. Composition 
5 was selected for its potential of higher elevated temperature strength based on the trends 
observed in Tasks 1 and 2.  These three compositions were slip cast into standard green 
samples using the established procedures, and then densified in an modified sintering cycle, 
Cycle A- 1 .  This cycle featured lower temperatures at the last two stages, relative to the cycle 
used in Task 2, in the three stage sintering cycle, in an attempt to improve the properties as 
well as lowering the thermal processing cost. All three compositions achieved >99% 
theoretical density; however Composition 4 exhibited a less dense thin surface layer. The 
strengths of these three materials were measured and the results are listed in Table 4. 

Comparing to Task 2 strength results, these results show that Cycle A-1 did not affect 
the strength of Composition 2 but lowered the strength of Composition 4. (Composition 5 is 
a new composition, no previous strength data available for comparison). As predicated that 
Composition 5 did exhibit the highest 1400°C temperature strength. Oxidation and 
recrystallization behavior of this material was also evaluated. Its weight gain after 1350" 
@/lo0 h oxidation was 0.3 rng/cm2, which is lower than that of Composition 2 (0.4 mg/cm2) 
but higher than that of Coniposition 4 (0.2 mglcm2). A crystallized Composition 5 sample 
loaded under a 483 MPa bend stress at 1000°C survived more than 150 h. However the 
weigh gain was higher than those of Compositions 2 and 4 tested under the same condition. 
This is attributed to the lower SA3 concentration in Composition 5 .  

Table 4 Four-Point Bend Strength (ma) 

Additional sintering cycles were also investigated in this reporting period, including lower 
first stage temperature and time. Results of these experimental runs are still being compiled. 
However, preliminary results indicated that grain and flaw size becomes smaller and the trend 
of strength improvement becomes more apparent. For example, one run generated a 
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Composition 2 sample having a room-temperature strength of 895548 MPa (49 bars) and a 
Weibull of 22.8. 

Status of mlestones 

Milestone 12260 1 (Refinement of baseline composition) was completed on schedule (Oct. 
10, 1992). The progress of all other milestone are on schedule. 

CommunicationsNisitdTravel 

J. Pollinger, J. Yamanis and H. Yeh attended the Annual Automotive Contractors 
Coordination Meeting, Nov. 2-5, Dearborn, MI. and presented the progress report. 

Problems Encountered 

None 

Publications 

None 
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1.2.3 Oxide Matrix 
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ORNL-DWG 93-12842 

0 
0 200 400 600 

Time, hr. 
Fig. 1. A plot of the weight gain of the gas-pressure sintered samples with rare- 

earth silicate grain boundary phases and containing 4.4 eq. % oxygen after long-term 
exposure to oxidizing conditions at 1ooOaC. 

3 to 6 MPadm, which are low to moderate toughness for silicon nimde. The reason for 
the relatively low toughness is not completely understood at this time, but may be due to 
the development of strong interfacial bonding between the B-Si3N4 grains and the grain 
boundary phases, which would limit the extent of crack deflection, debonding, and pull- 
out toughening mechanisms. 

the results on the fracture toughness ( K I ~ )  is shown in Fig. 2. Measurements were made 
by two different methods which showed only rough agreement between them.798 
Generally, the highest toughnesses were observed with the Y2Og-SrQ-containhg 
materials (TRSN-3) while the lowest toughnesses were associated with the samples 
containing Nd203 (TRSN-4). The highest fiacture toughnesses were for the Y2O3-SrO- 
containing sample sintered at 185OoC/2 h-19000W h (TRSN-3-1), which had values 
from 8.6 to 10.1 Mpadm. These values are comparable to toughnesses obtained in 
previous studies.3-6 

that they do not experience volume increases upon oxidation. In the past, volume 
expansion during intermediate temperature oxidation, especially for melilite phases, has 
been obsemed to cause severe degradation of the materials.9 Weight gain measurements 

Rare-earth oxygen and nitrogen apatites as grain boundary phases - A summary of 

One of the advantages mentioned for the nitrogen apatites in silicon nitride was 
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Fig. 2. Summary of results on fracture toughness of Gas-pressure-sintered 
silicon nitride compositions with rare-earth apatite grain boundary phases by 
indentation and indentatiodfiacture techniques. 

at 1oOOOC showed parabolic kinetics, for most of the compositions (Fig. 3). This 
indicates the formation of a protective layer and little to no volume expansion of the 
reaction product during oxidation. However, the samples containing Nd2O3 (TRSN-4) 
exhibited nearly linear weight gain kinetics indicating the formation of a non-protective 
layer. 

Effect of Si3N4 Powder Characteristics on GPS - Currently, the effects of Si3N4 
powder characteristics on the densification and mechanical properties are being 
examined. Cost of the powders is also a consideration. Numerous studies have shown 
that the silicon nitride powder used in fabrication is an extremely important variable in 
the microstructural development and final properties of the rnaterials.10-21 Several 
powders were selected that comprise a wide variety of characteristics, such as surface 
area, particle size, purity, oxygen content, and cost (see Table 1). 

To assess the effects of silicon nitride powder, two compositions were chosen that 
had shown good densification, mehanical properties, and oxidation resistance in the 
previous study.1 The intergranular phases chosen are Y2Si207 (at 5 equiv 96 oxygen) and 
Sr2hYb4(sio4)6@ (at 8 equiv.% oxygen). The compositions are given in 
Tables 2 and 3. The oxygen content of the silicon nitride powders was taken into account 
in the calculation of the silica addition, and milling was done in isopropanol to minimize 
any oxygen pickup during processing. These samples are currently being fabricated. 

GPS of these compositions has been completed. Sintering was performed at two 
sets of conditions: (1) 1850°C for 2 h and 0.3 MPa followed by 1900°C for 2 h and 
2 MPa, or (2) 1900°C for 2 h and 0.6 MPa followed by 1950°C for 2 h and 2 MPa. The 
densities achieved for the s i 3 ~ 4 - s r 2 L ~ Y b 4 ( s i o 4 ) 6 ~  and Si3N4-Y2Si2@ compositions 



107 

ORNGDWG 93-1'2844 

4 2-1 
+ 3-1 
--t- 4-1 

2-2 
3-2 
4-2 
18-2 

30 

25 

20 

15 

10 

5 

0 
0 100 200 300 400 500 600 700 

Time (h) 
Fig. 3. Summary of results on oxidation of gas-pressure-sintered silicon nitride 

compositions with rare-earth apatite grain boundary phases at 1OOO"C. 

Table 1. Characteristics of silicon nitride powders 
(Manufacturers' reported values) 

~~~~ 

M W  Total 
particle Surface a-phase Oxygen impurity 

Manukc- Fabrication Cost size area content content content 
turn Grade route ($/kg)* (pm) (m2/g) (%I (wt %I (PPm) 

Ube E-10 Diimide 99 --- 11.7 <95% 1.40 ~300 
Starck Lc-12sx Si Nit.U 75 0.41 19.1 97.5 2.06 <200 
Denka 9Fw Si Nit.a 110 0.80 10.9 92.1 0.98 <OS6 
Starck LC-ION Si Nit.a 61 0.50 13.2 96 1.59 < l o 0  
Starck GP Gas Phase 90 0.55 10.9 95 1.12 €200 
Starck s 1  Si Nka 52 0.68 1.4 94.7 1.96 <IO00 

*Based on purchases of 10 kg. 
USilicon nitradation. 
bvdues in wt 8. 
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les for assessing effect of silicon nitride 
powder characteristics on properties of silicon nitrides 

with Y2Si207 as the intergranular phase 

Batch Si3N4 Type Si3N4 Si@* y203 sit 

TRSN-37 ube €510 92.49 0.99 6.52 
TRSN-38 Starch LG- ION 92.78 0.70 6.52 
'1XSN-39 S a E k  LC-12SX 93.63 0.00 6.52 
TRSN-40 Starck CP 91.94 1.54 6.52 
TRSN-41 Starck S1 93.45 0.03 6.52 
TRSN-42 Denka 9 w  9 1.70 1.78 6.52 
TRSN-43 Starck LC-ION 13.00 5.44$ 6.52 72.18 
_I-- 

*Calbosil 

~ J . s .  silica 5 pm. 
'JF~kem Si MQ. 

Table 3. Compositions of samples for assessing effect of silicon nitride 
characteristics on properties of silicon nitrides with 
Sr2LadYb4(!%04)@2 as the intergranular phase 

Weight % 

Watch 5rc03 Sit 

TRSN-30 
'rnSN-31 
TRSN-32 
TRSN-33 
1'RSN-34 
TRSN-35 
TRSN-36 

UBE E-I0 
Starck LC-1ON 
Starcb LG12SX 
Starck 6 P  
Starck SI 
Denka 
Stmk LC-1ON 

79.08 
79.33 
80.06 
78.62 
79.90 
78.41 
10.48 

1.85 7.28 8.55 
1.60 7.28 8.55 
0.87 7.28 8.55 
2.32 7.28 8.55 
1.03 7.28 8.55 
2.53 7.28 8.55 
5.39$: 9.89 11.61 

3.24 
3.24 
3.24 
3.24 
3.24 
3.24 
3.24 58.24 
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are shown in Figs. 4 and 5, respectively. As indicated, the nitrided powders showed the 
lowest densities while the diimide and gas-phase powders had the highest densities. 

To improve the densification of the samples, an oxidation treatment of 1 h at 
1000°C was performed to increase the oxygen content in the samples. As shown in Fig. 6 
for the Si3N4-Sr;?LaqYbq(SiO4)6@ composition, increases in the densities were observed 
for most of the powder types. The effect of the oxidation treatment on fracture toughness 
is shown in Fig. 7. As shown, the oxidation treatment had a significant effect on the 
fracture toughness for the Ube E-10 and Starck GPS powders. However, as shown in 
Fig. 8 for the Ube E-10 powder, while the toughness and room-temperature flexural 
strength are improved by increasing the oxygen content, more severe degradation of 
high- temperature strength is evident. 
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Milestone 1231 1 1, "Fabricate high-toughness silicon nitride materials with elongated 
grain microstructures,'' was completed. 
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Travel by T. N. Tiegs MI November 10-12,1992, to Anaheim, Calif. to present a paper at 
the ASME Winter Meeting entitled "Whisker Reinforced Ceramic Composites." 

Travel by T. N. Tiegs f?om November 30 - December 3,1992, to Boston, Mass. to attend 
the Fall Meeting of the Materials Research Society and present a paper entitled 
"Fabrication and Properties of Si3N4 With Rare Earth Apatite Grain Boundary Phases." 

Travel by S. D. Nunn from November 30 - December 3,1992, to Boston, Mass. to attend 
the Fall Meeting of the Materials Research Society and present a paper entitled "Silicon 
Nitride Containing Rare Earth Silicate Intergranular Phases." 

Travel by T. N. Tiegs on December 2, 1992, to Nashua, N. H. to Centorr Furnaces to 
observe the belt furnace for sintering of silicon nitride. 

None. 
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T. N. Tiegs, S. D. Nunn, K. L. Plwtz, P. A. Menchhofer and C. A. Walls, 'Fabrication 
and Properties of Si3N4 With Rare Earth Apatite Grain Boundary Phases" to Toe published 
in Materials Research Society Proceedings. 

S, D. Nunn, T. N. Tiegs, K. I, Ploetz, C. A. Walls and N. Bell, "Silicon Nitride 
Containing Rare Earth Silicate Intergranular Phases" to be published in Materials 
Research Society Proceedings. 
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1.2.4 Silicate Matrix 

Characterization and ?estinq of Low-Exnansion Ceramic Materials 
0, P. Stinton and S. Subramani (Oak Ridge National Laboratory) 

Obiective/scope 

Insulated exhaust port liners are nee d in advanced diesel engines to increase 
engine fuel efficiencies by increasing the e bustion temperatures and reducing the 
combustion heat that is lost through the head and into the water cooling system. Low- 

n 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. ecause functioning exhaust port liners 
are inaccessibie after being cast into cylinder heads, they must not require maintenance 
for the life of the head (-1 million miles). Contracts are being placed with Coors Ceramics 
CO. and Low Thermal Expansion Ceramics, Inc. (LoTEC) to develop cost-effective 
processes for the fabrication of port liners. Coors is investigating AI,TiO, and 
Ca,,Mg,Zr, P,Q,, whi le LoTE C is i nvest ig at in g Ca, ~,Sr,Zr,P,Q, and Ba, +xZr4 P,&3zx0, 
(BaZPS). A program has been initiated at QRNL to assist Coors and LoTEC with the 
characterization and evaluation of low-expansion materials. 

Technical highliqhts 

A new family of very low thermal expansion ceramic materials was discovered by 
Rustum Roy and co-workers at Penn State in the early 1980s. The interesting properties 
(very low thermal expansion and thermal conductivity) exhibited by the NaZr2P,0,* (NZP) 
family of materials are attributed to its unique crystal structure, which is capable of 
accommodating numerous ionic substitutions at various lattice positions. The extensive 
substitutions led to hundreds of new compounds with varying thermal expansions. In fact, 
the thermal conductivities in the a and c directions of the hexagonal structure can be 
tailored by varying the ions substituted into different lattice positions. Barium zirconium 
phosphate silicate (E3a,+,Zr,P,,Si,0z, or BaZPS) is one such crystalline system that was 
developed by researchers at Ceramatec, Inc., and is currently being fabricated at LoTEC, 
Inc. The thermal and mechanical properties of BaZPS materials will be systematically 
investigated as a function of grain size in this project. 

A systematic investigation of the mechanical and thermal properties of BaZPS 
ceramics as a function of composition and grain size has been initiated. Materials for 
evaluation ( X  = 0, 0.175, 0.250, 0.375, and 0.500) were fabricated using solid state 
processing techniques. Stoichiometric quantities of BaZrO,, ZrP,O,, and SO, were ball 
milled to produce homogeneaus batches and calcined to produce single-phase 
compositions. The calcined powders were then mixed with binder and water to form a 
slurry and slip cast into S-mm-thick plates and sintered. Materials with X = 0, 0.175, and 
0.500 were sintered for 30, 300, and 3000 min to produce materials with varying grain 
sizes (see Table 1). Materials with X = 0.250 and 0.375 were sintered only for 3000 min. 

Densities of the sintered samples (measured using the Archimedes method) were 
found to vary from about 84 to 98% of the theoretical values. As expected, the density of 
the sintered materials increased with increasing sintering time and decreased with 
increasing Si content (see Fig. 1). The high density obtained for the BS37 composition 
produced stronger and harder specimens than the other four compositions. 
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Table 1. BaZPS materials for testing and evaluation 

Grain sizea Grain sizeb Grain sizec Si 
(w-4 (Ilm) (fl) (at. %) Composition 

Ba1.$r4P6024 1 to 2 3tO 4 4 to 6 0.000 

Ba1.175ZrdP5.fi5Si.35024 1 to 2 3 to 4 4 to 6 0.995 

Ba125Zr4P5.5Si0.502d 4 to 6 1.41 8 

Ba,.,Zr4P5.,5Si,,,O,, 4 to 6 2.1 21 
Ba,.5Zr4P,,SiO,, 1 to 2 3 to 4 4 to 6 2.81 7 

- ~ ~ 

%atches sintered for 30 min. 
h3atches sintered for 300 min. 
%atches sintered for 3000 min. 
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Fig. 1. Final bulk densities increase with sintering time 
and Si content. 
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The bulk thermal expansion of BaZPS compositions was determined using a 
computer-controlled dual-push-rod-type dilatometer. The thermal expansion measurement 
was carried out between 50 and 900°C using a single-crystal sapphire rod as the 
reference material. Specimens 3 x 4 x 25.4 mm in dimensions were heated at 1O"Clmin to 
the peak temperature, held for 10 min, and cooled at 10"C/min to 300°C. Below 300QC, 
natural cooling was employed by switching off the furnace. The bulk thermal expansion 
coefficients varied from +2.0 x lO*"C-' to -0.6 x 104"C-' as the percent Si increased from 
0 to 2.817 (see Fig. 2). 

MlL-STD-l942(MR). Flexural test specimens were 3 x 4 x 50 mm with all surfaces ground 
to a 16 -pin. finish, again according to the standard. To minimize edge failures, the long 
edges of the tensile surface were beveled. Flexural strength was measured using four- 
point-bend test fixtures with 40 and 20 mm as outer and inner spans, respectively. The 
test specimens were loaded at the rate of 5.08 mm/min. The flexural strengths for 
materials sintered for 3000 min increased with increasing Si content for compositions 
between BS0 and BS37. However, a further increase in Si content drasically reduced the 
flexural strength. The same behavior was observed at 200°C (see Fig. 3). 

The room- and elevated-temperature flexural strengths were measured following 

ORNL-DWG 93-8284 

Q 
I 2.0 
9 
X 
v 

= 1.5 0 
v) z 
2 4.0 
w 

Fig. 2. The bulk thermal expansion coefficients of specimens 
sintered for 3000 min were controlled by the specimen composition. 



117 

ORNL-DWG 93-8285 

i30 ,----I 

30 I I I I I I I 
0 0.5 I .o i .5 2.8 2.5 3.0 

Si(ot.%) IN Ba,-xZr,P6-2X024 

Fig. 3. Flexural strengths of specimens sintered for 
3000 min increase as the Si content increases from BS0 to 
BS37 but decrease drastically for the specimen with the 
highest Si content (SSSO). 

The mechanical properties of the NZP family of low-expansion ceramics are de- 
graded by microcracking that occurs due to the anisotropy in thsr 
thermal expansion along the a axis is initially positive (-4 x 1 C) for X 
creases to -2 x 10”PC as X increases to 0.5. The thermal expansion at 
initially negative (--1 x lo”/. C) and increases to -4 x 1 06/.  C as X inerea 
anisotropy is a minimum at X = *0.175. In order to investigate the micr 
materials, a novel dual-push-rod-type dilatometer has been assembled, 
enables one to measure the bulk thermal expansion while simultaneous 
acoustic activity or microcracking. Several investigators have 
cracking is common in polycrystalline materials which exhibit t 
anisotropy. Further, when microcracking occurs, acoustic emissions (AEs) are ~ e ~ ~ ~ ~ t e  
and can be detected by piezoelectric sensors attached directly to the surface of the 
material or through a wave guide. 

expansion between a sample and a reference of known thermal expansion (fused 
sapphire). The alumina push rod touching the sample serves as the contact between the 
sample and stainless steel rod to which the piezoelectric transducer is bonded. The 
temperature and AE information is recorded as the material is heated or caole 

The dilatometer uses two alumina push rods to measure the difference of thermal 
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roam temperature and 1000" C. Thus, the temperature at which microcracking occurs is 
identified by plotting the acoustic actiwity versus temperature, and the exbent of 
microcracking can be alitatively determined. Preliminary testing i 
Ba,.,Zr,P, $io2, exhibi the greatest acoustic activity while Ba,.,,Z 
the least activity. 

The microstructure and chemistry of the BaZPS ceramics were studied. Polished 
cross sect8jsns of each of the five compositions were pr red, etched, and viewed by 

seanseing electron seopy (SEM). Frac surfaces sf the sintered 
re also studied by Qbsewalisn of the SEM micrographs of the 8aZPS 

Iceaamics reve 

Table 1). Second-phase particles that were incompatible with the matrix were o 
several ccampositisns. EIecticm diffraction identified the matrix to be the desired 
composition and the second-phase particles to be a zirconium pka hate of unidentified 
cornpasition. Fracture surfaces reveaied predominantly transgranu fracture, suggestin 
that the grains were strongly interconnected. 

hat the average grain size was I to 2 pn-~ for samples sintered 30 min, 
plles sintered 300 min, and 4 10 6 p.n~ far samples sintered 3000 min (see 
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Low Expansion Ceramics for Diesel Engine Applications 
D. A. Hirschfeld and J. J. Brown (VPI) 

QbiectivelScoDe 

Optimize the chemistry, properties, and processing of selected low thermal expansion 
compositions based on the zircon (NZP) and the P-eucryptite-AIPO, systems. These 
materials also exhibit stable properties above 1200°C. The major objective is to 
demonstrate fabricability and to promote commercialization of these ceramics. 

Technical Hiahliahts 

Zircon (NZP) System 

The effect of thermal cycling on the thermal expansion of (Cao.s,Mg,.,)Zr,(PO,),, (C 
was examined. Samples of CMZP hot pressed by Dr. M. Haselkorn, Caterpillar, Inc., were 
cycled from room temperature to 1 O O O O C  six times. No significant change in expansion 
after cycling and no significant hysteresis were observed as shown in Figure 1. The 
average coefficient of thermal expansion on heating from room temperature to lQOOo@ 
was 3.20 x 10-*/aC and on cooling was 3.71 x lO-'/OC. 

To optimize the densification of CMZP using cold pressing/sintering, the effect of ZnQ (a 
sintering aid) on the bulk density of CMZP was examined. ZnO was added to soil-gel 
derived CMZP powder in two different manners. In method one, CMZP powder is first 
calcined at 60OOC for 6 h then 5 wt% ZnO was added. Alternatively, CMZP powder was 
calcined at 35OOC then 5 wt% ZnO added and the mixture calcined at 6006C for 6 h 
(method two). After calcining, pellets approximately 12mm in diameter and 9mm high 
were cold pressed and sintered (1O0OoC for 6 h, then 1200OC for 24 h). Four pellets 
were made using each method. The sintered pellets exhibited average densities of 89% 
and 98% of theoretical for methods one and two, respectively. 
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Figure 1. Effect of thermal cycling on relative expansion of CMZP hot pressed at 
1280°C far 2 hours with 560Opsi. 
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The density of CMZP as a function of ZnO content was examined to clarify the effect of 
ZnO on densification and presence of second phases which have been linked to 
expansion hysteresis. The relative density tends to increase with ZnO content for both 
processing methods. X-ray diffraction analyses of ground pellets show that as ZnO 
content increases the (ZrO)2P207 peaks increase in intensity. Because ZnO forms a liquid 
phase at 1000°C, it is believed that Ca and Mg readily diffuse into the liquid phase 
allowing the formation of (ZrO),P,O,. 

To improve the alkali corrosion resistance of ceramics such as Si3N4 and Sic, CMZP 
coatings derived by both organic and inorganic sol-gel techniques have been 
investigated. Films of CMZP were put on Si,N, substrates which were then covered with 
an aqueous solution of NaCO, at room temperature then heated to 1 OOO°C and held for 
40 h. The room temperature flexural strength of as-received, coated, and corroded Si,N, 
was measured according to Military Specification 1942 6. The flexural strengths reported 
are an average of five specimens. Before alkali exposure, both the coated and uncoated 
Si,N, exhibited an average flexural strength of 595 MPa. After exposure, the average 
strength of the coated samples increased to 669 MPa while the uncoated samples 
exhibited an average strength of 573 MPa. It is believed that CMZP reacts with the 
protective Si02 film on Si,N, to form a continuous reaction layer that minimizes corrosion. 
A scanning electron micrograph of the dense protective layer is shown in Figure 2. 

Ceramic Composites 

The effects of hot isostatic pressing (HIP) parameters on the flexural strength of Sic 
whisker (SIC,) reinforced CMZP was examined using a series of designed experiments 
based cn Taguchi methods to determine the HIP temperature, time, and pressure as well 
as whisker content to maximize the room temperature flexural strength of the composites. 
CMZP composites containing up to 30 vol% of Sic whiskers were made by mixing sol- 
gel derived CMZP powder with SIC whiskers cold-pressing CMZP-SiC whisker mixture 
into bars then air-sintering the bars at 1000°C for 6 hours. The sintered bars were 
encapsulated in glass then HIPed. Based on densification studies, HIP temperatures from 
1030 to 107OOC at pressures from 10,000 to 15,000 psi for 0.25 to 0.5 h were used to 
produce composite samples exhibiting densities greater than 99% of theoretical. Two to 
four bars from each HIP sample were machined and tested according to Military Standard 
Specification 1942 B. 
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Fig. 2. CMZP coating on Si,N, after alkali exposure 
at 108Q°C far 40 h. 



123 

The flexural strength of SiC,/CMZP composites was shown to increase with whisker 
contents up to 30 vol% which exhibited the highest flexural strengths as shown in Figure 
3. It was noted that some of the HIP samples containing 5 or 10 vol% whiskers broke 
while being machined into flexure bars and that all of the 20 vol% samples survived under 
the same machining conditions. 

To understand the effects of the whiskers on the strength and the fracture process, the 
fracture surfaces of SiCJCMZP composites were examined using scanning electron 
microscopy. As anticipated, flexure bars containing more whiskers exhibited a rougher 
fracture surface indicative of higher fracture resistance. Micrographs of 10 and 20 voi% 
SiCJCMZP bars hot isostatically pressed at 1 O7O0C, 10000 psi for 0.25 h indicate that 
failure originated from defects on the tensile surfaces (Figures 4 and 5, respectively). The 
flexural strength of the 20 vol% bar was 1 13 MPa versus 86.5 MPa for the 10 vol% sample 
even though the surface defects appear more severe. This result suggests that the CMZP 
matrix is reinforced by the Sic whiskers. 

The nature of the whisker-matrix interaction was examined on the fracture surfaces using 
SEM and a combination of whisker pull out and mechanical bonding was observed. As 
indicated in Figure 6, whiskers can have a smooth surface and partially debond from the 
matrix likely due to thermal expansion mismatch. Whiskers which have either rough 
surfaces or irregular shapes are mechanically locked during the fracture process requiring 
more energy to be consumed. 

The flexural strength of chopped NICALONTM SIC fiber reinforced CMZP composites 
(SiCJCMZP) produced by hot isostatic pressing (HIPing) was studied. SiCJCMZP 
composites containing 10 and 20 vol% of fibers were made by mixing sol-gel derived 
CMZP powders with Sic whiskers, cold-pressing CMZP-SIC whisker mixture into bars and 
air-firing the bars at 1000°C for 6 hours, encapsulating the fired bars into glass tubes 
under vacuum, then HlPing the glass-encapsulated bars at 1 150°@ at 103 MPa (15 ksi) 
for 0.25 and 0.5 hours, respectively. These HlPing conditions had been determined in 
previous experiments to yield the highest densities for SiC&MZP composites containing 
up to 20 vol% of fibers. HlPed samples were machined into MOR specimens and tested 
according to Military Specification 1942 A. The reason for using type A MOR bars was 
that SiCf/CMZP samples were commonly curved after HlPing possibly due to the low 
green strength of the bars prior to HIPing and a temperature gradient inside the HlPing 
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Figure 4. Fracture surface of CMZP composite with 10 vol% SIC whisker, 
HIP at 1070°C, loo00 psi for 0.25 h 

Figure 5. Fracture surface of CMZP composite with 20 vol% SIC 
HIP at 1O7O0C, 10000 psi for 0.25 h 
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Figure 6. Fracture surface sf CMZP composite ~ x ~ i b ~ ~ ~ ~  
whisker pull-out and bon 
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chamber, and hence only the type A MOR bars could be machined from the HlPed 
samples. The room temperature flexural strength, Sf, is summarized in Table 1. 

SiCJCMZP composites prepared by HlPing exhibit a higher strength than the ones made 
by hot pressing as previously reported (52 MPa on 10 vol% fibers and 91 MPa for 20 
vol% fibers with densities varying from 93 to 99 percent of theoretical). The improved 
strength is attributed to the fact that the HlPed composites are more dense and have 
improved fiber-matrix bonding, as shown in Figure 7. 

Tabla 1. Room temperature flexural strength of HlPed SiCJCMZP composites 

Fiber content HlPing condition Density Sf 
(vol%) ( OC/MPa/hour ) ("/.I WPa) 

10 1 1!50/103/0.5 98.5 a7 
20 1 150/103/0.5 98.5 97.3 
18 1 150/103/0.25 98.3 . 79 
20 1 1 50/103/0.25 98.4 91 

Testing conditions: 4-point bending, type A. 

Modified P-eucryptite 

The fracture toughness of in situ TO, reinforced A1PO4 modified P-eucryptite was 
examined using the indentation-strength method(1 ), Flexure bars were machined from 
samples according to Military Standard Specification 1942 B. One side of each bar was 
polisbed then annealed at 75OOC for 2 h to remove any residual stresses from either 
machining or polishing. Three Vickers indents were made 5 mm apart in the center of the 
polished surfaces using loads of either 2.94,4.9 or 9.8 N. The flexural strengths of at least 
seven bars for each indentation load were then determined again according to Military 
Standard Specification 1 942 B. The fracture strength decreases with increased indentation 
load as shown in Figure 8. The resulting fracture resistance varies from 1 .$9 to 2.5 MPa 
m"2. as indicated in Figure 9. 
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Figure 7. Fracture surface of HlPed SiCf/CMZP composite containing 
20 vole”/:, chapped fibers 
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Figure 9. Fracture resistance as a function of crack extension 
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Status of Milestones 

th no cost extension was granted to allow ~ o ~ ~ l e t i o n  of the evaluation of 
~ r ~ ~ e ~ ~ e ~  of the cera ics and composites, 

ZP powder has been provided to Dr. Michael Haselkorn, Caterpillar, Inc., 
for hot pressing to make samples for mechanical ~r~~~~ determination (Milestone VPI 
2.4.1, Table 2). 

peratuse mechanical ~ ~ o ~ e ~ i e ~  of NZP Ceramics is underway and will be 
completed in the near future. (Milestone VPI 24.33, Table 2). 

The characterization of in-situ NZP whisker reinforced composites (Milestone VPI 2.4.6b, 
Table 2) is underway and slightly behind schedule. 

The fracture toughness an R-curve behavior of C ZP and CMZP composites will be 
evaluated at the Hi h Temperature Materials Laboratory, Oak Ridge National Labs. 

Dr. 7". K. Li presented an invited paper entitled Thin Fil Coatings of 
O.B)Zr,(PO,)," at the 1992 AlChE annual meeting in Miami, Florida on November 

1-6, 1992. 

Dr, J, J. Brown, Jr. presented a paper ~ n t ~ ~ ~ e ~  "Alkali Corrosion Resistant Coatings for 
Si,N, Ceramics" at the 19 2 Fail Meeting of the aterials Research §ociety in Boston, 

assachusetts on December 2-3, 199 

Two presentations were made at the Fourth Annual Program Wevie 
Committee Meeting of the Center for Advanced Ceramic Materials, Feb. 

and Steering 
and 19,1993, 
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Table 2. KEY TO MAJOR MILESTONES NVBS ELEMENTS) 

Comdetion Date 

VPI 2.4.1 Property Optimization by 
Hot Pressing 

VPI 2.4.2 Optimization of Compositions 

July 31, 1992 

Mar. 31, 1991 

VPI 2.4.3 Mechanical Properties of NZP Ceramics 

a. Characterization at Room Temperature Dec. 31, 1991 

b. Characterization at High Temperature July 31, 1992 

VPI 2.4.4 Fiber Reinforced Composites 

a. Synthesis of SiC/NZP Composites July 31, 1991 

b. Characterization of Mechanical Properties July 31, 1992 

VPI 2.4.5 Lightweight Insulation Sept. 30, 1991 

VPI 2.4.6 Characterization of In-Situ Toughened Composites 

a. Modified P-eucryptite Composites July 31, 1992 

b. NZP Whisker Reinforced Composites July 31, 1992 

VPI 2.4.7 Submit Technical Paper on Research Resutts 
for Publication July 31, 1991 

VPI 2.4.8 Final Report Sept. 30, 1992 
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Blacksburg, VA: 

1) T.K. Li and D. A. Hirschfeld, "CMZP Coatings on SIC and Si,N4." 

2) K. H. Lee, "In Situ Reinforced Glass Ceramic in the Lithia-Alumina- 
Silica System." 

Problems Encountered 

None 

Publications 

US. Patent #5,186,729 issued on Feb. 16, 1993, to K.H.Lee, D.A.Hirschfeld, and 
J.J.Brown entitled "An in-Situ Whisker Reinforced Glass-Ceramic." 
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Develomeent of NZP ceramic Based "Cast-in-Place ' I  Diesel Enxine Port Liners 

Santosh Y. Lirnaye, (Lo'T'EC, Ilnc,) 

mG.ctive/Scope 

The overall objective oC this research program is to develop sodium-zirc:oniuin-phosphate 

(NZP) ceramic based "cast-in-place" diesel engine port lincrs. Specific objectives are: 

(1) Materials requirement analysis, (2) succcssful demonstration of metal casting around 

the ceramic, (3) Cost-effective process development, and (4) Develop high temperature 

database (stability, thermal cycling, thermal shock). This effort is comprised of seven 

ma-jor tasks. 

Technical I?- 

Task I :  Materials Requirements Analysis: A preliminary finite element analysis (PEA) 

has been carried out to evaluate the stresses involved in metal casting process. A set of 

properties based on prior information was chosen for the NZP ceramic, metal and the 

sand used in metal casting process. Table I shows the properties thae were chosen for this 

finite element stress analysis. Two different casting configurations are being considered 

for this finite element analysis; a straight tube and an L-shaped tube as shown in Figure 1. 

Instead of using commercially available FEA software packages such as ANSYS, a set of 

public domain boftware packages called INGRlD (for grid gcncration), TOPAL2D ( for 

thermal analysis) and NIKE2D (for stress analysis) were used. These software. packages 

are less expensive and provide similar results. In order to verify the functionality of these 

software packages, a standard "high confidence" problem was analyxcl using these 

software packages and the solutions were found io be satisfactory. The results of the 

preliminary FEA are shown in Figure 2 and Table 11. These results show that the NZP 

ceramic is subjected to large compressive hoop stresses along the radial directions. 

A series of tubes have been fabricated for mctal casting trials to verify the results of the 

analytical model. Figure 3 shows the configuration for metal casting trials. A series of 

thermocouples will be buried at vaious locations to compare with the thermal gradient 

patterns generated by the FEA (as shown in Figure 2). Once the first metal casting trials 

are completed, further modifications to the FEA model will be made as a result of this 

testing. As thc work on this task progresses, the data gcncrated will be utiliz,ed to further 

refine this FEA model. Eventually, this model will be refined to perform a parametric 

study of the effects of various materials' properties on thermal stresses. 
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FiSi1i-e 1: Dimemions of ceramic tubcs for molten metal casting trials. Initial efforts 
will he focused on straight tubes and as the work progresses, L-shaped tubes 
will be tested, 
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Figure 2: Temperature distribution as a function of time during molten metal casting process. 
These results were obtained from TOPAZ2D. 
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Table II: Mechanical Stresses: Results from NIKE2D Software Package 

Packed sand 

. . . . .  . . . . .  

NZP ceramic tube 

I__ Sand mold 

Figure 3: Set-up for molten metal casting trials 
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Task 2: Fabrication of Test Specivnens: BS-25 (Ba, 25Zr4Jps5Sio502J) and CS-25 

(Cq,,5Sro 25Zr4P602J) are the two NZP compositions chosen to establish thc baseline 

properties. Large (20 kg) batchcs of BS-25 and CS-25 were synthesized using routine 

oxide batch mixing process. The size of these batchcs should insure cnough material to 

perform all the required tcsting and evaluation on a single batch. Batching consists of 

milling the raw materials together, screening the milled powder, calcining each 

composition at its required calcination temperature to produce thc single phase NZP 

structure and post calcination screening. Routine characterization such as powder X-ray 

diffraction, particle size measurement and surface area analysis was carried out to eiisurc 

that thc powders had appropriate set of properties, 

After the calcination, ceramic slurry was prepared for slip casting by using the standard 

method of adding an appropriate dispersant, binder, weight percent distilled watcr and 

grinding media. A series of tiles of size 2" x 2" x 0,25" were slip cast. These tiles were 

machined (ground) into specimens to determine inechanical propertie$ (flexural strength, 

Weibull modulus, Young's modulus), thermal properties (thermal conductivity, thermal 

expansion, heat capacity) and microstructure. 

Tusk 3: Fabrication of Test Specimens for  Metal Casting Trials: As dcscribed earlier, a 

series of cylindrical specimens have been fabricated for the casting trials. Thc specimen 

geometry is as described in Figure 1. The metal casting tcsting was scheduled for the end 

of May 1993; however, due to the delays in samples preparation, these casting trials have 

been postponed till the third week of June. The results of thesc metal casting trials and 

refined finite element analysis work will bc ulilized and to fabricate the next iterations of 

samples for metal casting trials. 

Tusk 4: Process Development: Synthesis of NZP materials and fabrication of specific 

components are highly crucial to the succcss this program. Thus a detailed process 

development task is underway to yield NZP ceramics with appropriate set of properties. 

The initial process development consist of a study to determine if increases in green 

density, lower firing shrinkage, and higher sintered density, can be achieved through thc 

use of bimodal and tri-modal particle size distributions. A detailed work plan has been 

established to improve the green dcnsi ty by controlling the particle size distribution. 

Also, a series of experiments have been planned to evaluate various binders, dispcrsants, 

and other additives. The effect of these additives on various variables such as slurry 

rheology, casting ratc (during slip casting), binder strength, green density, etc, will be 

characterized. 
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Task 5: Materials and Process Modifications: No work has been performed under this 

task, As the iterative process of nietal casting and finite element analysis provides 

additional guidelines, a set of test matrices will be developed to attain those specilk 

properties, 

7 m k  6: Characterization: Measurement of flexural strength and Weibull modulus on 

the baseline compositions, BS-25 and CS-25 was carried out during this reporting period. 

Bar shaped specimens were preparcd (approx. 5.5 mm x 6.5 mm x 50 mm), by grinding 

and slicing 2” x 2” x 0.4” slip cast tiles. The sliced bars had their edges chamfered. The 

bars were sh-ained to failure using a 4point bend strength fixture mounted on an Tnstron 

IJniversal Testing Machine. The cross head speed was 0.5 mdrnin .  and the load at 

failure was recorded. From the load at failure and the cross-sectional dimensions of the 

test specimens the flexiiral strcngth was calculated. Table 111 summarizes the results. 

There were 60 BS-25 specimens and 100 CS-25 specimens. 

The sintered density and open porosity of the two compositions are a function of the 

processing. The averagc particle size (mass percent) and particle size range for BS-25 
was 2.1 prn and 6 to 0.7 pin respectively, and the surface area was 3-20 &g.. The 

average particle size (mass percent) and particle size range for BS-25 was 5.3 pm and 18 

to 0.9 p i  respectively, and the surface area was 5.3 m2/g. ‘The differences in sintered 

density, etc. between RS-25 and CS-25 is due to the typical sintering temperatures and 

times. As the process is further refined, it is expected that the mechanicdl properties will 

improve substantially for both BS-25 and CS-25. 

Task 7: High Teinperature Testing: No work has been performed under this task. 

Table 111: Surnr-nauy iesults of Flexural Strength Merzsurcrnents of BS-25 and CS-25 
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status of milestones 
Milestone 1 Disseminate characterization data for baseline compositions to all program 

participants: partially complete 

Disseminate results of thermal stress modeling to all program participants: 

partially complete 
Milestone 2 

Publication8 
None 

References 
None 
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1.3 THERMAL AND WEAR COATINGS 

Fabrication and Testina of Corrosion-Resistant Caafinqs 
W. Y. Lee, D. P. Stinton, and D. W. Graham (Oak Ridge National Laboratory) 

Qbiedive/scope 

Sodium corrosion of Sic and Si,N, components in gas turbine engines is a 
potentially serious problem. The outer surfaces of Sic and Si,N, parts oxidize at high 
temperatures to form an Si6, layer that inhibits further oxidation. However, sodium that is 
present in high-temperature combustion atmospheres reacts with the SO, 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 Si,N, from sodium corrosion and provide simultaneous 
oxidation protection. To evaluate the behavior of potential materials such as stabilized 
ZrO, or HfO,, TiO,, AI,O,@TiO,, and Ta,O, in sodium-containing atmospheres, the cor- 
rosion resistance of hat-pressed samples of these materials will first be evaluated. A 
chemical vapor deposition (CVD) process will be developed for the application of the most 

coatings. The effect of the combustion environment upon coating cha 
as microstructure, strength, adherence, and other properties will then 

evaluated. 

(1) Ta,O, CYD Process Development 

It was previously reported that most of the well-adherent T+05 coatings deposited 
on SIC and Si,N, substrates tended to grow as highly faceted columnar grains or 
whiskers. In general, the columnar grains did not readily coalesce during growth, 

in the formation of undesirable open voids and pin-holes in the coating structure. 
porting period, 1 2 deposition experiments were conducted to better understand 

the influences of process parameters on growth kinetics and coating morphology. In 
these experiments, deposition temperature, 6, flow rate, and CI, flow rate (used for Ta 
chlorination) were systematically varied as summarized in Table 1. The microstructure of 
Ta,Q, coatings deposited on Si,N, (GI 0) substrates was characterized using scanning 
electron microscopy (SEM) and X-ray diffraction (XRD). 

The growth rate of Ta,O, could not correlated in any consistent manner with 
respect to the changes in temperature or concentration. In general, the variations in 
growth rate were random and unpredictable. One consistent trend identified from the 
deposition data was that the growth rate tended to increase with an increase in CI, partial 
pressure at 1200°C, providing that the total flow rate in the reactor remained relatively 
constant as shown in Fig. 1. A similar behavior was observed at 1 100" C as shown in 
Fig. 2. It was also evident from these figures that the total flow rate appeared to have a 
sanaewhat strong, non-linear influence on the deposition process. 

The SEM study indicated that the coating morphology was strongly affected by the 
changes in process conditions but not in any predictable manner. In general, the 
coatings tended to be columnar or fibrous, sparsely nucleated, and loosely coalesced as 
summarized in Table I .  As an example, Fig. 3 shows a micrograph of such morphology. 
Ta,Q, deposited from run #1(142) was the only coating that looked fairly dense as shown 
in Fig. 4. Some coatings were not uniform in thickness and morphology, particularly in 
the direction perpendicular to flow (ix., radial direction), although the Si,N, substrates 
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Table 1. Summary of Ta,O, CVD experiments conducted using Si,N, (G10) substrates 

in 0, at 1200°C for 75 min to improve coating adhesion 
(1 x 0.45 x 0.3 cm). Prior to deposition, the substrates were treated 

Surface Flow Rate (cm3/min at STP) Weight 
T(" C) (torr) gain morphology 

Run 
No. 

CI, 0 2  Ar (mgm 

l(142) 

2(143) 
3( 1 44) 

4(145) 

5( 1 46) 

6( 1 47) 

7(1W 
8(149) 

9(150) 

lO(151) 

11  (1 52) 

1200 

1100 

1 200 

1200 

1100 

1200 

1100 

1200 

1100 

1100 

1100 

2 

1 

1 

1 

2 

1 

2 

2 

1 

2 

1 

30 

30 

10 

30 

20 

20 

10 

20 

10 

30 

20 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

0.67 

0.03 

0.1 7 

0.3,O 

3.77 

0.13 

2.80 

1.43 

0.40 

5.50 

1.80 

12t1531 1200 2 10 40 50 1.23 

Densely nucleated 

Columnar/fibrous 

Columnar 

Fibrous 

Columnar/fibrous 

Sparsely nucleated 

Columnar 

Sparsely nucleated 

Columnar/fibrous 

Columnar 
- 
Fibrous 

ORNL-DWG 93-1 281 2 

n 1 2.0 I 

1 / Y - '  

1 .F 0.5 s 71nH # 4  

0.0 ! I I 1' I 
0 .0  0.5 1.0 1.5 2.0 

CI, Concentration (torr) 

Fig. 1. Weight gain per deposition time plotted as a function 
of inlet CI, partial pressure at 1200" C. The weight gain increased 
with increased CI, partial pressure when the total flow rate re- 
mained relatively constant. 
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ORNL-DWG 93-12813 

0.0 0.5 1 .o  1.5 .Q 
C12 Partial Pressure (torr) 

Fig. 2. Weight gain per deposition time plotted as a function 
of inlet CI, partial pressure at 1 100" C. The weight gain increased 
with increased CI, partial pressure when the total flow rate re- 
mained relatively constant. 

used in this study were thought to be geometrically too small (1 x 0.45 x 0.3 cm) to cause 
such behavior. 

In order to comprehend these observations, the flow characteristics in the reactor 
were considered. For the above deposition experiments, a total flaw rate of 50 to 
70 crn3/min at STP (mixture of Ar and 0,) was typically injected into the reactor using a 
small stainless steel tube having a diameter of 0.3 cm while Pa was chlorinated in another 
larger tube. Under this situation, the gas velocity corning out of the Q.3-ern tube was 
extremely high and almost supersonic (i.e., several hundred m/s). This gas velocity was 
probably too high for reagents to radially diffuse and mix with TaCI, in the deposition 
zone. Near the tip region of the injector, the Peclet (Pe) number, which could be inter- 

as a ratio of the rate of convective mass transfer in the axial direction versus the 
rate of diffusive mass transfer in the radial direction, was estimated to be in the range of 
about 1000. The Pe number is defined as Pe = Vd/D02-TaC,5, where v is the total fluid 
velocity at the tip of the 0.3-cm injector, d is the diameter of the reactor tube, and 
is the binary diffusion coefficient between 0, and TaCI,. Do2-Tac,5 was calculated using the 
Chaprnan-Enskog relationship.' The large Pe number indicated that the deposition experi- 
ments were performed in a highly convection-dominant region, which would most likely 
cause inadequate reagent mixing as well as the development of strongly convergent and 
unstable flow patterns in the reactor tube. The deposition of nonuniform coatings 
observed in our experiments was probably as a result of these undesired flow 
characteristics. More importantly, since the influence of flow rate on the deposition 
process was too overwhelming, the role of other process parameters, such as temperature 
and 8, concentration, could not be easily identified from the deposition data. 
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1 49 

Fig. 3. Scanning electron microscopy micrograph 
of columnar T%O, cqating from run #3(149); scale: 
lcm = 5pm. 

1 42 

Fig. 4. Scanning electron microscopy micrograph 
of T+05 coating with relatively dense surface morphology: 
run #1(142); scale: lcm = 5pm. 
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The results from the fluid mechanical analysis clearly suggested that a new gas 
injection system was nceded to perform deposition experiments in a more diffusive and 
kinetically contr~llable environment. A new dual-path, cs-axial injector, which has 
relatively large cross-sectional areas for gas introduction, was designed and fabricated. 
The inner path (1 27 cm diam) will be used for the chlori ation of Ta, and the outer one 
(1 9 1  crn diam) will be used for injecting CO, and H,. 

Our recent literature review on the CVD of oxide materials indicated that the use of 
C8, and W, as an oxygen precursor might provide superior coating morphology. It is 
generally viewed that H,Q may be too reactive far the CVD of oxides. For example, when 
H,6 is directly fed into a reaction chamber, the formation of oxide powder is typically 
observed.' On the other tiand, 0, is kinetically stable so that the formation of oxides 
tends to be limited by the supply of oxygen and atoms on the deposition surface. Under 
this type of low ssipcrsaturalion conditions, highly crystalline, faceted oxide grains are 
expected to grow. It appears that the reactivity of the @0,+H2 mixture is somewhere 

een that of H,O and 0, and, therefore, is probably more suitable for the GVD of 
dense, pin-hole-free Ta,O, coatings. Prior work on the CVD of Ta,O, by researchers at 
Ultramet also indicates that the use of CO, and k4, is found to be most effective in 
preparing coatings used for axidation pr~tection of carbon-carbon composites2 

We are planning to perform deposition expcrirnents using CO, and W,. Necessary 
gas line modifications have bee0 completed, and the apparatus is currently being checked 
for air leaks. With the newly designed injector and the use of CQ, and H,, it is expected 
that the kinetics of the Ta, 
microstructure can be appropriately tailored. 

CVD process can be better analyzed, and the coating 

(2) Thermodynamic Feasibility of ZrTiQ, 

"the CVD of ZrTiQ, by reaction of 0, with titanium chloride and zirconium chloride 
was considered from a thermodynamic standpoint. With the lack of any prior work on the 
CVD of ZrTiO,, equilibrium calculations were used to determine the thermodynamic 
feasibility of the ZrTiQ, depositiori process and also to identify suitable deposition 
conditions far experimentation. A computer program, ChemSa el3 and a thermodynamic 
data base developed by Scientific Group Thermodata Europe ( GTE)4 were used to 
simulate the ckernical equilibria for the Zr-Ti-0-CI syste 

The thermochernical data for ZrTiO,, which have not been reported in the literature, 
were estimated using the following method, Heat-capacity (6,) data for ZrTiQ, were 
obtained using Kopp's rule: the heat capacity of a solid 01 liquid compound is equal to 
the s u m  of the heat capacity of its constituent elements in the solid or liquid  state^.^ As a 
consequence of Kopp's rule, the entropy (AS",,, of solid and liquid compounds can be 
estimated from the addition of the entropy of their constituent components in the solid or 
liquid states.' Also, a good estimate of the enthalpy of formation of a compound may be 
obtained by similarly adding the cnthalpy of the ~omponents."~ The enthalpy of formation 
(AH",) for ZrTiO, was initially estimated by adding together the existing data for ZrO, and 
TiO, In the SGTE data base. This value was then used as a starting point from which the 
value of AH", could be modified to obtain agreement with the observed incongruent 
melting of ZrTiO, at - 21 23K.' 

as a function of ZrCI,, TiCI,, and 0, concentrations at 1393 K and 1.33 kPa. This phase 
diagram showed that ZrTiO, was predicted to be deposited as a single phase in only a 

As shown in Fig. 5, a CVD phase diagram of the Zr-Ti-0-@I system was constructed 
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Fig. 5. Chemical vapor deposition phase diagram of the Zr-Ti-O-CI system at 
1373 K and 1.33 kPa. 

narrow region of the diagram. Figure 5 also illustrated that, with increased mole fraction 
of O?, the codeposition of either ZrO, or TiO, with ZrTiO, was expected to occur. ZrO, was 
predicted to be deposited as a single phase over a large portion of the ZrCI,-rich region of 
the diagram. The deposition of TiO, as a single phase was predicted in the region of high 
TiCI, concentrations. The effect of temperature on the stability of the ZrTiO, phase was 
found to be relatively insignificant in the range of 11 73 and 1500 K. 

ZrTiO, from O,, ZrCI,, and TiCI, would be feasible over a relatively narrow range of depo- 
sition conditions. Therefore, from a thermodynamic point of view, it could be suspected 
that the deposition of pure ZrTiO, would be experimentally difficult to achieve and/or 
control. However, kinetic experiments should be performed to address the ultimate 
feasibility of the ZrTi0,-CVD process. 

In summary, the results of the thermodynamic calculations indicated that the CVD of 
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Development of Adherent Coatinss to Reduce Cgntact 
Stress Damaqe of Ceramics 
V. K. S a r i n  (Boston University) 

t ive/Scope 

The development of oxidation/corrosion r e s i s t a n t ,  high 
toughness,  adherent  c o a t i n g  c o n f i g u r a t i o n s  for siIicon 
based ceramic s u b s t r a t e s  for u s e  i n  advanced gas tur.b.i.ne 
engines.  

Technical Proqress 

Al,O,  coa t ings  have been success fu l ly  grown 011 Si.,N, 
s u b s t r a t e s  i n  a r eac to r  geometry t h a t  i s  a l s o  s u i t a b l e  T o r  
depos i t ing  S i O , .  A s  was previously reported, S i O ,  coat ings 
had been depos i t ed  on S i , N ,  u s i n g  T e t  r a e t h o x y s i l a n e  
(Si[OC,H5],) as  t h e  source a t  800% and 50 t o r r  pressure. 
Successful deposi t ion of Al,O, has enabled us t o  c0-dcpCjsj-i; 

SiO, and A1,0,. Process parameters used f o r  depos i t i ng  
Al,O,  were var i ed  w i t h i n  t h e  range e s t a b l i s h e d  f o r  Si.Cj,. 
T h e  r e a c t o r  geometry and process  parameters had t o  be 
adjusted so a s  t o  accommodate both SiQ,  and A1.,0, coat ings.  

Thermodynamic c a l c u l a t i o n s  ( u s i n g  the Solgasmix 
prograrnl) were used t o  determine l imi t ing  c r i t e r i a  f o r  the 
co-deposi t ion of S i O ,  and A1,0, and a i d  i n  e s t a b l i s h i n g  
r a t e - l i m i t i n g  gaseous s p e c i e s .  Add i . t i ona l ly ,  t h i s  
information was used t o  help determine t h e  range of i n p i i t  
c o n d i t i o n s  which would produce  SiO, a n d  A1,0, a t .  
equi l ibr ium. Relat ive proportions i n  concentrations of the 
r e a c t a n t s  necessary ( S i  [OC,H,] q r  and A l C l , )  t o  deposi t  Sic), 
and Al,O, were var ied  over a s e t  of ternperatures (800  arid 
900 OC) and p r e s s u r e s  ( 5 0  and 1 0 0  t o r r ) .  CVD phase 
diagrams were constructed by  varying t h e  concen t r a t ion  of 
AlC1, over a range of 0 . 1  t o  1 . 5  moles and that of 
S i [ O C , H , ] ,  over a range of 0 . 1  t o  0 . 4  moles.  E'j-galres 
1,2,and 3 show CVD phase diagrams generated u s i n g  these set 
of condi t ions .  These diagrams have been generated w i t h  a 
l i m i t e d  number of c a l c u l a t i o n s  (approximately 5 0 0 )  a n d  
t he re fo re  only r e f l e c t  general  t r ends .  
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Thermodynamic ca lcu la t ions  ind ica t e  t h a t  S i O ,  and A1,0, 
can never  form s imul taneous ly  f o r  any of t h e  inpu t  
condi t ions .  However, compounds such a s  A1,SiO5 a r e  formed 
along w i t h  Al,O, and SiO, a t  d i f f e r e n t  condi t ions .  It was 
a l so  found t h a t  A1,0, and Sic may be formed simultaneously 
o v e r  a r ange  of  i n p u t  c o n d i t i o n s  and r e a c t a n t  
c o n c e n t r a t i o n s .  These phases  may be u s e d  a s  an 
in te rmedia te  l a y e r  i n  t h e  cases  when Sic i s  used as  a 
s u b s t r a t e .  

T h e s e  c a l c u l a t i o n s  suggest  t h a t  mu l t i - l aye r s  of 
a luminos i l ica te  compound ( A l , S i O , )  with e i ther  Al,O, o r  S i O ,  
can be deposi ted w i t h  t h e  same input condi t ions by  simply 
va ry ing  t h e  c o n c e n t r a t i o n  of t h e  r e a c t a n t  s p e c i e s .  
Thickness of t hese  l a y e r s  w i l l  be ad jus ted  t o  obta in  t h e  
o v e r a l l  r e l a t i v e  p ropor t ions  of A1,0, and S i O , .  These 

multi- layered coat ings may then be pos t - t r ea t ed  t o  ensure 
d i f f u s i o n  between l a y e r s  and t h u s  form s t o i c h i o m e t r i c  
M u l l i t e .  

I n  order  t o  accura te ly  con t ro l  t h e  concentrat ion of 
t h e  r e a c t a n t s  and r e a c t o r  p re s su res ,  a computer dr iven  
process c o n t r o l l e r  manufactured by MKS I n s t r u m e n t s  has been 
incorporated i n t o  the  system. The c o n t r o l l e r  se ts  process 
parameters and times from a p rese t  rec ipe  t h u s  providing 
r e p e a t a b i l i t y ,  allowing f o r  p rec i se  con t ro l  of t h e  phases 
generated i n  t h e  multi-layered/composite coat ing.  

A 1 2 0 3 / S i O Z  composite coat ings have been grown on S i g N q  
and Sic s u b s t r a t e s .  Three d i f f e r e n t  conf igura t ions  were 
considered. 
i) Codeposition of A 1 2 0 3  and S i 0 2  

ii) SiQ/A1,03 multi- layers 
iii) composite coating with S i02  i n t e r l a y e r s .  

Conf igu r a t i o n  I : Codeposition of A 1 2 0 3  and Si02  lead  t o  a 
c o m p o s i t i o n a l l y  graded undef ined  i n t e r f a c e .  I t  i s  
hypothesized t h a t  t h e  absence of a sharp i n t e r f a c e  and t h e  
gradual change i n  t h e  thermal expansion c o e f f i c i e n t  would 
decrease t h e  r e s i d u a l  s t r e s s e s  and improve adherence b y  
avoiding i n t e r f a c i a l  c racking .  The composition of t h e  
composite coat ing was var ied by varying t h e  proport ions of 
t h e  i n d i v i d u a l  r e a c t a n t s  necessary f o r  grow monoli thic  
A1203 and Si02 c o a t i n g s .  I t  has  been observed from 
prel iminary EDS ana lys i s  on t h e  scanning microscope t h a t ,  
a s  t h e  reac t ion  progresses,  A 1 2 0 3  tends t o  be t h e  dominant 
growth spec ie s .  F u r t h e r  inves t iga t ions  need t o  be made t o  
understand t h e  k ine t i c s  of t h i s  growth predominance so t h a t  
it can be c o n t r o l l e d  t o  y i e l d  the d e s i r e d  composition. 
Figure 4 shows a t y p i c a l  SEM micrograph of a A 1 2 0 3 / S i 0 2  
composite coating on Sic. 
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on 11: Al te rna te  layers of Si02 and A 1 2 0 3  w e r e  
grown on S I C  and S i 3 N 4 .  Si02 w a s  chosen as the f irst  layer 
t o  best match t h e  n a t u r a l l y  p r e s e n t  Si02 l a y e r  on t h e  
s i l i c o n  based s u b s t r a t e s .  T h e  mult i - layered coa t ing  starts 
w i t h  sharp i n t e r f a c e s ,  and can t h e n  be heat treated t o  
achieve a c o n c e n t r a t i o n  g r a d i e n t  p e r p e n d i c u l a r  t o  the  
i n t e r f a c e .  The r e a c t i o n  between p res sed  alumina and s i l i ca  
pellets a t  16OO0C have shown t h e  fo rma t ion  of m u l l i t e  
c r y s t a l s  w i t h  t h e i r  c -ax is  p a r a l l e l  t o  the  d i r e c t i o n  of 
d i f f u s i o n  of s i l i c a  i n t o  alumina.  T h i s  would lead t o  
crystal l i tes  of m u l l i t e  be ing  o r i e n t e d  perpendicular  t o  the 
i n t e r f a c e .  These crystal l i tes  could  act as pegs between 
t h e  layers, t h u s  improving the  mechanical p r o p e r t i e s .  The 
overal l  composi t ion of t he  c o a t i n g  can  be a d j u s t e d  by 
vary ing  the  re la t ive p ropor t ion  of t h e  r e a c t i o n  t i m e  for 
i n d i v i d u a l  depos i t i on  of each layer. 

IIL: To c o n t r o l  the  dominance of A 1 2 0 3  as 
observed i n  C o n f i g u r a t i o n  I, an S i02  i n t e r - l a y e r  w a s  
i n t r o d u c e d  i n t e r m i t t e n t l y .  T h i s  l ayer  has been chosen 
because of i t s  compatibi l i ty  w i t h  t he  composite coa t ing ,  
and i t s  adhesion characteristics. T h i s  should act as an 
i n t e r r u p t i o n  t h u s  p r o v i d i n g  c o n t r o l  o v e r  t h e  s u r f a c e  
concen t r a t ion  of t h e  c o a t i n g .  T h e  purpose of t he  i n t e r -  
l a y e r  is t o  arrest  t h e  u n c o n t r o l l e d  growth of A 1 2 0 3 .  
F i g u r e  5 shows a t y p i c a l  SEM micrograph of a l a y e r e d  
coa t ing  of Si02 and A 1 2 0 3 / S i 0 2  composite on S I C .  

F igure  4 :  SEM micrograph of a A 1 2 0 3 / S i O 2  composite coating 
on Sic. 
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Figure  5: SEM micrograph of a l aye red  c o a t i n g  of  S i02  and 
A1203/Si02 composite on Sic. 

S c r a t c h  Tes t ing  w i t h  a R o c k w e l l  C i nden to r  w a s  used t o  
m e a s u r e  t h e  adhes ion  of these c o a t i n g s .  The t es t  w a s  
performed wi th  cont inuous ly  i n c r e a s i n g  normal load u n t i l  
t h e  o n s e t  of c o a t i n g  removal f r o m  the  subs t ra te .  T h i s  
v a l u e  i s  used  as a measure of t h e  work energy or s h e a r  
stress r e q u i r e d  t o  debond t h e  coa t ing ,  and t h e r e f o r e  an 
i n d i c a t i o n  of i t s  adherence.  The th i ckness  of t h e  range of 
c o a t i n g s  t es ted  w a s  i n  t he  o r d e r  of 1-4 p m .  I n i t i a l  
t e s t i n g  shows t h a t  a11 the three conf igu ra t ions  y i e l d e d  a t  
a c r i t i ca l  load of 35-40 N for Si3N4 s u b s t r a t e s ,  and 25-30 
N for SIC s u b s t r a t e s .  Table 1 l i s t s  t h e  r e s u l t s  of t h e  
s c r a t c h  t es t .  Fur the r  experiments and i n v e s t i g a t i o n s  need 
t o  be made t o  s tudy  t h e  effect  of t h i c k n e s s  and composition 
on the adhesion of t h e s e  coa t ings .  

L O U  
s - 

I 4 P  38 N 
I1 2 P  35 N 
111 1 - 2 p *  33 N 

Table 1: S c r a t c h  Test R e s u l t s  fo r  t he  three  d i f f e r e n t  
conf igu ra t ions  on S i 3 N q  s u b s t r a t e s .  
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*The accuracy and reliability of these results is n o t  
established since this test has not been standardized f o r  
coatings of this thickness. 

Status of e s t 3 m  
Schedllle 2LLacus 

.... T a s k  1: Development of 
A1203/Si02 coatings. 

Task 2: Coating Characterization 
for selection of best technique 
from Task 1. 

T,ixs.k3: Development of the complete 
coating configuration for contact 
stress, oxidation and corrosion 
resistance evaluation. 

1. "Solgas-Mix-PV f o r  the PC", 
Oakridge National Laboratories. 

5/94 On Schedule 

7/94 On Schedule 

9 /  94 On Schedule 

Theodore M. Bessman, 
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Wear-Resiytant Coatings 
M. H. Haselkorn (Caterpillar Inc.) 

ObjectivdScope 

The goal of this technical program is to develop wear-rcsistant coatings for piston ring and cylinder liner 
components for low heat-loss diesel engines. 

Friction and wear screening in Phase I identificd plasnia sprayed high carbon iron-molybdenum and 
chromia-silica coatings as candidatc piston ring wear coatings. Plasma sprayed chromia-silica and high 
carbon iron-mol ybdenum coatings, as well as, a low temperature arc vapor deposited (LTAVD) chrome 
nitridc coating werc identificd as candidatc cylinder liner wear coatings. ’The cast iron porcelain enamel 
coatings exhibited unsatisfactory wear rates becausc of porosity in the coating. 

The thrcc main technical tasks for Phase TI arc hrther optimization of thc LTAVD chrome nitridc and of 
the cast iron porcelain enamel wcar coatings and thc process scale-up of wear-resistant plasma coatings for 
cylindcr liners. 

The optimization of the LTAVD chromc nitride coating involves the devclopment of an adhercnt 15 micron 
thick coating which mcets the friction and wcar goals of this program. The cast iron porcelain cnamcl process 
optimization ccnters on devcloping a CIPE composition with a minimum of porosity. The process scale- 
up of thc plasma coatings will first dcvclop I.D. plasma spray paramctcrs for coating cylinder lincrs. Next, 
simulated cylinder lincr specimens will be coatcd and the fi-iction and wear properties of thesc coatings will 
bc detcmincd using reciprocating friction and wcar tcsting using both new and “used” enginc oil. 

Technical Progrcss 

Phasc I1 Task 1 Optimization of LTAVD Chrome Nitride Coating 

In Phase I, a 3-5 micron thick, low tcmpcrature arc vapor deposited (LTAVD) chrome nitride coating was 
applicd tu cast iron substrates which met thc fiiction and wcar goals of the contract. However, wear curves 
gencrated showed that cvcn with wear cocfficicnts oflcss than 10-8 mm3/N-m, a 5-micron thick coating will 
not meet commercial dicscl engine durability requirements. Thc wear curves showed a 15-micron thick 
LTAVD chrome nitridc coating is necded to mcct these durability requircmcnts. For this reason, the overall 
goal of this task is the development of a 15 micron thick, adhcrent chromc nitride coating which can be applied 
to thc inner diameter of cast iron cylinder liners. This task was dividcd into four subtasks: 

1 .  Optimization of LTAVD chrome nitridc coating paramctcrs, 
2. Development of a 15-micron thick LTAVD chromc nitride coating containing an intennediatc layer, 
3. Determination of the effect of single vs. multiple altcrnativc laycrs on the adhcrcnce of 15-micron thick 

4. Friction and wear characterization of selected 15-micron thick LTAVD chrome nitridc coating systcms. 
LTAVD chromc nitridc coatings, and 



The LTAVD chromc nitride coating developrncnt has been completed. Only nitrogen partial pressure and 
substrate cleaning procedurcs had any significant effect on the LTAVD chrome nitride coating adhcrencc 
or microhardness. Incoi-prating a chromium or a laycred tiianiudtitanium nitride intermediate coating in 
combination with either a 15-micron thick chromium nitride or a 15-micron thick “layered” coating 
(consisting of alternating laycrs of chromium and chromium nitride) resulted in LTAVD chorne nitride 
coating systems which had excellent physical appearances, hardnesses and adherence to a cast iron substrate, 
In addition, these coating systems were able to withstand both up- and down-cycle thermal shock testing 
from room temperature and 650 C. 

Upon completion of thc thcnnal shock and adhcrencc testing, three LTAVD chrome nitride coating systems 
were selected and applied to cast iron Iiohrnan A-6 rub shoes. ‘These shoes were cvaluatcd for friction and 
wear by running against a plasma-sprayed, high carbon iron-molybdenum coated disk. The three LTAVD 
chrome nitridc coating systcms selected were: 

1.  15-micron thick chrome nitride top coat over a chromium intermediate layer (System l), 
2. 15-micron thick top coat consisting of altcniating chrome nitride and chromium layers over a chromium 
intermcdiatc layer, (System 2): and 
3. 15-micron thick top coat consisting of alternating chrome nitride and chromium layers over a layercd 
titanium and tilanium nitride intermediate layer (System 3). 

Table 1 lists thc results of the friction and wear characterization of the threc L T A W  chrome nitride coating 
systems. 

TABLE 1 
Friction and Wear Test Results - After 1000 Minutes of T’csting at 350 C, 1,ubricated 

LTAVD Chromc Nitride Averagc Shoc Wcar Rate 
Coating Systcm (nlm3/N-In) (mm3/N-m) 

Average Disk Wear Kate 

system 1 3.OxE-8 1.6xE-5 

System 2 No measurablc wear 7.QxE-6 

System 3 No mcasurable wear 4.2xE-6 

Using the thermal shock tests, friction and wear characterization, and an estimate ofthe production costs for 
application for each chrome nitridc coating system as a guide, chrome nitride coating Systems 1 and 2 werc 
selected for further optimization. 

The ovcrall objective of Task 8, Process Scale-up of Wcar-Rcsistant Plasma Coatings for Cylindcr Liners, 
is the optimization of inner diameter (1.D.) plasma spray gun parameters for both the chronia-silica 
cornposi tc and high carbon iron-molybdenum blcnd powders. 

Statistical experiments wcrc designed and run to dctcminc the effect of primary gas flow, currcnt, voltagc, 
spray distance and carrier gas flow on coating microstructure and hardness, as wcll as, deposition efficiency. 
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The results of these experiments were then used to build a predictive equation to select thrce sets of I.D. 
plasma spray gun coating parameters for both thc chrornia-silica and high carbon iron-molybdcnum 
powders. 'Fhc coating paramcters selectcd by the modcl will producc the optimum plasma spray coating 
microstructures and hardnesses along with the highest coating deposition cfficiencies. 

Three sets of Hohman A-6 conforming rub shoes wcrcplasma sprayed with eachpowderusing an1.D. plasma 
spray gun and the spray parametcrs selectcd by the model. The counterfaces run against these shoes wcre 
disks plasma sprayed with the opposite powdcr; i.c., high carbon iron-molybdenum shoes run against 
chromia-silica disks. 

'Thc friction and wear results showed that varying thc plasma spray parameters for the chromia-silica powder 
has littlc influence on the friction and wear properties of this coating running against the high carbon iron- 
molybdenum. For this reason, the plasma spray paramcters which resulted in the highest deposition 
efficiency were selected for the application of the chromia-silica powdcr to thc inner diameter of simulated 
diesel engine cylinder liners. 

The friction and wcar propcrties of thc high carbon iron-molybdenum were influenced by plasma spray 
parameters. Thus, for this powdcr, the plasma spray parameters which produced the coating with the best 
friction and wear properties wcre selected for the application of this powder to the inner diametcr of the 
simulated dicsel engine cylinder liners. 

Norton's Ceramic Machining Technology Center was selcctcd to do the machining studics of the Cost 
Effcctive Machining task. A fully prograrnmablc Huffman HS-75 R 5-axis CNC grinder was used by Norton 
for the machining. Norton rotated the machine hcad 90 dcgrces and built a special chuck to cnable the 
Huffman to do surface grinding. 

The high carbon iron-mol ybdcnum blend and chromia-silica composite plasma sprayed coatings wcrc 
evaluated at Caterpillar after Norton completed thcmachining. Thc rcsults of this evaluation illustrated that, 
irrespective of thc coating composition being machined or grinding wheel bond type, the optimum surfacc 
finish was obtained using the fincst (1 5-micron) diamond grit. Material removal rates could bc increased 
by increasing either the depth of cut or diamond grit size. However, increasing matcrial removal rates by 
cither of these methods produced a rougher surface finish. Rcducing surface feed rates improved surface 
finish with both vitreous orresinoid bonded wheels. In summary, the best combination of material removal 
rates and surface finish was obtaincd with the reduccd surfacc fced rates and largc depth of cut using a 15- 
micron diamond grit in a vitrcous bonded whccl. 

The friction and wcar propcrties of cach machined surface were characterizcd using a Falcx pin-on-disk 
hction and wcar test machine, running against a ceramic counterface. The machining parameters which 
produced the surfacc with the lowest cocfficient of friction values for thc high carbon iron-molybdenum 
powder wcrc low surface feed rates and large depth of cuts, using a 15-micron diamond grit in a resin bondcd 
whcel. Slightlyhigher coefficicnt of friction values (0.04 vs. 0.08) werc obtained with themcdium feed rates 
and large depth of cuts, using a 15-micron diamond grit in a vitreous bonded wheel. However, the second 
set of machining conditions (vitreous bond, medium fced rate) produccd twice the material removal rates 
as the f'irst set of machining conditions (rcsin bond, small dcpth of cut). 



The machining parameters for thc plasma sprayed chomia-silica coatings which produced the surfaces 
which had the lowest coefficient of friction values werc: 

1. 90-micron diamond grit, vitreous bond, slow feed rate, andsinall depth of cut, and 
2. 52-micron diamond grit, vitreous bond, slow fced rate, and large depth of cut. 

EIowevcr, incorporating the 52-micron diamond grit along with large depth of cut had ten-fold greater 
niaterial removal rate comparcd to thc ~0-micron diamond grit and small depth of cut. 

The finish machining parametcrs for both thc chroniia-silica and high carbon iron-molybdenum powders 
wcrc sclccted using the following criteria --material removal rates, surface finish, and the pin-on-disk friction 
and wear propertics of the machined surfacc. Two finish machining procedurcs werc sclectcd for each 
powdcr. One procedure selectcd rcsults in a high material renioval rate while the second proccdure rcsults 
in a lower material rcmoval rate, but produces a slightly bcttcr surface finish. 

Cylinder liners and piston rings have been procnred and arc currently being machined to the proper I.D. 
(cylinder liners) and OD.  (piston rings) prior to the application of the plasma spray powders. Each powder 
will be applied to the 1.n. of at least six cylinder liiicrs using thc parameters previously selected. Thre-ec of 

the plasma sprayed liners will bc machined at Caterpillar using the machining parameters which produce 
the highest matcrial renioval rates. The remaining playma spray liners will be machined using the parameters 
which produce a surface finish with the best friction and wear properties. 

In addition, piston rings will be plasma sprayed with the high carbon iron-molybdenum and chromia-silica 
powders and machined at Caterpillar. Thesc plasma sprayed piston rings will be evaluated in reciprocating 
friction and wear tests running against the plasma sprayed cylinder liners at both Caterpillar and Rattelle 
Colurnbus Labs. 
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Thick Thermal Barrier Coating fTTBC) $v stemsfor Low Heat 
Rqiection Diesel Engines 
M. B. Beardsley (Caterpillar Inc.) 

Objective/Scope 

The objective of this program is to advance the fundamcntal understanding of thick 
thermal barrier coating systcms for application to low heat rejection diesel cngine com- 
bustion chambers. Areas of TTBC technology that will be examined include powdcr 
characteristics and chemistry; bond coat composition; coating design, microstructure, and 
thickncss as they affect propcrties; durability, and reliability; and TTBC “aging” effects 
(microstructural and propcrty changes) under dicsel cngine operating conditions. 

Technical Proeress 

TTBC POWDERS 

Determination of thermal conductivity and dcnsity of the spraycd coatings for thc initial 
36 parameters i s  near cornplction. Optimization runs for thc baseline 8% yttria-zirconia 
matcrjal have bccn sprayed with mixcd results. The prcdicted dcnsities and conductivi- 
ties were achieved, but the deposition cfficiencics wcrc lower than anticipatcd. At the 
same time that these specimcns were sprayed, problems occurrcd with the spray system. 
Thc voltage measuring circuit of thc spray system failed and was rcplaccd. After replac- 
ing thc board, thc voltagekydrogcn relationship of the system changcd. Recalibration of 
the mass flow meter controlling hydrogen flow and the voltage measuring circuit did not 
resolve this problcm. Comparison of replicate data points indicates that the original 
voltage and currently mcasurcd voltagc do a good job of predicting the resulting thermal 
conductivities and dcposition efficiencies. Thcrcforc, to resolve the problems with the 
changc in the voltagehydrogcn relationship, the model bcing used for prediction of the 
resulting coating propertics was changed to include voltage rather than hydrogen flow. 

Comparisons of the deposition cfficiencies (DES) of the materials are shown in Table 1. 
The DES of the zirconia matcrials arc nearly cqual with a differcncc of 14 being the 
largest. This indicates that thc differcnces in thc powdcrs do not greatly affect thc result- 
ing DE, at least for the average of the 36 parametcrs. 

Comparison of thc thermal condueti vitics of the bascline 8% yttria-zirconia sprayed 
using the 36 parameters and the other materials is shown in Table 2. The conductivities 
of the HOSP (baselinc), sol gel, spray dricd, and spray dried-sintcr-crushed 8% yttria- 
zirconias wcre dctcrmined to be equal for equivalent spray paramctcrs. The fuscd and 
crushed zirconia has a higher thcrmal conductivity than thc baseline, which is probably 
duc to the lower surfacc area per weight for the fUsed and crushed powder resulting in 
lower amount of rnclting of the powdcr during spraying. The thermal conductivity of the 
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Table 1. Comparison of thc deposition efficiencies of the 15 ceramic powders for the 
36 sets of spray parametcrs. 

Material 

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

Mfg. Method L*ot +# 

HOSP 
S / D  
HOSP 
S I D  
S/D-S 
F/C 
Sol gel 
s/c/s 
SIU-s 
HOSP 
1-IOSP 
S/D-S 
SD-s 

34547 
341 08 
34209 
32678 
34850 
28 1 
34440 
39073 
1081 
34143 
34302 
34992 
34993 

Averagc 
Di fferciicc from 
Baseline 

Baseline 
- 2.4 
- 10.4 
-1 1.6 

0.5 
13.8 
- 0.8 
5.9 
1 .o 
1 .0 
2.0 
5.0 
-3.0 

Significaiicc 
(95% confidence) 

NiA 
cq ual 
less than 
less than 
equal 
grcatcr than 
q u a l  
greater than 

equal 
equal 
greater than 
less than 

equal 

Table 2. Comparison of the thcrmal conductivities of scvcral zirconia powders for the 
36 sets of spray parameters. 

Materi a1 Mfg. Method Lot fi Average Significance 
Difference from (95% confidencc) 
Basclinc 

8% Y S Z  HOSP 34547 Rasclinc NiA 
20%YSZ s/D 34108 0.16 less than 
240/oCSz HOSP 34209 0.03 equal 
8% YSZ SID 32678 0.15 less than 
8% YSZ FIC 28 1 -0.25 grcatcr than 
8% YSZ SICiS 39073 0.03 equal 
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24% ceria-zirconia is also the same as thc baselinc 8% yttria-zirconia; while the 20% 
yttria-zirconia has a lower conductivity due to the higher yttria contcnt. The mullite and 
calcium titanate both havc highcr thermal conductivities comparcd to the baseline zirco- 
nia. 

DESIGN, DEPOSITION, AND CHARACTERIZAI10N 

Parameters for the baseline 8% yttria-zirconia and othcr 8% yttria-zirconias have been 
chosen for making tensile and comprcssivc strength samples. 

Determinations of residual stresscs by X-ray diffraction tcchniques have bccn madc using 
the facilities at the X-ray Rcsidual Stress Uscr Centcr of thc High Tcmpcrature Materials 
Laboratory at ORNL. Axial compressive samplcs of the 24% ceria-zirconia were used in 
an attempt to dcterminc thc correct clastic modulus of thc material to be used in thc X- 
ray diffraction calculation of strcss. Prcvious attcmpts to do this using Caterpillar’s X- 
ray equipment were hampcrcd by problctns in thc Japancsc software used for peak 
location. At thc Uscr Center a low angle pcak was used to compensate for the poor 
signal at higher angles. A basclinc residual strcss was found in the samples, which were 
then loaded in a small load ccll and X-rayed under strcss. Thc modulus found at various 
stress levels is shown in Tablc 3 and appcar to compare well with thc bulk modulus 
numbers for the plane used in thc X-ray analysis. This conFms that the porcs and 
microcracks of the plasma sprayed materials do not influcnce the rcsulting measured 
residual stress. Furthcr work and the X-ray Residual Stress Uscr Ccnter is planned to 
confirm this initial finding and to invcstigatc other materials. 

DURABILITY/RELIABTLTTY 

Thc durability tcsting of coatings at the University of Illinois has produced intercsting 
results. The comprcssive fatigue strength of the TTBC has becn shown to increase at 800 
C compared to room tempcraturc mcasurcmcnts. This incrcase in strcngth is currently 
under investigation. An increase in thc clastic niodulus occurred with the increase in 
strength;thcrcfore, comparison of the cffccts of temperature and static loads on the 
observed increase in the elastic modulus havc becn done. This assunics that a changc in 
the elastic modulus is synonymous with the incrcasc jn observed fatigue resistance. The 
mechanism of the fatigue strcngth increase is thought to be due to a sintcringkot pressing 
effect due to thc synergistic cffcct of comprcssivc load and temperature that the fatigue 
test is run undcr. 

The initial test conditions for 10 specimens are shown in Table 4. Both the tcmpcrature 
and load are being investigated. The rcsulting changcs in the room tcmpcrature clastic 
moduli are shown in Figurcs 1 and 2. This indicates that there is a variation in thc 
strcngth increase dcpcndent on thc tcmpcraturc/strcss combination. Further invcstigation 
into this effect is undcnvay using three additional materials; the 24% ceria stabilized 
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Table 3. Modulus of a 24% ceria-zirconia determined from a compressive specimen 
under stress and X-rayed. 

Stress, MPa Elastic Modulus, GPa Possion Ratio 

-70.8 
-70.8 
-73.5 
-126.0 
-20 1 "0 

123 
118 
148 
151 
195 

0.34 
0.37 
0.25 
0.45 
0.43 

Table 4. The test conditions for the 10 samples is shown. The elastic modulus of each 
was than measured at room temperature and is shown in Figures 1 and 2. 
The static load for the samples was 75% of the ultimate strength in compres 
sion. 

Tests 1 to 5 ,  Constant Static Load, Variable Temperature 

Specimen# Tirnc Temp. C Stress. MPa 

1 1 hr. 800 200 
2 1 hr. 600 200 
3 1 hr. 400 200 
4 1 hr. 200 200 
5 1 hr. 20 200 

Tests 6 to 10, Constant Tcmperaturc, Variable Static Load 

Specimen# Tirnc Temp. C Stress. MPa 

6 1 hr. 800 0 
7 1 hr. 800 50 
8 1 hr. 800 100 
9 1 hr. 8 00 200 

10 1 hl-. 800 300 
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Figure 1. Room temperature clastic modulus aftcr an applicd 
static load of 200 MPa at diffcrent temperatures for 1 hour. 

400 
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m 

150 
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50 

0 

Strain 

Figurc 2. Room tcmpcraturc elastic modulus after differcnt 
static loads at 805 C for 1 hour. 
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zirconia, calcium titanate, and a composite coating of 90?6 zirconia and 20% NiCrAlY 
bond coat. 

The new design for the teiisile/comprcssivc, coating fatigue tcst machine at the IJniver- 
sity of lllinois has bcen sct up and is i n  the process of bcing checked out. This machine 
will allow the coating spccimcns LO bc tcsted in tension as wcll as compression, allowing 
for a fatigue R ratio of -1 to bc used if desired. The unusual fatiguc response of the 
TTBC materials pi-eviously reported will be further investigated by testing the 25% ceria- 
firconia and calcium titanate materials for the fatiguc response and aging effect prcvi- 
ously shown by the 8% yttria-zirconia tests. Spccimcns of these matcrials will be sup- 
plied to the IJniversity of Illinois in May. 

Status of Î____...........-- Milcstoncs 

Milcstoncs 134203 and 134203 have becn complctcd. 

A11 milcstones arc o n  schedulc. 

--_l._lll_ Publications 

1 .  Ail article describing the fatiguc tcsting of thc ccramic coatings at the University of 
Illinois has bcen submitted to E. L Long of ORNL for publication in the Ceranlic I’ech: 
nology Newsletter . 

2. A paper on the same subjcct titled “Cyclic Compression of Thick Thcrmal Barrier 
Coatings” by K .  F. Wesling and D. F. Socie of University of Illinois and M. B. 
13carrlslcy of Catci-pillar Inc. will be submittcd to thc American Ceramic Society for 
publication. 



163 

1.4 J Q 



168 

Table 1. Loading rate dependance sf fracture strength 
far Si,N, braze joints 

sip4 

("GI ( I  b/m i n) strength, MPa tY Pe -- ..... . 

specimen Test temp. Loading rate Av. fracture 

JOiBat. 500 0.04 45 

420 

55 

Monolithic 5QQ 10 622 

Joint 680 0.01 459 

Joint 666 10 260 

Mono1 if hic 600 0.81 575 

Monolithic 600 10 541 

26 

OWNL-DWG 93-5872 

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

10-2 10-2 

Fig. 1 I Eflecl of loading rate and temperature an the strength 

i-%SPai, vvt 96 filler metal (joint). 
of monolithic Si,N4 (control) and Ti-vapor-coated Si,N, brazed with 
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testing, the failure of joint specimens often occurred in the Si,N, away from the brazed 
interfaces. However, all of the present specimens failed near a brazed surface. Further 
examination of the tested bars and additional testing are planned. 

basis for investigating the bonding of dense Si,N, with nonmetallic materials: 
Si,N, glass bonding: The glass mixtures listed below were formulated to serve as a 

1. 62 SiO, - 18 A1,0, - 20 MgO wt %, 
2. 55 SiO, - 10 AI,O, - 35 MgO wt %, 
3. 52 SiO, - 22 AI,O, - 26 MgO wt %, 
4. 46 SiO, - 21 AI,O, - 33 Y,O, wt %, 
5. 34 SiO, - 20 AI,O, - 46 Y,O, wt %, 
6. 28 SiO, - 28 AI,O, - 44 Y,O, wt %, 

All of the compositions were selected using melting temperature as the main criterion; 
equilibrium phase diagrams indicate they all melt below 1500°C. The first compositions 
formulated were Nos. 1 and 4, and their selection was based entirely on their melting 
temperatures: - 1350°C for No. 1 and - 1400°C for No. 4. The compositions of 
Nos. 2 and 5 were taken from published reports of similar work. The compositions of 
Nos. 3 and 6 were selected to further reduce the SiO, content of the mixtures without 
compromising their melting temperatures too much. 

Initial evaluation of these materials consisted of depositing the blended powders of 
Nos. 1 and 4 on specimens of Si,N, and holding them at temperatures of 1350 to 1500" C 
for 30 min under nitrogen at a pressure just below 0.1 MPa (1 atm). The monolithic Si,N, 
materials used for substrates were SN220 (Kyocera), NC132 (Norton), and PY6 (GTE). 
The MgO-based mixture became molten at 1400" C and showed increased spreading at 
1450" C. The molten glass also appeared to react with each of the Si,N, substrates, and 
the higher temperature promoted this also. The PY6 material showed more extensive 
reaction than the SN220 or NCl32 at both temperatures. The Y,O,-based mixture also 
became molten at 1 400°C, but it decomposed at 1500°C. At 1 400°C, it produced a 
relatively clear glaze on all three Si,N, materials, but it also appeared to react more 
extensively with the PY6 Si,N,. 

Also, SI,N, powder (UBE, SN-E1O) was then incorporated into the Nos. 1 and 
4 oxide mixtures in separate milling operations to levels: 20, 60, and 80 vol %. The 
mixtures with 60 and 80% Si,N, did not melt at temperatures up to 1650" C. Both oxide 
mixtures containing 25% Si,N, melted in the range of 1400 to 1450" C, and both flowed 
over the substrate surfaces. However, both of these mixtures started frothing immediately 
upon melting. 

In another experiment, 5 wt % of Si metal powder was added to the No. 4 mixture. 
This powder mixture melted and formed a relatively stable droplet on an Si,N, surface and 
showed no signs of frothing. The edge of the droplet and its general features are shown 
in Fig. 2. Its wetting angle on the Si,N, is about 23", which is well within the range of 
acceptability for joining operations. A closer view of the interface between the Si,N, and 
the droplet is shown in Fig. 3. The light, circular features are metallic Si, and these 
particles range up to about 8 pm in size. Also, there is no evidence of excess reaction 
between the glass and the Si,N,. These experiments are consistent with published reports 
on the formation of Si-oxynitride glasses and their reactions with dense Si,N,. Future work 
will continue to address the suppression of frothing reactions. 
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YP17716 

Fig. 3. Optical micrograph at interface between Si,N4 
and (oxide + Si,N4 + Si metal) powder. 
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Status of milestones 

141 1 1 1 Complete metallographic analysis of reactions of high-temperature braze filler 
metals with silicon nitride: Dec-31-1992. Completed; report is attached as an 
appendix to this report. 

Publications 

The paper entitled, “Brazing Ti-Vapor-Coated Zirconia,” by M. L. Santella and J. J. Pak 
appeared in Weld, J. 72(4), 165-s-172-s (1993). 

Unpublished work 

None 
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Table A I ,  Selected properties of SN-220 Si,N,. Room-temperature (RT) 
values are given unless otherwise noted 

Bulk Flexure strength, MPa Weibull 
density modulus 
Wcm? RT 800°C 1000°C 1200°C 1300°C (RT) 
3.2 588 598 51 0 323 -1 1 8 7-1 5 

Thermal 
shock 

AT" C 

Thermal 
at' q'm/"c conductivity, resistance, 

Wlm-K 

Hardness Fracture 
toughness 
(MPa-Jm) ( G W  40 to 800°C 

6.2 14.7 3.2 20.9 500-600 

Young's 
modulus 

(GPa) 

Oxidation resistance, mg/cm2 in 24 h Poisson's 
ratio 1 250" C 1 300" C 1 400" C 1 200" c 

294 0.28 0.2 0.6 0.8 1.9 

available and relatively inexpensive. The SN-220 material was supplied in billets with 
dimensions of 150 x 10 x 5 mm, which were cut into 1 O-by 1 O-mm coupons for brazing 
trials and metallographic specimens. 

Prior to brazing, all Si,N, joint surfaces were coated with a 1 to 2-pm-thick layer of Ti 
by vacuum evaporation. The Ti vapor was produced by melting 8 pure Ti source held in a 
water-cooled Cu crucible with an electron beam melting system operating at 7 kV and 
100 mA. Typically, the pressure inside the evaporation chamber was 400 pPa at the time 
melting of the Ti commenced, and it eventually dropped to near 50 pPa during 
evaporation. The Si,N, specimens were shielded from the Ti vapor until the pressure 
inside the chamber stabilized at the lower level. A standard quartz oscillation technique 
was used to monitor coating thickness during evaporation, and thickness was verified by 
reference weighing tabs. A typical time to produce a 1 -pm-thick coating was 30 min. The 
Si,N, specimens also were heated with quartz lamps to the range of 250 to 300°C prior to 
initiating the coating process. The Si,N, specimens were rinsed with acetone followed by 
ethyl alcohol and then air dried before being placed in the evaporation chamber. 

All brazing was done in vacuum. Joint assemblies were placed in an alumina tube 
that was subsequently sealed and evacuated to a pressure of about 130 pPa. Afterwards, 
the tube was inserted into an air muffle furnace preset and equilibrated at the brazing 
temperature. A thermocouple positioned near each joint assembly was used to continu- 
ously monitor temperature during the brazing thermal cycle. The holding time at the 



174 

brazing temperature was norrsliaiiy 28 nib, aftw which the alumina tube was withdrawn 
frcm the furnace and cooled to room tenyxrature. Joint assemblies for metallogra 
examinattisn were secured together with Mo wire, but no additional Isad was applied 
across the joints during brazing. 

re brazing: The filler irssta! used for the intermediate temperature 
rirnents has a noanitrai composition of Au-25Ni-25Pd W 96. This all 
avaiiable in a variely of forms [American Wsiding Society (AWS) standard 

designation: BVAu-7 Grl],  A 25-pm-ti-aick foil was used for brazing the Ti-vapor-coated 
Si,N, coupons. Typically, a piece of filler metal foil was cut to match the ~ ~ t ~ ~ a ~ ~ ~ l  area of 
the braze joint and preplaced bebwecaa the Si,W, coupons before heating ta the brazing 
temperature. T ie  liquidus temperature sf the filler metal is near 112O"C, and a brazing 
teniperature of 1 1 30" C was usad for all cxparimsents. This alloy was selected for study for 
two reasons: ( I )  it is a relatively ~ ~ m r n a n  crrmtrresc;ally available allay and (2) it repre- 
sented a significant increase in brazing tempemlure (-300" C) compared to the alloys used 
in initial brazing experiments. 

is typified by the cross-sectional view shown in Fig, Ai (a). Generally, the joint 
uniformly filled by the filler metal, ?here were n o  indications of cracking in the S 
the joints, and there was very little parosity in the braze layers Microstructural details at 
the Ti-vapor-coated Si,N, surface are shown in Fig. hi (b). ARer brazing, the filler metal 
layer contained two major piaases: an Aka-rich matrix and irregularly skiaped Ni-rich 

The overall appearance of the Si,N, braze joinis made with the Au-Ni-Pd filler metal 

he presetace of the Au- and Ni-rich phases is csnsisterat with the soli 
ratioaT observed far both the Au-Ni and Ae: Pd hinary The 

composition of the filler metal layer and thcsc of the iasdividual phases are given in 
Table A2. The overal! composition is reasonably cRasa to the ncsminak composition of Au- 
25Ni-25Pd v.4 %, but the presence sf Si in the filler metal layer after bra 
some reaction with the Si&, occurred, A Vickers indenter under a 10 
measure the hardness of the filler metal layer at 2.52 GPa, and based 
measurements, the yield strength of the braze f i k r  metal was estimated to be 265 MPa at 
room temperature. 

The interface region between the filler metal and the Ti-vapor-coated Si,N, is shown 
in Fig. A i  (b). After brazing, the layer at the %i,N, surface was still about 1 pm thick and 
Ti-rich, but reaction of the Ti-vapor coating was evident, and Ti was deteclte 
the braze layer. The Ti-rich layer was studied Fa rriore detail by dissolving 
metal in an acid solution and examining the exposcd, deacted surlace in t 
electron microscope (SEM) and by X-ray difffractic?n (XRD). The surface revealed by this 
approach was ccsmpased of fine cuboidal grains and occasional larger, smooth regions as 
shown in Fig. A 2  Microchemical analysis indicated that the cuboidal grains contained Ti 
with trace atmounts of AI, Au, Ni, Pd, and Si, while the smooth regions were Au rich, 

load was used to 

icating they were filler metal ftagrnents. Analysis by XHD showed 
sent besides SI,N, was TIN. These obseavations show that the Ti 

reacted with the S N, during brazing to form a Tin layer. 

effective for producing sa~rnd, defect-free bra;.@ joints of Ti-vapor-coated SI,N,. A Ti-rich 
layer was found at the SiJ, sutfaees after brazing, but 71 was also detected throughout 
the braze layers, indicating that some dissslubion in the filler metal occurred. 
MicsochemicaI analysis also detected srtsai! cctlricentrations of Si in the braze layer 

raphic examination showed that the Au-25Ni-25Pd w-t % filler metal was 
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f 0863 

Fig. A1 . Scanning electron microscope micrograph 
from a cross-sectioned joint showing the overall appearance 
of: (a) the Au-Ni-Pd filler metal layer between coupons of 
Ti-vaporcoated Si,N, and (b) the microstructure at a 
Ti-vapor-coated Si,N, surface after brazing. 
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Table A2. Compositions from braze filler metal layer after brazing at 1 130" C 

Braze layer 
analysis 
location Au Ni Pd Ti Si 

Composition in wt % 

Overall 50.43 23.60 23.51 2.07 0.41 

Au-rich matrix 
Ni-rich 

particles 

51.20 

34.77 

23.43 23.1 0 

43.01 19.20 

1.91 

1.73 

0.36 

1.29 

8881 

Fig. A2. Scanning electron microscope micrograph on an 
Si,N, surface after brazing and removal of the braze filler metal 
by acid dissolution showing grains of I N .  
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suggesting that reduction of the Si$, occurred 
forms a stable nitride and silicides, and because 
reaction between them was likely. The possible 
are availablegpi0 are: 

1/3Si3N, + Ti = 1/3TiSi + 2/3(N,)AGoT = -16.9 kcal/rnole (2) 

2/3Si3N, + Ti = TiSi, + 4/3(N,)bGo, = 313.5 k c ~ l / ~ ~ l @  (3) 

1/4Si,N, 4- Ti = TiN + 3/4SiAGoT = -32.1 kcall (4) 

These data show that TIN, Ti,Si3, and TiSi can all form by reaction of t ~ t a n ~ u ~ ~  with Si,N, at 
11 30°C but that TiN is considerably more stable than the titanium silicides, The XRD data 
confirmed that a layer of TiN formed preferentially at the Si,N, surfaces during brazing. 
The lack of porosity in the braze layers also offers indirect evidence for the p r ~ f e ~ e n ~ i a ~  
formation of TIN. If silicide reactions were preferred, they would have release 
would have formed pores in the liquid filler metas. 

Other phases such as Ni, Pd, or Ti silicides or NixTi compounds were not directly 
observed by SEM or XRD. However, their presence cannot be precluded, Quantities of 
these compounds too small to be detected may have formed in the braze layer 
microstructures. It is also possible that low-melting cornpounds incorporated into the 
reaction layer at the Si3N, surfaces were dissolved by the acid solution used to reveal the 
TiN. 

particles found in the braze layer. The unmelted filler metal is ductile, and %he absence of 
cracking in the reacted filler metal layers indicates that the issolution of the Si an 
not seriously compromise braze layer ductility. The la 
indentations also suggests that ductility was maintain 

Microchemical analysis further showed that Si partitioned ~ F ~ f ~ r ~ ~ t ~ ~ ~ ~ y  to Ni-rich 

High-temperature brazing: Several Ti-vapor-coated Si, 
with a 60Pd-40Ni wt % commercial foil (25 prn thick), and these joints c 
considerable porosity. In a separate experiment, bra2e joints 
25Ni-25Pd wt % and the 60Pd-40Ni wt % alloys at 1250" C (about 120" 
brazing temperature for the Au-Ni-Pd alloy). The result was that an ac 
free joint was obtained only with the Au-Ni-Pd alloy. S t a ~ ~ ~ r d ~ ~ ~ ~  ~ ~ ~ r o c h ~ m ~ ~ a ~  analysis 
of the joints in an SEM showed that both braze layers had become enriched to some 
extent with Si: 2.4 wt % for the Au-Ni-Pd alloy and 9.7 
sectional view of the microstructure of the Au-Ni-Pd joint, 
Fig. A3(a). The light regions in this braze layer are an 
phase particles. The darker regions in this braze layer ar 
Ni-rich phase and some grains with a composition of (Pd 
remained localized at the Si,N, surfaces. The rnicrostr 
Fig. A3(b). In this case, the braze layer appears to be  aril^ a (Pd 
containing small Ni-rich particles. Several cracks, such as the one 5 

were also found in this braze layer, and these are an indication that 
brittle. Based on composition, it is also likely that the 

joints were al 



178 

1921 

I (I 

1919 

rn 
1 I 

c P 

c 

Fig. A3. Cross-sectional view of Ti-vapor-coated 
Si,N,brazed at 1250°C with: (a) Au-25Ni-25Pd wt % filler 
metal and (b) PdQONi wt % filler metal. 



layers have relatively low melting temperatures since for Ni,Si, T,,, = 11 70°C and for Pd3Sl, 
T,,, = 960°C. This experiment also shows that the 50Au-25Ni-25Pd wt % braze filler metal 
is particularly well suited for brazing Ti-vaporcoated Si,N4 and suggests that consideration 
of high-Aucontaining filler metals might permit brazing temperatures to be used. 

Based on the above results, a commercially available Au-25Pd wt % alloy was also 
used to make several joints with Si,N,, which was vapor coated with a 2-pm layer of either 
Ti or Mo. The brazing trials were done at 1425 and 1375*C, which are, respectively, 15°C 
over and 35°C under the nominal melting temperature (1410°C) of this filler metal. Melting 
of the filler metal was achieved at both temperatures. Joints were formed for each 
experimental condition, and those made at 1375°C had good external appearance, but 
sectioning revealed that all of the joints contained large void areas. The microstructure, as 
viewed In the SEM, of a joint made at 1375°C using Ti-vapor-coated Si,N, is shown in 
Fig. A4. In this case, microchemical analysis indicated that the major phase in the braze 
layer had a composition of 13.6 wt % (36.6 at. %) Si, which suggests that it may be a two- 
phase mixture of Pd,Si and PdSi. The high Si level indicates extensive reaction between 
Pd and the SI,N, occurred. The minor phase in the braze layer appeared to be Au rich. 
Figure 4 also shows a large number of particles near the Si,N, surfaces. These particles 
could not be identified, but some of them were Ti rich and could have been TiN or 
R-silicides. It is also clear that the Ti layer did not remain intact and continuous on the 
Si3N, surfaces and did not inhibit reaction of the braze filler metal with the Si,N,. The 
reaction with Pd undoubtedly is responsible for depression of the filler metal melting 

2527 

Fig. A4. Microstructure of Ti-vaporcoated Si,N4 
brazed at 1375°C with an Au-25Pd wt % filler metal. 
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temperature and appears to be a significant problem in j d ~ ~ t ~ ~ i n ~  filler metal compositions 
may permit brazing at ternyeratures above 1 130" @. 
These experiments indicate that the conditions during the brazing of Si,N, with 
~ d - c o ~ t a ~ n ~ n ~  filler metals are fa 

dicate that the formation of large 
sirable because silicides have relatively paor m 
melting points, Also, the formation of silicides 1 

evolution of nitrogen gas, which then leads to expulsion of filler metal 
ps and the formation of large void regions. 

able for the format~on of si 
antities of silicide phases i 

de phases. The 
hese joints is un 

ical properties and possibly low 
braze layers involves ~ e c o ~ ~ o s ~ t i ~ n  
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1.4.2 Ceramic-Ceramic Joints 

Analvtical and Experimental Evaluation of Joinins Silicon 
Carbide to Silicon Carbide an d Silicon Nitride to Silicon 
Nitride for Advanced Heat Engine ADDlications 
G .  J. Sundberg, J. A. Wade, and C. S. White (Norton) 

OBJECTIVE/SCOPE 

Joins of hot isostatically pressed (HIP‘ed) Si,N4-4wtS Y,O, (NCX-5100 
family) and sintered Beta-SiC (NCX-4500j were developed during Phase I 
of the contract and were demonstrated to have mechanical properties 
attractive for advanced heat engine applicat ions w 1  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 WIP’ed Si,N, with 4wt% Y20, 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/numericalmodels for structural components 
in advanced heat engines will be provided. Mechanical evaluation will 
be performed by: MOR at 22OC and 1370OC,  stress rupture at 137OoC, high 
temperature creep, 2 2 O C  tensile testing and spin tests. 

TECHNICAL/HIGHLIGHTS 

&E4 Butt Joints - Creep Resistance (Task 1.1)- 

Model Development 

The development. of material models are useful only insofar as they 
can be used to predict the performance of structural components. The 
finite element method is the most popular and, arguabl-y, the most 
flexible numerical method for application of advanced material laws to 
actual components. In conjunction with the development of material 
models to describe the joins and parent material, is an investigation to 
use these models in the prediction of the response of complex members. 

In previous reports, we have detailed the experimental results, to 
date, for the creep of Si3N,-Si,N4 joins and parent material.2 These 
experimental results have been modeled in two ways: theta projection 
model, and Norton‘ Gs law. The preliminary modeling results have been 
presented in previous reports. Current work is underway to extend the 
Norton’s law modeling of the apparent steady stltte creep to include 
modeling the primary creep response. This is an important component that 
needs to be included in a useful material model for the NCX-5100 Si,N, 
which we have tested. 

The first results being reported here invol.ve incorporating the 
Norton’s law modeling into a finite elemefit code and dernonst:rating how 
it can be used to predict the mechanical response of a structure. Then, 
the stead;l state model is extended to include primary creep behavior. 

The ANSYS code is a well known and widely used lagrangian, 
nonlinear, finite element code. It is commercially available and in use 
worldwi.de . Nonlinearity is important for creep modeling. Since the 
strain rates evolve with time and temperature the solution must he 
tracked in an incremental manner. ANSYS also has thermal stress and heat 
transfer capabilities so it can he used in nonuniform temperature fields 
and also to predict residual stress. 

__I- ---.._... ~- 
Research sponsored by t:he U . S ,  Department of Energy, Assistant Secretary 
for Conservation and Renewabl e Energy, O€fice of Transportation 
Technologies, as part of the Ceramic Technology Project of the Materials 
Development Program, under cont: rac t DE-ACO 5 - 8 40R2 19 0 0 w i t h  Mart in 
Marietta Energy Systems, Jnc. 
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The one-dim?nsional N o r t o r i '  s l,nvw can be exp~essed in nulticompcment 
form 411Ch 3.5: 

where o ' ~ ~  .is the s t r e s s  d e v i a t o r  t e n s o r ,  and ~c~ is  the m y i i v a l e n t  stress 
(a, ::: ( 3 / 2  csi j .  a f i j ) 1 / 2 ) .  Thr  t o t a l  stlralii r ' s t ~ .  is  given as the s l i m  of 
t h e  e l a s t i c  strain rate and the creep s i r a i c  ra te  as g i v e n  above. 

Several c r i t e r i - a  were used to seJ.~?ct a corrrponeril: to apply the 
f i n i t e  e lement  method. The component w a s  r e q u i r e d  t o  have:  (1) a 
Yionun i f o r m  stress a r i d  si- rs i n  d i s t r i b u t  i mi pr i rna:cily t e n s i l e  loading 
s i n c e  t h e  mater ia l .  c o n s t a i l t s  we1-e dntermined f r a i l  temi. le  loading; ( 2 )  
a f a i r l y  s i inple  geometry; and ( 3 )  amenabi.lity t o  being tested 
e x p e r i m e n t a l l y  - G u i . d c d  by the above c o n s i d e r a t i o n s ,  a notched, 
c y l i n d r i c a l  tenni.1.e m e m b e r  w a s  selected (see F i g u r e  1). The geometry i s  
f a i r l y  s imple  t o  reyrescnL due to the twn planes of syinriietry. The 
specimen h a s  a semici rculalt- ~ o t ~ h  at, the center of t-he gauge section ~ 

The notch rcldj.ias w a s  chosnn t:o be one-ha l f  o f  khe gauge radius. The 
notch serves as a iini.veraa1 stress and strain concentratior The geometry 
was meshed with several d i f f e r e n i :  r e f i n e x e n t s  to i r e  t h a t  s u f f i c i e n t  
e l e m e r 7 . t e s  w e r e  used. Thn nesh showil i n  Figure 1 s 5 2 9 ,  e i g h t  node, 
axisymmetr ic  elements The pre l imi i ia ry  resialts for thiis  ana lys i s  w a s  
p r e s e n t e d  a t  t h e  Symposium on L i f e  Predict ion Methodologies a t  Cocoa 
Beach, January  1 9 9 3 .  The main concern e x p r e s s e d  by t h e  a u d i e n c e  w a s  
whether  a fine enough mesh had been used. .A. m-.:.;h convergence s tudy has 

orit? and t h e  results f o r  a mesh having f o u r  t i m e s  as inally e lements  
es the r e s u l t s  presented a t  Cocoa Reach. 'rhe mesh i s  loaded, by 
ng a 1 0  MPa t e n s i l e  stress to  t i l : ?  t o p  of the s p e c i ( w n  and setting 

t h e  temperature t o  1368OC everywhere iii the me.?h. T h i s  simulation was 
conducte2 assuming i so t l i ez r r i a l .  c o n d i t i o n s  but. t h a t  is n o t  a necessary 
rnqiii.i:emeiit . The 1-oa-d was applied, t h e n  t h e  spec.i.iiieri was allowed to  
creep F o r  500 hours i n  1 5 0  e q u a l  time increments .  Thi.s was a much 
shclrter t i m e  di.vi.sion than requi-red by t h e  convergence cr-.itc?rion 
specified i n  .ANSYS. 

The r e s u l t s  a r e  p r e s e n t e d  for two d i f f e r e n t  t i [ n ~ s  i n  t h e  a n a l y s i s .  
I n  F i g u r e  2 t h e  ve r t i ca l  n o r m a l  stress: 6,; is p l o t t e d  dt t e n  hours and 
5 0 0  h9ui-s of deformat i .on .  Note t h a t  at, short C i . r n z s  the ver t i ca l  normal 
stress has its maximum at t h e  n o t c h  root as w o i i l d  be expected from l i n e a r  
elast-ic ann7.ysis .  A s  t h e  c r e e p  deformat ion  continues the  creep s t r a i n  
bmi ids up a t  tl-ic: no tch  r o o t  arid r e d j  ? t r i b u t e s  the stress more evanly  
across Lh~c secctioii. Figure 2 b  s h o w s  t h e  vert i t rc iJ  aorraal st3r:;ss a f t e r  5 0 0  
hours of deformat ion .  I t  i s  slioinrri t h a t  t h e  stre:3s i s  more uniform and  
t -hnt :  the maxi.mum now o c c u r s  a t  t h e  c e n t e r  o'i' t h e  specimen, not at- t h e  
notch root .  ,This i s  a consequence oE t:he cr93p s t r a i n  b e i n g  d r i v e n  by 
t h e  deviator ic  stresses. Ths .acciiiiIalated creep s t r a i n  a t  5 0 0  hours ,  has 
i t s  maximum at the notch  root, as shown i n  b ' iguie  3 .   he (creep strain 
acciirni.ilates moriot;oni cal l y  w i t h  t i m c . .  

1hi.s s i rnula t ion  :is given as ail exampl~c? of t h e  type of dna1ysj.s t h a t  
can apply advanced m a t c r i . a l  models i o  e n g i n e e r i n g  structures. The 
f a i  31.1re predicEion from such s i m u l . a t  ions i s  c u r r n r l t l y  r e s t r i c t e d  t o  being 
based  irpon r e a c h i n g  a c r i t i c a l  c r e e p  strain. That  js c o n s i s t e n t  w i t h  t h e  
Monlrrrian-Gr.2nt r e l a t i o n s h i p  i f  t h e  exponent i s  ui i i ty  . Otherwise ,  the 
evolut.i.on of a damage variable COIJII~ be tracked and u s ~ d  as i n  the 
f a i l u r e  criterion. 

r? 
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F i g u r e  1: Notched Tensile M e m b e r  Geometry Axid Coarare Mesh 
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15 0 

Figure 2: Vertical ~ o m l  stress A f t e r  (a) pen Ana (b) ~ B v e  mnarea 
Hours (MPa) 
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F i g u r e  3 :  Accumulated Creep strain After 5 0 0  Hours 



Arrhenius Model of Steady S t a k e  C r e e p  Rata 

Additional creep da ta  has supported former f ind ings  t h a t  the  
apparent act.ivat-ion eriergy for  creep was dependent: upon applied stress. 
The sirnpJ.? ?,.rrhenius form nf Norton's equation was appl ied :  

where E ,  i.s the stt2iAdy s ta i -c  s t r a i n  r a t e ,  A a n d  n a r e  ma te r i a l  cons tan ts ,  
o i s  the  appl ied  s t r e s s ,  Q i s  the apparent a c t i v a t i o n  energy for creep, 
R i s  the  universa l  gas constarkt, di-d T j.s the absolute ternperat-ure. This 
q u a t  ion has received rhride itcceptapce for high t e r p e r a t u r e  creep behavior 
i n  the  l i t e r a t u r e  f o r  bot:-I ceramics and metals. Consider 1;he n a % u r a l  
logarithrr; of Norton's Eq\lAi; i.on ' : 

The values of Q ,  n ,  and A can be dntermined from p l o t t i n g  the  
n a t u r a l  logarithm of the steady s t a t e  creep s t r a i n  r a t e  ayain%t var ious 
paraineters. The value of Q w a s  determined from PI-ott ing ln(E,) versus 
1/T a t  constant stress (Fiyurt- :  4 ) .  The value of Q is tbs negat ive of the  
slope of timi: curve mul t ip l ied  5y the  universa l  gas constant ( R )  . I n  
Figure 4 we see  t h a t  the  ca lcu la ied  value of t h e  appacent a c t i v a t i o n  
eneryy Q va-r:i.cs wi th  flie value of the  appl ied stress. The data  is  
siimmarized in Figurs 5 .  'There i s  an approxirnate1.y l i n e a r  increase  in Q 
with s t r e s s .  The range of measured va.liies i n  Q going from 527 KJ/mole 
t o  1 4 2 5  KJ/rnole i s  cons is ten t  with other values from the l i t e r a t i i r e  .) 
This phsnonisnoi.1 of i .ncrear, ing Q h7it.h stress i s  cu r ren t ly  being 
inv-estigdted. There i s  evidence f r o m  the  l i t e r a t u r e  of t he  creep of 
met.a.1.s for Q t o  decrease with S ~ L ' S S S  but not to i-ncrease.  

The va1.ue oT: n w a s  d. rminecl by taking the  s lope  of ln(F,,) as a 
f u n c t i o n  of ln(c7) a t  coilstaiit. tempe~-at:ure (Figure 6 )  . The values  of n 
w e r e  0 . 7 0 3 ,  5.242, 7 . 0 9 5 ,  and 5 . 7 8 1  f o r  temperatures of 1.900, 13'70,  1 3 0 0 ,  
and  125OoC, respec t ive ly .  There was a trend of increas ing  n with 

amount of da ta  WAS ava i l ab le .  
de-.-- LLeasiiiy teinpera'cure except: f u r  a t-cmperature of 125OOC where a l imi ted  

Fai-lure Model. i.nq ......... _lll__ ....._.............. . 

The time t o  f a i J . u r e  fo r  ei-iclh m i n i m u m  s t r a i n  r a t e  i s  p l o t t e d  i n  
Figure 7 . T h i s  cnr rEla t ion  follows t he  I.Ior-kindn-C",rarlk r e l a t i o n s h i p  given 
below. 

where t, is tile time to fai lure a.nd Ehe Mnnkman--Grant parameters p and C 
a re  1.271 and  1 .892e-4 hr-0.271. Since i s  near ly  equal t o  un i ty ,  the 
creep s t r . a i n  to fai!l.lieFi i s  a cons tan t .  This was used a s  the c r i t e r i o n  
for f a i l u r e  i n  the  f i n i t e  olnrnent cod-. 
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Since the creep strain rate for this material does not show a tertiary 
regime we observe that the strain rate continuously decreases until 
failure. Thus the minimum creep rate is the strain rate observed just 
prior to failure. 

Having the minimum creep rate characterized is not sufficient as 
input €or predicting the creep of structural components. The entire 
creep curve should be represented. The following approach was evaluated 
as an effective way to extend the minimum creep rate model (Equation 2 )  
to the primary regime as well. 

If we start with the assumption that the effect of stress and 
temperature on the minimum creep rate is representative of their effects 
on the entire creep curve then we can use an internal variable model 
which involves the dimensionless variable, s ,  and a material parameter, 
h. The change in structure will be represented by s, while h, is a 
measure of how quickly the material hardens. During creep, s evolves 
from its initial to final values. Here we will assume that we can 
normalize s such that its final value is unity. As s goes from so to 1 
the creep rate will continuously decrease from its initial value until 
it reaches the temperature and stress dependent minimum value. This can 
be represented by the equations below. 

Equations 5 and 6 represent a system of two, coupled first order 
differential equations that can be solved for E(t) to compare with 
experiments. The approach of using internal state variables is also 
being considered by Ding et a1.3 and has been used extensively in metals4 
to capture nonlinear material behavior. 

In order to evaluate this new model, the creep tests of nine NCX- 
5100 joins that were tested until failure were used. The minimum creep 
rate parameters A, n and Q were determined from a least squares fkt of 
the experimentally measured minimum creep rates. The determined values 
were : 

n = 2.987 
Q = 609 KJ/mole 
A = 8 . 8 5  x l o 7  (hour*MPa”)-l. 

Using these values, the creep curves that were used in determining the 
parameters were simulated using Equations 5 and 6. The results are shown 
in Figure 8 .  The solid curves represent the experimental data and the 
dashed curves are the model predictions. The two parameters, so and h, 
were judiciously chosen to provide a good fit to the data. 

The results in Figure 8 show good agreement with the experiment. 
The shape and total strain are predicted reasonably well. In testing it 
was noticed that there is significant scatter in the measured creep 
response curves even for identical testing conditions. The model would 
not be able to capture this kind of experimental variability. In future 
constitutive modeling efforts, the model will be applied to the control 
specimens using the parameters determined for the joins. This will 
provide one way on viewing whether there is significant, systematic 
difference between the joined specimens and the base material. 
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Figure 8 :  Comparison O f  Mode1 With Experiment F o r  NCX-5100 Joined 
Specimens. Sol id  Curve Is Experiment, Dashed Curve IB 
Model. 
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Silicon Nitride Curved Joint - Joint Development (Task 1.2) 

Mechanical Testinq 

Room Temperature Fast Fracture: Densified curved join disks made 
from slip type D were sectioned according to Figure 9 and ground into 
ASTM C-1161 (derived from MIL-STD-1942MR) "A" flexure specimens. Results 
of flexure tests on a 5mm x 20mm span are summarized in Table 1. A 
statistical comparison of the outer layers (A,D) to the inner layers 
(B,C) using a robust non-parametric paired analysis found no difference 
at the 95% confider,ce interval within each joined disk. A similar 
analysis was run for all layers of a disk with each of the other disks. 
The result indicated a lower strength in joins 20 and 24 .  The reduced 
strength in join 20 may be due to the lower density, however, the cause 
of the lower strength of join 24 is not apparent. Optical fractography 
showed failure origins to be located primarily at the surface and in most 
cases near a chamfer. The Weibull modulus for all outer layers ( A , D )  and 
all inner layers ( B , C )  were essentially identical at 16.4 and 16.5 
respectively (Figure 10). The Weibull modulus for the  combined groups 
is 16.4. The combined average strength is 886.3 t/- 56 MPa. 

1370'C B a s t  Fracture: Results from 1370°C ASTM C-11161 specimen "A"  
type bars are summarized in Table 2. As with the room temperature tests 
there were no significant differences between join layers. The average 
strength for all specimens tested was 516 MPa + / -  47 MPa. The Weibull 
modulus was 16 (Figure 11). 

Shear Testing: Two densified silicon nitride joined disks were 
sliced perpendicular to the axis to make three test specimens 2.50 mm 
thick by 70 mm diameter from each disk for a total of six specimens. 
Five specimens were shear tested at 25OC and one at 1 3 7 0 O C .  The loading 
configuration is shown in Figures 12 and 13. Two different load/support 
ring diameter ratios were used. The results are summarized in Table 3 .  

Table 3: Shear Test Results 

It was decided that by increasing the ratio the maximum bending 
stress would decrease while maintaining a constant average shear stress 
at the join. Increasing the radius of the inner load ring resulted in 
a ratio of 0.918.  Upon loading a uniform biaxial tensile stress is 
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Figure 10: Weibull Probability Plot Far W m m  T ~ ~ ~ ~ ~ t ~ ~ ~  Flexure 
Strength Evaluation (Task 1.2 - Final fteratfcan) 
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Disk Interlayer Specimens I Mean Strength I Std. Qev. 

c 1370 Celsius Fast Fraotura Data 1Task 1.2) 1 

J0"l" Join Density 
Failures Non-closure gmslcc 

____I__ 

26 
26 

A,D 14 0 3.228 35 500.8 1 _-- .... ................ ... ___________.. _- 
8.C 18 490.2 74.5 2 1 

108 i0m 

Strength CRPa) 
I 

-._..I- 

F i g u r e  ll: Weibull Probability P l o t  For 13700 Flexure Strength 
Evaluation (Task 1.2 - Final I t e r a t i o ~ )  
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Figure 12: NCX-5101 Silicon Nitride Curved Join 

Load 

I I 

Joined Disk 

Figure 13: Shear T e s t  Configuration 



achieved over the area of the loading ring. This s t ress  is calculated 
by the following equation by T.R. FJilshaw5: 

3 p  [ ( 1 - v )  a2-=2 + ( l + v )  1n-q 
27% t2 28'  z- 

where a ::I radius of support, b = radius of specimen, r = radius of 
loading ring, t. = thickness of specimen, and P := applied load. 

The shear stress was determined from an axisymmetric finite element 
model. Figures 14 and 15 show contour plots for the maximum principal 
stress and the shear stress for each load ring configuration. Notice the 
reduction in the maximum principal. stress as the load ring ratio is 
increased from 0.802 to 0.918. The shear stress :is dependent on the 
applied Soad at failure and is similar for the two cases since the 
failure loads are similar. 

Practographic analysis of failed disks revealed surface failure 
origins in Lhe principal region under the inner load ring for all room 
temperature tests, consistent with biaxial flexure testing o f  a 
monolithic: ceramic dj.sc. At room temperature, none of the failures were 
attributed to the join. The faiJ.ure origin at l37OoC requires further 
fractography to identify. Figure 16 shows a reconstructed sample. The 
failure origin is located within t:he dotted area. 

The probahility of failure was calculated from APJSYS results 
using WeihuJ.1 normal stress avsragiiiy for volume flaws with material 
constants determined from flexure tests. Note the lack of agreement 
between experimental r-sults in Table 3 and predi.ct:ed failure loads in 
Figure 17. While there is some agreement for the test data at 137OoC, 
the predominance of observed surface failures lends us to believe that 
in all. t:<?st.ing configurations Sending is controlling the failure a 

Siliconized Sic B u t t .  Joint-: Joint Development (Task 2.1A) 

Additional silicon carbide joins were made to minimize the 
excessi-ve silicoii enrichment and porosity at the join interlayer 
reported e a r l i e r . *  Si.x interlayer types, termed A through F, were used 
fo r  joining both siliconized and unsiliconized parent materials. 
Interlayer A was a replication of the earlier work which resulted in 
silicon eiirichinent and porosity of the join interlayer. Join 
interlayers were applied as aqueous dispersions oE silicon carbide and 
other additives and used to join silicon carbide billets of 51 x 51 x 
38 mil dimensions. Attempts were made to sinter and siliconize twelve 
joins, six w i t h  siliconized parent materials and six with 
unsiliconized parent materials. One join made from the siliconized 
parent materials and five joins of the unsilicoriized parent materials 
separated during presinter , siliconization or grinding of the 
mechanical test specimens. Flexure specimens were ground from the 
remainder of tho joins to evaluate join strength. 

ground from the joins with the join int-erlayer plane located at the 
centel: of the flexure specimens perpendicular to the length. Room 
temperature strengt-hs of t he  joins were not improved with the 
d i f f e ren t  join i n t e r l a y e r  treatments (Table 4 ) .  Failure originated 
predominantly within the join interlayer at regions of porosity and/or 
silicon enrichment. The join strengths are low by conparison to the 
strenqth of the unjoined NT-230 silicon carbide parent material. of 
siiailar cross sectional. thickness, 38mm. The NT-230 parent material 
o f  38nun cross-sectional thickness demonstrated significantly lower 
strength than was typical for NT-230 of thinner cross-section (410MPa 
for lOmm thick cross-section). Characterization is underway to 

AS'I'bI C- 1161 (MIC-STD-1.942MR) B geometry flexure specimens were 
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{EAR STRESS FOR 0.802 RATIO 
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WIh7JM PRINCIPAL STRESS FOR 0.802 RATIO __ 
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Figure 14: Contour P l o t s  For 0.803 Load Ring Diameter Ratio 
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Figure 16: Failed Joined Disk 
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202 

Table 4: Silicon Carbide Join Sumnrary  

Number 
Tested 

10 

14 

14 

14 

15 

15 

15 

27 

Number 
Of 

Failed 
Joins 

10 

14 

12 

14 

15 

15 

12 
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confirm the suspected cause of strength dependence upon cross- 
sectional thickness. 

are exhibited in Figures 18 to 23. Joins are identified for ease of 
discussion by the type of parent material (siliconized=S or 
unsiliconized=U) and join interlayer (A through F). For example, a 
join S-D was made with the initially siliconized parent materials and 
joined with interlayer D. The appearance of the joins vary widely 
with S-B exhibiting the most uniform microstructure and the lowest 
silicon content (Figure 18). The join S-C and U-D demonstrate extreme 
silicon enrichment (lighter phase) in the center of the join 
interlayer with segregation of the silicon carbide (darker phase) at 
the edges of the interlayer adjacent to the parent materials (Figures 
19 and 23). Although, the joins S-B, S-D and S-F exhibit a more 
homogeneous distribution of silicon carbide and silicon, all of the 
joins lack a contiguous network of silicon carbide that extends into 
the parent material. All of the join methods resulted in join 
interlayers that were discrete relative to the parent materials and of 
higher silicon concentration. The distinct interface between the join 
interlayer and parent material consisted largely of silicon within 
the join and silicon carbide within the parent material with an 
absence of interpenetration across the interface. In addition, voids 
within the join interlayer are strength limiting and undesirable 
(Figures 20, 21 and 22). 

Polished sections available to date of the joined interlayers 

Additional silicon carbide joining work is required to improve 
silicon carbide join quality. 
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STATUS OF MILESTONES 

Milestones are on schedule with the exception of Tasks 
2.1A through 2.4B. The development of silicon carbide butt joins 
(Task 2.1A) will be extended to improve join quality. Subsequent 
silicon carbide join development and characterization will be delayed 
until acceptable silicon carbide butt join quality is achieved. 

COMMUNICATIONS/VISITS/TRAVEL 

GJSundberg and JAWade attended the American Ceramic Society 
Third International Ceramic Science and Technology Congress & 
Exposition in conjunction with the 45th Pacific Coast and Regional 
Meeting, November 1-4, 1992. 

of Silicon Nitride Components Using Finite,Element Techniques' at the 
16th Annual Conference on Composites and Advanced Materials at Cocoa 
Beach, Florida, January 1993. 

Industrial Ceramics Corporation have had discussions with MHoulihan 
and BRabin of INEL concerning a potential collaborative effort on Sic 
joining. 

J.A. Wade presented a paper titled .Prediction of Creep Behavior 

LABroderick, JNPanzarino and GJSundberg of St. Gobain/Norton 

See STATUS OF MILESTONES section. 

PUBLICATIONS 

None. 
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Cost-Effective Ceramic Machininq 
P. J. Blau and S. R. Srinivasan (Oak Ridge National Laboratory) 

Obiective/scope 

The objective of this task is to investigate the effects of machining practices on the 
durability of ceramics for valve and valve seat applications and to assess the surface and 
subsurface machining damage. The scope of the program includes: (1) developing a 
repetitive impact testing machine to simulate operation of a valve and valve seats in com- 
bustion engines with respect to mechanical, chemical, and thermal factors] (2) studying the 
effect of machining methods on the repetitive impact behavior of machined ceramics, and 
(3) characterizing the detailed nature of machining-induced surface and subsurface 
damage and their evolution in advanced ceramic materials. 

Technical highlishts 

Relative humidity (RH) in the test environment has been determined to have a 
significant effect on the impact wear behavior of silicon nitride (Kyocera SN220M). A 
series of tests in three different RH ranges, 50 to 60%, 20 to 30% and <3%, have been 
completed. Each test series consisted of impacting the flat machined specimen, a 
standard flexure bar, with an NBD200 silicon nitride ball 2000, 5000, 10000, and 
20000 times. The ball impacts the specimen at an angle of 45O to simulate the valve 
seating configuration during engine operation. The inclined impact configuration adds a 
component of slip to the impact. The impact wear was quantified by measuring the cross- 
sectional areas of the impact craters from stylus traces through the widest portion of the 
impacts in two mutually perpendicular directions. The plot in Fig. 1 shows the de- 
pendence of the average crater cross-sectional areas on the number of impacts. A large 
decrease (by almost an order of magnitude) in crater areas occurs when the RH in the test 
environment increases] i.e., the environment goes from dry to humid conditions. 

Having established the effect of RH on impact wear behavior of silicon nitride, 
baseline data are being generated under "dry" ( ~ 3 %  RH) conditions for three different 
silicon nitrides: Kyocera SN220M, EatonlCeradyne sintered reaction bonded silicon nitride 
(SRBSN), and Norton/Saint Gobain NCX-5102. Two sets of baseline tests are being done: 
(1) tests where the slip component of the impact is along the lay direction of the 
machining and (2) tests where the slip component of the impact is normal to the lay 
direction of the machining. Test configuration (2) is expected to be more pertinent to 
valves. Baseline impact wear data are also being established for the SRBSNs machined 
under six different conditions. Preliminary correlations of machining parameters with 
impact wear show significant effects. 

The test system has been modified to admit hot gases into the test environment. A 
humidifier assembly is also being developed to introduce known amounts of water vapor 
into the gas. These modifications are expected to more closely simulate the valve 
environment. 

Important findinqs and observations 

An increase in RH of the test atmosphere results in a significant decrease in the 
impact wear of silicon nitride. This apparent increase in impact resistance of silicon nitride 
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Fig, 1. Plot shows crater area de endence on the number of impacts 

conditions. Circles c o ~ r ~ s ~ o ~ d  to tests at a hum! range between 50 and 
orrespond to tests at a idjty range between 
squares correspond to tests at a humidity of ~ 3 %  

under dry nitrogen atmosphere. The lines through the data points represent 
linear fits through the data. The slopes of these lines are 0.02, 0.04, and 
0.30 for the 50 to 60% h jdiw lab air test data, 20 to 30% humidity lab air 
test data, and dry nitrog est data, respectively. 

der various relative humidity 

under humid c o n ~ ~ t ~ o ~ s  is expected to be beneficial far valve materials since the engine 
atmosphere contains as much as 7% water vapor from the combustion products. 

Impact wear data on the SRBSNs indicate a significant effect of machining methods. 
A possible relationship to the subsurface residual stresses caused by machining is being 
investigated. 

Impact wear data also show a 
and the direction of slip during the i 
quantified as is the possible relation to surface roughness. 

ndence on the specimen grinding orientation 
This behavior is in the process of being 



213 

Status of milestones 

1. Design, fabrication, and installation of hot-gas delivery system is complete. A 
temperature of 120°C on the sample surface has been achieved, and the first set of 
repetitive impact tests has been completed at 120°C on SN220M. 

2. Baseline tests under "dry" conditions are complete for the three silicon nitrides 
and for the SRBSNs machined under six different conditions. 

3. Installation of the humidifier assembly is complete. 

Cornmunications/visitors/travels 

Visitors: 
Or. Harold Kanost, Crestel Ltd., Australia, October 20, 1992, for a product exhibition/ 
demonstration and presentation on DlASlL grinding wheels. 

Dr. Chander Bhateja, Contemporary Technologies, he., Farmington, Conn., January 26, 
1 993, for a product exhibition/demonstration and presentation on sensor systems for 
monitoring grinding operations. 

Dr. Bishu Bandyopadhyay, University of North Dakota, March 4, 1993, to discusddebrief 
on the status of ceramic machining technology in Japan (subcontract). 

Dr. Joe Kovach, Eaton Corporation, and Prof. Steve Malkin, University of Massachusetts, 
March 3-4, 1993, to discuss Low-Damage, High-speed Machining subcontract. 

Mr. Mike Hazelkorn, Caterpillar, Inc., April 22, 1 993, to discuss valve simulation/repetitive 
impact test results. 

Dr. Ron Chand, Chand-Kare Inc., Worcester, Mass., May 18, 1993, to discuss providing 
test specimens (machined silicon nitride) for repetitive impact tests. 

TraveVvisits : 
S. Srinivasan, two-day workshop on "Fundamentals of Ceramic Grinding," Charlotte, N.C., 
February 16-1 7, 1993. 

P. J. Blau and S. Srinivasan, Coos Technical Ceramics, Oak Ridge, Tenn., March 26, 
1993, to discuss collaboration between Coors and ORNL for development of optimum 
grinding wheel for grinding advanced ceramics. 

Problems encountered 

None. 

Publications/presentations 

P. J. Blau and T. Hanft, "Quantitative Measurements of Repetitive Impact Damage on 
Ground Silicon Nitride and Alumina Surfaces," submitted to Tribal. Int,, 1993. 

S. R. Srinivasan and P. J. Blau, "Effect of Relative Humidity on Repetitive Impact Behavior 
of Silicon Nitride," to be submitted to J. Am. Cerarn. SOC., June 1993. 
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G r i n  d i n  q 0.w t i m.i z.ati.on f o q Ad v a n ce@ Ce ra@.i.~i 
S a i d  Jahanmir  ( N a t i o n a l  I n s t i t u t e  of S t a n d a r d s  and Technology) 

The averal l  o b j e c t i v e  of this p r o j e c t  is to develop g u i d e l i n e s  and 
recommendations foz g r i n d i n g  o p t i m i z a t i o n  of  advanced s t r u c t u r a l  ceramics 
t o  a c h i e v e  mini~iium cost and maxhmum r e l i a b i 1 i t . y  The f o l l o w i n g  steps are 
b e i n g  t a k e n  'io a c h i e v e  the ob j c c t i v e :  conduct  g r i n d i n g  expe r imen t s  j o i n t l y  
w i t h  i n d u s t r i a l  p a r t i c i p a n t s ,  de t e rmine  effect  of g r i n d i n g  p a r a m e t e r s  un 
machining damage and s t r e n g t h ,  e l u c i d a t e  mechanisms of material  removal 
and damage f o r m a t i o n ,  e v a l u a t e  several  damage d e t e c t i o n  t e c h n i q u e s ,  and 
t r a n s f e r  data and information t o  i n d u s t r y  i n  computer ized d a t a b a s e  format .  

a )  &&ground 

Advanced s t r u c t u r a l  ce ramics ,  such  as s i l i c o n  n i t r i - d e ,  are a t t r a c t i v e  
for many advanced engine a p p l i c a t i o n s  duc to t h e i r  high s t r e n g t h  a t  
elevated t e m p e r a t u r e s ,  resistance t o  chemical d e g r a d a t i o n ,  a b r a s i v e  wear 
resistance, and low d e n s i t y .  Despite these advan tages ,  t h e r e  are 

comprehensive s t u d i e s  havs  i n d i c a t e d  t h a t  w i t h  c u r r e n t  t echna logy ,  
f a b r i c a t i o n  c o s t s  are h igh  and component r e l i a b i l i t y  i s  u n c e r t a i n .  
Machining was i d e n t i f i e d  as a major c o n t r i b u t o r  t o  both  hFgh c o s t  and l o w  
r e l i a b i l i t y .  The cost: of machiriing can be as  h igh  as  90% of the total 
cost of some h i g h  p r e c i s i o n  components. Damage produced d u r i n g  machining 
can  be d e t r i m e n t a l  t o  the performance., and can produce p rema tu re  i f a i l u r e .  
Many i n d u s t r i a 3  labora tor i  e8 and companies have i n d i c a t e d  that machining 
da ta  and g u i d e l i n e s  are b a d l y  needed for  o p t i m i z a t i o n  of g r i n d i n g ,  i n  
order t o  produce c o s t - e f f e c t i v e  ceramic componcnts, 

The MIST C e r a m i c  Machining C o n s o r t i u m  has been e s t a b l i s h e d  t o  p r o v i d e  
measurement methods r' data, and m e c h a n i s t i c  i n f o r m a t i o n  needed by i n d u s t r y  
t o  develop i n n o v a t i v e  c o s t - e f f e c t i v e  methods f o r  machining advanced 
stvucLura1 ceramics. C u r r e n t  Iy, t h e  consort ium h a s  s e v e n t e e n  members - 
Ceradyns, C i n c i n n a t i  Milacron, Corning; Dow Chemical Company, E a t O A  

Garpoxa t ion ,  Ford M o t o ~  Clsmpariy , GE Superabras i v e s  , General Motors I 
NoLtoriI SAC I n t e r i m t i  m a l ,  Sonoscan, S t e v e n s  I n s t i t u t e  of Technology, 
Texas A&M U n i v e r s i t y ,  Therm Advanced Ceramics, Tower Oil and Technology, 
U n i v e r s i t y  of Maryland, and W .  R. Grace & Company. I n  a d d i t i o n  to t h e  
p r o j e c t  on Gr ind ing  O p t i m i z a t i o n  f o r  Advanced Ceramics, which i s  described 
h e r e i n ,  r e s e a r c h  i s  perfarined on C h a r a c t e r i z a t i o n  of Machining Damage, 
Nano-precis ion Gr ind ing  of S i l i c o n  N i t r i d e  Bzaring Materials, 
Chemomech,ilnical E f f e c t s  i n  D r i l l i n g  and Gr ind ing  of Ceramics, and 
Polishing of S i l i c o n  Carbide Ceramics. Consortium members par t ic ipa te  i n  
t h e s e  p r o j e c t s  by p r o v i d i n g  m a t e r i a l s ,  t e s t i n g ,  a d v i c e ,  and o t h e r  En-kind 
c o n t r i b u t i o n s .  Funding €or t h e  p r o j e c t s  is prov ided  by DOE - Ceramics 
Technology P r o j e c t ,  DARPA - Ceramic Bea r ing  Technology Program, U . S .  Navy 
- Manufacturing Technology Pr^oyram, NIST - Ceraiiiics D i v i s i o n ,  N I S T  - 

cansiderable impediments t o  t h e  i n t r o d u c t i o n  of c e r a m i c s ,  % ? C e n t  
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Office of Intelligent Processing of Materials, and NIST - Standard 
Reference Data Program. 

b) Introduction 

Grinding with diamond wheels is the most prevalent method of machining 
advanced ceramics. This machining method is highly complex and its 
optimization requires detailed knowledge of many interdependent factors. 
The major elements of a grinding system are the grinding wheel, the 
grinding fluid, the machine tool, and the workpiece. Each. of these is 
associated with several parameters that can influence the grinding 
process. For example, the type of diamond grit, its size and 
concentration, as well as the bonding material control the behavior o f  the 
grinding wheel. The chemical and physical properties of the grinding 
fluid, and method of delivery to the grinding zone contribute to the 
grinding rate and the quality of finished surface. The variables used in 
grinding such as feed rate and wheel surface speed, and the machine tool 
characteristics such as stiffness and vibration are major factors  in 
grinding. The workpiece material and its properties are important factors 
in the selection of the grinding parameters, since each material responds 
differently to the grinding action. 

Optimization of the grinding process consists of finding the most 
appropriate set (or sets) of parameters to be used for each material such 
that a maximum machining rate is obtained and at the same time relevant 
performance parameters such as strength and/or surface roughness are 
maintained at the required level. This objective requires data and 
information on the effect of grinding parameters on material removal rate, 
strength, surface roughness, surface integrity, residual stress and 
others. In addition to these data, detailed information on the mechanisms 
of material removal processes, and reliable methods for damage detection 
are required. 

c) Experimental Procedure 

This project has been planned in three phases. In Phase I, the 
participating consortium members were asked to use their experience in 
selecting grinding conditions to be used in the study. Each participant 
machined one set of flexure test bars ( 2 8  to 301, which were then tested 
and characterized a t  NIST for surface integrity and fracture strength. 
All grinding was performed along the length of the samples, i-e., parallel 
to the major tensile axis in four-point bending. The surface roughness 
was determined by a 3-D s t y l u s  surface profilometer; and the surfaces were 
examined by scanning electron microscopy to evaluate the surface 
condition. The test bars were subjectedto four-point bend tests according 
to the ASTM Standard C 1161. The fracture strength data were analyzed 
using Weibull statistics. Two types of silicon nitride materials were 
selected for this study: reaction-bonded (RBSN) and sintered-reaction- 
bonded (SRBSN). The grinding conditions used to prepare the flexure bars 
are summarized in Table 1. The major difference between t h e  grinding 
conditions is in the volumetric material removal rate, which varies from 
30 to 1737 mm3/min. This is achieved by using different combinations of 
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down f e e d ,  cross f e e d ,  and t a b l e  speed.  Gr ind ing  c o n d i t i o n a  A and B 
r e p r e s e n t  t h e  c o n v e n t i o n a l  pract ice  and are recommended f o r  u s e  i n  t h e  
ASTM S tanda rd .  Gr ind ing  c o n d i t i o n s  E t h rough  H r e p r e s e n t  creep f e e d  
g r i n d i n g ;  whereas  c o n d i t i o n  D r e p r e s e n t s  c o n v e n t i o n a l  practice w i t h  
a d d i t i o n a l  spark-out  passes. 

Table  1. Gr ind ing  C o n d i t i o n s  Used i n  t h e  Study 

Condition A B C 

Gticiding 320 grit 320 grit 120 grit 
Wheel 100 conc 75 conc 63 conc 

-- D* 

320 grit 
I50 conc 

Emulsion' 

1 5  2 

4.00 

I 

0.005 1 

310 

E 

150 grit 
75 conc. 

Emulsion 
20: 1 

1.52 

1.91 

0. I778 

516 

F 

80 grit 
100 conc. 

Emulsion' 
20 I 

152 

4.50 

0.0508 

347 

Condition D was completed with 2-3 spark-out passes. 
+ Grinding fluid used was Cimperial HD90. 

Emulsion Emulsion' 
20 1 20 1 

152 1 5 2  

- 
191 4 50 

0 2540 0 2540 

737 1737 

d) R e s u l t s  

The r e s u l t s  of  f r a c t u r e  tests are summarized i n  Weibul l  p l o t s  i n  
F i g u r e s  1 t o  4 .  These f i g u r e s  a l s o  l ist  t h e  c h a r a c t e r i s t i c  s t r e n g t h  
( p r o b a b i l i t y  of  f a i l u r e  = 0.63)  and Weibul l  modulus ( s l o p e  of l i n e  drawn 
t h r o u g h  t h e  da ta  p o i n t s ,  a measure of  data d i s t r i b u t i o n ) .  The data  i n  t h e  
f i g u r e s  show a clear d i s t i n c t i o n  between t h e  two materials. Although, t h e  
s u r f a c e  roughness  w a s  somewhat i n f l u e n c e d  by t h e  g r i n d i n g  c o n d i t i o n ,  t h e  
c h a r a c t e r i s t i c  f r a c t u r e  s t r e n g t h  and Weibul l  modulus are u n a f f e c t e d  by t h e  
c h o i c e  of g r i n d i n g  pa rame te r s ,  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  g r i n d i n g  
c o n d i t i o n  D. I n  t h i s  case spark-out  a p p e a r s  t o  have d e c r e a s e d  t h e  Weibul l  
modulus, e s p e c i a l l y  f o r  RBSN. Fol lowing t h e  f r a c t u r e  tests, f r a c t o g r a p h y  
w a s  performed t o  i d e n t i f y  t h e  l o c a t i o n  of  f r a c t u r e  i n i t i a t i o n .  The 
r e s u l t s  showed t h a t ,  as  e x p e c t e d ,  most f r a c t u r e s  i n i t i a t e d  from s u r f a c e  
and n e a r  s u r f a c e  f l aws .  F u r t h e r  examina t ion  by SEM showed o n l y  a few 
i n d i c a t i o n s  €or f r a c t u r e  i n i t i a t i o n  from machining damage. Although t h i s  
data  is l i m i t e d ,  no c o r r e l a t i o n s  cou ld  be e s t a b l i s h e d  between s t r e n g t h ,  
Weibul l  modulus, s u r f a c e  roughness ,  and g r i n d i n g  c o n d i t i o n s  ( e x c e p t  for 
c o n d i t i o n  D ) .  N e v e r t h e l e s s ,  t h e s e  r e s u l t s  s u g g e s t  t h a t  a n  i n c r e a s e  i n  t h e  
removal ra te  by a f a c t o r  of  60 i s  p o s s i b l e  w i t h o u t  a r e d u c t i o n  i n  
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etrength. This  will undoubtedly lower the cost of machining for ceramic 
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Figure 1. Weibull plo t  for RBSN samples ground under condition8 A, BI 
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and C. 
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Figure 4 .  Weibul plot for SRBSN samples ground under conditions D, G ,  
and E .  

Thermal w a v e  imaging was evaluated as a nondestructive technique for 
detection of machining damage. This technique responds to changes in 
thermal diffusivity of a thin layer at the surface. Machining damage that 
ha5 an effect on thermal diffusivity at the surface can be detected. 
Recent reeulta at N I S T  obtained on surfaces abraded w i t h  different size 
diamond particles show that there i a  a correlation between thermal 
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diffusivity of silicon nitride and the abrasive particle size. This 
effect can be attributed to the larger amount of damage produced by the 
larger particles. Selected SRBSN flexure bars were examined with the 
thermal wave measurement technique to assess the machining damage in these 
specimens. The results indicated that a surface layer with a thickness of 
about 30 to 45 pm exists on most of the samples. However, the layer 
thickness on the sample ground under condition D (with spark-out passes) 
was approximately 11 pm, which is much thinner than the layer found on the 
other samples . This finding is encouraging, since the same grinding 
condition resulted in a wider distribution of strength values. This 
experiment will be repeated and confirmed by acoustic evaluations and 
taper sectioning. Although these result are preliminary, they are 
encouraging in confirming the feasibility of using thermal wave 
measurement method for the detection of machining damage. 

e) Future Plans 

The information obtained during the first phase of this projects will 
be used to develop an extended test matrix based on statistical design of 
experiments using Taguchi method. This method is particularly powerful for 
minimizing the number of tests, and maximizing the amount of information 
that can be obtained from the experimental data. The statistical design 
of experiments is also useful for determining interactions between 
different variables. Grinding wheel type, grinding fluid, wheel surface 
speed, table speed, and down feed will be specified. The outputs that 
will be measured and reported include: removal rate, grinding ratio, 
cutting forces, power consumption, and surface roughness. 

The machining data will be assembled in a spread sheet format, and will 
be statistically analyzed to determine trends and effects of variables. 
The complete set of data will be available to the participants for their 
use in a database format. These data may be complemented with evaluated 
data from literature and from consortium members. The database structure 
and search strategy will be designed to allow users find an optimum set  of 
parameters for grinding specific ceramic materials. The CERAMIC 
MACHINABILITY DATABASE will be published and become available through 
NIST. 

Status of Milestones 

1. Prepare 300 specimens ground under "best in-house" conditions to 
establish bounds for  a more extensive data program (Sep-1-1992 
Completed). 

2. Complete fracture testing, characterization, and preliminary 
statistical analysis of data (Dec-1-1992 Completed). 

3 .  Evaluate feasibility of thermal wave measurement on selected flexure 
specimens ground under different conditions (Apr-1-1993 Completed). 



4. Select g r i n d i n g  c o n d i t i o n s  based on s t a t i s t i c a l  d e s i g n  of e x p e r i m e n t s ,  
and  d i s t r i b u t e  a d d i t i o n a l  2000 flexure bar s  f o r  g r i n d i n g  (Jun-1-1993 On 
S c h e d u l e ) .  

5. Develop  a p r e l i m i n a r y  database structure to be used for  data  c o l l e c t e d  
i n  t h i s  s t u d y  and  t h o s e  co l l ec t ed  f rom l i t e r a t u r e  (Sep-1-1993 On 
S c h e d u l e ) .  

P u b l i c a t i o n s  

1. S. J a h a n m i r ,  T. S t r a k n a ,  G. Quinn ,  H. C.iang, R. Allor, and R. West, 
"Effect of Grind ing  on S t r e n g t h  and S u r f a c e  I n t e g r i t y  of S i l i c o n  
N i t r i d e ,  P a r t  1," I n t e r n a t i o n a l  W n f e r e n c e  on  Machin ing  of Advanced 
Materials, NIST, G a i t h e r s b u r g ,  MD, J u l y  20-22, 1993.  

2 .  S. J a h a n m i r ,  T. S t r a k n a ,  6. Qu inn ,  R. Kopp, S .  C. Yoon, and K. Kumar, 
" E f f e c t  o f  G r i n d i n g  on Strength and Surface I n t e g r i t y  of S i l i c o n  
N i t r i d e ,  P a r t  2 ,  I' I n t e r n a t i o n a l  Confe rence  a n  Machin ing  of Advanced 
Materials, NIST, G a i t h e r s b u r g ,  MD, July 20-22, 1993.  
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Chemicatlv Assisted Machining of Ceramics 
S .  M. Wsu, T. N. Ying, J. Gu, Y. S. Wang, R. S. Gates 
(National Institute of Standards and Technology) 

Obiective/Scope 

The ceramics industry has identified the lack of a rapid low cost ceramic machhhg 
te~hnobgy as one of the major barriers for widespread use of ceramics. Current machining 

logy is slow and labor intensive. Residual surface damage is a primary concern. This 
project a h  to increase the machining rate of c e d c s  using chemical reactions at the 
interface. The chemical reactions could produce a softer reaction layer hence reduces the 
contact stresses and damage. Si,N, is the main material of focus, even though other 
materials such as SiAlON, Sic may be examined if it appears that these materials may be 
suitable for engine applications. 

The project involves several subtasks including: 

1. 

2. 

3. 

4. 

5 .  

Development of a bench test simulation to allow screening of chemistries under 
well-controlled conditions. 

Identify new chemistries that can significantly improve the machining rate of 
ceramics, especially for silicon nitrides. 

Provide understanding on the working mechanisms of the chemistries identified 
and develop correlations with the surface quality of the machined surface. 

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

Validate the concepts and methdology in industrial applications. 

Technical Progress 

SCFEENING OF CHEMISTRIES 

A simple cutting device (VC-50 diamond saw made by Leco Corp.) was used as the 
screening tool for various chemistries. The cutter has a maximum h e a r  speed of 3.3 dsec.  
with a diamond cutting wheel of 12.7 cm diameter, 0.35 xnm 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. 
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. 

The cooling fluid container was 



222 

I 

Figure 1 The schematic diagram of the modified equipment. 
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Baseline data on a silicon nitride supplied by Kennametal Corp. were obtained using 
current 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 . 

Over 100 chemical compounds have been screened during the past six months. Many 
compounds show dramatic increase in cutting rate. Some selected results are shown in Table 
1.  Several parameters are presented. One is the intial cutting rate. This represents the 
maximum cutting rate when the diamond grains are sharp. As the cutting proceeds, the 
cutting rate decreases due to several possible factors: polishing of the diamond edges, 
adhesion of ceramic fine particles onto the wheel, and increased friction from the two side 
surfaces. This produces a steady state cutting rate. We define the loss of efficiency in 
cutting as the difference between the intial rate and the steady state rate divided by the initial 
rate. The time it takes to change from the initial rate to the steady state rate has also been 
determined by using the slope intersect method. Generally, the larger the transition time, the 
more effective the chemical is at maintaining the initial cutting rate. The names of the 
chemicals tested are shown in codes because of potential patent applications. 

As one can see from Table 1, the range of intial rates is relatively small, 0.083 to 
0.158 mm2/sec. The difference in the steady state cutting rate is larger, from 0.01 to 8.096. 
The best fluid in the organic-based fluids is CMOll with 188 sec. cut-through time, which is 
24% decrease from the commercial baseline. The best fluid in the water-based group is 
CM004 which has a cut-through time of 309 sec. which is 60% reduction from the 
commercial fluid. 

MECHANISTIC PERSPECTIVE 

In machining silicon nitride, diamond impregnated cutting wheels are generally used. 
The diamond grains penetrate the silicon nitride surface and remove the material by plowing. 
The rate of material removal depends on the sharpness of the diamond particle. Dressing of 
the wheel using abrasive is usually done to maintain the sharpness of the diamond particles. 
Fig. 2 shows a typical diamond grain morphology just after dressing. During the machining 
process, the diamond particles themselves may be damaged, worn, or suffer grain pull-out. 
Under the chemically assisted machining process, the diamond particles are usually polished 
to form small plateau on the top, as shown in Fig. 3.  This dulls the diamond and the 
machining rate drops. This polishing process, we have found, can be influenced by the 
chemistry of the fluid. Fig. 4 shows the comparison of two fluids, one currently 
commercially available for ceramic machining, the other developed under this project. One 
can observe that initially, the two fluids provide the same machining efficiency. After ten 
seconds, the cutting rate for the commercial fluid drops rapidly while the best candidate 
maintains a high cutting rate through out the process. 

SURFACE QUALITY 

The quality of the as machined surface is an important issue with respect to the 
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Table 1. Selected data of silicon nitride cutting rate 

II Aqueons Rase 

I 4.9 I 63 
11 135 2 %CM004 309 13.1 

I I I I I 
12 128 1 A CM006 > 700 9.5 1.9 80 

I I I I I I 
13 80 0.5MCM008 > 700 9.5 1 .o 89 

Loss of efficiency = (initial rate - steady state rate) / initial rate * 100% 

T, = transition time at which the initial rate slope intersects the steady state slope. 



225 

Fig. 2 Morphology of the diamond particles after dressing. 
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Fig. 3 Morphology of the diamond particles after cutting. 
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Fig. 4. Comparison of the two cutting curves of a commercial fluid with the best candidate 
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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. 

Initially, we measured the surface roughness of the machined surface as an indicator 
of surface quality. In order to obtain realistic surfaces, a surface grinder was used to 
generate the surfaces under different chemistries. The surface grinder has a 220 diamond 
grit grinding wheel with a diameter of 25.4 cni diameter and 0.64 cm thick. The grinding 
was done under a linear speed of 30.8 m/sec. with a constant feed rate of 0.01 mm. The 
grinding wheel was dressed before each test. The surface roughness of the ground surfaces 
under three different chemistries is shown in Fig. 5. Fluid A is a commercial reference 
fluid, and fluids B and C are examples of candidate chemistries. As can be observed, the 
candidate fluids exhibit smoother surfaces. The SEM micrographs of the as-ground surfaces 
shown in Figures 6-8 reveal additional surface features. Fig. 6 shows the surface features 
obtained for the commercial fluid. There are considerable amount of surface damage and the 
presence of many wear particles on the surface. Under fluids B and C, the surfaces appear 
clean without wear debris. There are indications of a reacted layer on the surface. This 
suggests that cliemistry can iniluence the surface damage. At the same time, surface 
roughness may not an effective indicator of the surface quality. 

EVALUATION OF SURFACE DAMAGE 

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. 

The experimental set-up of this apparatus is schematically shown in Figure 9. The 
specimen surface is inclined with an angle 9 (which is adjustable) with respect to the 
horizontal plane, as shown in Figure 10. A spherical diamond indentor (with 0.2 mm radius) 
is used. The horizontal force (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 (0,) during the sliding 
which has been derived by Hamilton i s  given by: 
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Fig. 5 The surface roughness of the ground surfaces under different chemicals. 



230 

c 
L 

I (t 

Fig. 6 The morphology of the ground surface with fluid- CMOOl 
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Fig. 7 The morphology of the ground surface with fluid CMOO4 
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Fig. 8 The morphology of the ground surface with fluid CMO11 



233 

I 

Video / Indenter 
Camera ID-4 

Steplng motor 

Motor driver mL Charge 
Amplifier 

I II 

u Transformer 

I 

+ Weve 
Transformer 

Motion 
Controller 

Fig. 9 A schematic diagram of micro-scratch test apparatus. 
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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: 

Kri + KO = To 
i 

where K, is the stress intensity factor due to the applied loading. The term KIi represents 
contributions of "internal" forces on the crack, such as those associated with microstructure 
and machining. To is taken to be the intrinsic material toughness (Le., the effective K,, 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 $ is a crack-geometry coefficient, Lh, are the summary of internal stresses retained 
from the thermal process, with compressive stresses are represented a negative sign, c is the 
preexisted crack sue and 0, is the critical tensile stress induced by external sliding required 
for microfracture. Equation (3) can be rewritten as follow: 

(4) 

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 11 shows the results of an experiment where Vickers indentations are 
introduced on a silicon nitride surface. There are no cracks on the surface except radial 
cracks on the corners of the Vicker's indent. Then, 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 indents. No such crack was observed at other 
places. This observation suggests that the residual stress near the indentation marks are high, 
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On schedule 

, E%su presented a talk to the ACerS C icago Sectiora on Cl.iemie;Plly 
of Ceramics on OCS. 6, 1992 ira Chicago, Zk. 
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Dr, Joseph A. Kovach (Eaton Manufacturing Technologies Center) 
and Dr. Stephen Malkin (University of  mas^^^^^^^^^) 

The fundamental objective of this project is to conduct a feasibility 
investigation of High Speed Low Damage (HSLD) grinding relative as the 
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To date, over 200 Eaton S/RBSN cylindrical rollers have been received for 
test purposes. In addition, over 300 Eaton S/RBSN MOR bars were fabricated and 
have been prepared for use in the laboratory grinding studies. SN-220 silicon nitride 
test specimens (rollers, MOR bars, and creep feed test blocks) have also been 
recently received from Kyocera. Coors Ceramics is currently in the process of 
fabricating additional S/RBSN test blanks. Grinding wheels and dressing tools have 
been received from Norton, Universal/Beck Supercut, and Abrasive Technology. 

Several MOR bar type S/RBSN specimens have been drilled using a 0.050'' 
diamond drill at the University of Massachusetts for thermocouple installation. The 
holes were drilled from the underside to within 0.050" of the workpiece surface. 
Type K thermocouples (5TC-TT-K-36-36) were then installed and held in place with 
a special cement. A fixture for holding the workpiece was also designed and built. 
Data acquisition systems at both the Eaton MRC (Machining Research Center) and 
the U. Mass. Grinding Lab have been tested. The U. Mass. system has been 
modified for temperature measurement. 

The MRC "Eagle" is being modified for high speed O.D. cylindrical grinding studies. 
A custom wheel adapter hub has been designed and fabricated to adapt standard 
wheel hub sizes to the high speed GMN motorized spindle. Workholding fixtures are 
being designed to allow for O.D. creep feed grinding studies as well as conventional 
O.D. grinding. 

Weldon Universal ID/OD machine which will permit surface workpiece velocities up 
to 400 ft./min. In addition, standard baseline grinding load studies have been 
conducted to calibrate the internal Weldon piezoelectric load cells with a Kistler 3- 
axis force dynamometer. 

diamond grinding wheel must be accurately dressed. Typical industrial practice 
involves the use of a brake controlled dressing device. After considerable testing at 
the University of Massachusetts, a Norton 38A 80 M VBE aluminum oxide brake 
dressing wheel was found to successfully true a coarse grit lresin bonded grinding 
wheel (Norton SD150-RI OO-BX6196) to within 0.0005" out-of-roundness. 
Subsequently, the wheel surface was conditioned using a 3JC 220 KV silicon 
carbide abrasive stick. 

results were also noted. In these tests, however, a finer grit resinoid wheel (D-400- 
R-B) was initially employed. After evaluating five different brake dressing wheels 
(grit sizes ranging from 80 to 220, hardness between H & M, with 38A aluminum 
oxide and 37C 81 39C silicon carbide) it was found that the 38A 220 K 9VBE 
provided the most reasonable brake dressing results. 

Nevertheless, brake dressing is extremely slow and may not provide a uniform 
profile across the wheel surface. Non-uniform wheel bonds (hardness, density) may 
lead to non-uniform breakdown under brake dressing conditions. Up to 0.002" of 
wheel taper was formed in one resin wheel under both traverse and plunge type 
brake dressing conditions. Additionally, after five minutes of brake dressing, only 

Test machine setup efforts are also well underway at Eaton and U. Mass. 

A high speed surface grinding simulation has also boen developed on the 

It must be noted, however, that before any ceramic grinding can begin, the 

In testing at Eaton's Machining Research Center, similar brake dressing 
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0,OQ@3" was remowed from the wheel radius. Alfhomgh pue-conditioning tbe wheei 
with a 38A 22OH stick iwcreased the :emova8 sate by apprsximateiy 3Q%, thess rates 
are still unattractive for high vsluma cm$ FcffectEve cer.xnk finishing. Unfofiunately, 
as industry m o v ~ s  toward vitrified m d  tmetal bondsd Ji ofid whes!s for higher G- 
ratios acd higher wheel speeds, the brake dwsshg rates will becorns 8v8n slswes, 

wheel ps afile while increasing dressing rabs, Bath resin and vitrified diamand 
wheels am :~nder evaluation using hydradicaRly powered dressing devic~s. Tests 
were conducted using mi & coilrrter-d6re~sliisnal Q.D. dressing, as we!\ zs 86* 
traverse cup dressing EecWqses. Dressing wheels ranged ~ r s m  alesmir'rum oxide, to 
silicon carbide, to metal bonded diamond b%l-iG& To date, t h s  best resarlts WEPB 

obtained by preconditict=nic't.g the wheel (rotating at 2000 SFM) with a 376 226 I 
silicon carbide stick fed in a% 2"/minute for 8.25", foliowed by 30° trdverse c q  
dressing at i 5"'Jrninute with 0.001 " dress deptk-I per pass. Using a 38A 60 K5 cup 
wheel operating at 3500 SFM, up to 6.0689" wzs rern~wwJ from the r ~ s i n  czlheel in 
less than 2 minutas. 

performed to provide baseline grindability charactztrixxtion. Ruilding upan ciala 
d ~ e i ~ p e d  at ths University of Massachusetts grindirrg laboratory, the fofc-@ss and 
correspondii-rig specific energy (i.es energy per unit volume of material ren-iavad) far 
tha sintered ssacitim banded silicon nitrida appear to he approximately 20% less 
than what has been obtained for t x f  pressed silicm nitride. Undsr convesltisnal 

With this in mind, additional dressing expmimsnts ~ ~ ~ e t 8  conducted to, improve 

After having dressed the wheel, an irlitidl series of grir*~$ncj studies was 

rinding conditions (La. wheel speed V, =I: 30 I I I / S ~ C  (6000 SFM), wsrkpiecs 
v, = 173 mm/sec (34 Vdmin.), wheel depth of CIA4 a :: 25 rnieaaas (O.QQi")), 

cific energy with the S/RBSN was 35 $/mrn3 (5.09 * 106 in-lbdin') as 
cornpared tca abcaa~t 42 ~/mrns (ti88 * 106 in-itxiin3) for the H P S N . .  Tipis SLI~CJBS~S 

that, whiie providing improved grindabili'iy, the S/WPSN materia! may not be as tough 
as the HPSN. 

Grhding tests are continuing over a wide range si conditions. Conwenfiss-ial, 
as well as akusive tests at elevated speeds are being perf-formed such tkat 
contrasting surface damage conditions can be characterized. Of pafi:il::.~ilar interest 
is the identifieation of a straiglalfartvard surface awa8ysis tec!-aniqos capable of readily 
distinguishing between dwc:t!le ilsw, br ittie Fracture?, and mix& mode grinding iinder 
WSLD conditions. 

Initial temperature mt?asiA1-emmt tests will also be cnwhc:ed sdsirag t t~e 
embedded thesrnscoupie tectiiiiqur?. Subsaqa~ently, the tests will utilize an infrared 
pyr~metr~c measuring system currently under development at ths Uniwmity of 
Massacl-susetts. The first design ernpfoys a sheathed f8&13ridti? glass fiber and a lead 
selenide detector. Although this approach shcsiild prove successful at eiwxted 
temperatures (500 "C), it is unclear Vow awi.wate the sensor will be at lower 
temperature regimes (200 - 308 *C). As such, several sthe: iqfrared det 
systems are also being Envestigated. 
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Status of Milestones 

Based on the milestone/gantt chart given in the February, 1993 bi-monthly 
report, the project is essentially on schedule. Specimen preparation (1 53201) is 
nearly completed. The experimental development (1 53202) is well underway. 
Moreover, some of the laboratory grinding studies have already begun (1 53203). 

Pu bl i cat i on s 

None 
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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). 
(1) Modeling, (2) Contact Interfaces, and (3)  New Concepts. The sub- 
elements include macromodeling and micromodeling of ceramic micro- 
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 in 
structural design. 

The major objectives o f  research in Materials Design Methodology ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior at high temperatures, and improved methods for 
describing the fracture statistics o f  structural ceramics. Success in 
meeting these objectives will provide U . S .  companies with methods for 
optimizing mechanical properties through microstructural control, for 
predicting and controlling interfacial bonding and minimizing interfacial 
friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 

It contains two subelements: 
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2.2.2 Dvnamic Interfaces 

DeveloDment of Standard Test Methods for ~ v ~ ~ ~ a i i ~ ~ ~  
the Wear Performance of C e r a m ?  
P. J. Blau (Oak Ridge National Laboratory) 

Obiective/scope 

The goal of this effort is to improve ~ o ~ ~ ~ ~ t ~  it? r~~~~~~~ ~ ~ ~ 1 r f 9 ' t  $;&OPdi dn.la by 
~~~~~~~~~~~~~~~ dQle-zl74-ting the 

ngi a t y p  a? motioc that is 
helping to develop one or are standard te 
wear resistance of structural cer 
experienced by several types of 
with the American Society for Testing and 
Wear-test development normally falls withi 
and Erosion," and in 1990, P. J, Blau wa 
Group G02.40.07, "Reciprocating Sliding 
report describes activities within the Task Group. 

Technical hiqhliahts 

Progress of the dr During the last perio 
wear test standard to A s ~ ~ c o ~ ~ i ~ ~ ~  G-2.40 on ~ ' ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Wear"' for ccm 
and review and led a ro robin testing ~ r ~ ~ r ~ ~ ~  sf 

"Reciprocating Sliding Wear of Ceramic and Metallic 
prescribed ASTM standards format a 
Abrasive Wear." After preliminary ba 
December 1992 meeting, the draft was returned for revision. Based on Obese cari-iments, 
the initial draft is currently being revised for c o n s ~ ~ ~ r a ~ ~ o n  at the next cammilitco nxeting, 
May 20-21, 1993. One required section on "Precision a 
completed based on the results of the interla 
still in progress. 

Progress of the r o ~ n d - r ~ b ~ ~  program: The first roun 
Two combinations of materials were included: a too! steet 
nitride wear couple. The following seven p ~ ~ i ~ i ~ ~ ~ ~ ~ ,  in 
tests and returned the specimens: Howard Hawthorne, 
Canada; Glenn Elliott, ~ a t ~ r ~ ~ l ~ a r  Tech Center; P 
Staff; Ken Budinsky, Eastman Kodak ~ ~ ~ ~ ~ n y ;  
(United Kingdom); Carlton Rowe, 
Company. Except for Kodak, which used a cus 
had reciprocating test machines ma 
specifically designed to analyze rou 
compute the statistics of seven qua 
within each laboratory was aod, but ~ ~ p r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
unacceptable. The followin causes were identified: 

steel and silicon nitride materials as test specimens. draft standard, entillcd 
als," was ~ V r m r i  ir'i :!-re 

ed to the $ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  ChajFrniil? 9\13' 
e s~~~~~~~~~~ Bevel and dlscl,lssion 

r verr-sia, Genera! Molsss ResT;earch 
x A ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~  Gawsel ~l^i-Pii~O 

aleolm tdayloa, CtJimnlii-as Engine 
achino, a$! pasiicipanbs 
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1. testing machines were in the proximity of lubricant testers whase vapars may have 
contaminated the initially unlubricaded Best specimen S W ~ ~ C B S ,  

The above resoits, coupled with 'rho resporases tmm automalive industry, si~ggested 
the need for a secr~nd raund-solain program. This secr?nd caumj will use only silicon 
nitride specimens and involve elevafted-le~pgrafure, lubricated Icsts. 

-I_ Future plans 

The revised draft (without the precision and acci.usacy section) will be completed. A 
round robin will $e conducted. Preliminary cliscussicns indicate the  following 

ants (~~~~~~~~ final csnfirrnation): Gerissa! Matars (two participaiits), Mobi! 
Curnrnins Enyirre Company, Gaterpiiiiar, Cameran-Plint, Naticna! Physical 
(United Kingdom), National Resaarch Council (Canada), and O W L ,  

None. 

___ Status of rnilestonqs 

2212204, Submit first draft of wear 'lest standard to ASI'M. June 30, 1992 - completed. 

222205, Complete round-robin wear tests. December 31 1993 - compkted. 

__ Problems ..-- - ~ 1 1 1 1  encountered .......c 

Results of the first saurad-robin test series hzd ~macceptabk scattca. A s e c ~ n d  
round will be conducted. The diaR standard is being revised but cannot be completed 
until round-robin results from the  second roufid available 

None. 
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2.3 NEW CONCEPTS 

Advanced Statistical Concepts of Fracture in Brittle Materials 
C .  A. Johnson and W. T. Tucker (General Electric Corporate Research and Development) 

Obj ective/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: 

0 Optimum testing plans and data analysis techniques. 

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

Confidence and tolerance bounds on predictions that use the Weibull distribution 

0 Strength distributions in multiaxial stress fields. 

distributions. 

function. 

The studies are being 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 Highlights 

Work during this reporting period concentrated in two areas: generalized goodness-of-fit 
tests for the size-scaled Weibull distribution; and refinement of approaches for probabilistic 
strength analysis in multiaxial stress fields. 

I. Goodness-Of-Fit 

Quantitative tests of goodness-of-fit are helpful in judging applicability of the distribution 
and validity of resulting estimates of strength and probability of failure. As shown in recent 
bimonthly and semi-annual reports, Monte Carlo simulations are very useful in generating 
tables of critical values for goodness-of-fit tests in the two-parameter size-scaled Weibull dis- 
tribution. 

Goodness-of-fit tests are contained within a larger class of distribution hypothesis tests 
that are used to make statements of statistical significance concerning the consistency of data 
with an assumed model of probabilistic material behavior. The broader class includes: 

Tests to determine if one subgroup of specimens is consistent with the remainder 
of available strength data. As an example, one might ask if a group of 10 tensile 
specimens are consistent with a group of 100 bend specimens of the same 
material. 

Tests to determine if several subgroups of strength measurements are consistent 
with a common underlying strength distribution. For instance, if 10 laboratories 
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each measure the bend strength of 20 specimens of the same material, one could 
determine if the obsenred variability in apparent distributions is likely to be due 
to random sampling error. 

e Goodness-of-fit tests to determine if a set of strength data is consistent with an 
assumed distribution such as the two-parameter Weibull. 

The statistical literature includes approaches for performing tests of statistical 
significance in many of the above types of problems when the underlying distribution is 
expected to be Gaussian (normal). In general, however, similar tests are not available when 
the underlying distribution is expected to be Weibull. Work to date on goodness-of-fit tests 
has demonstrated that even when a specific test is described in the literature, it typically has 
only limited applicability to the wide range of size-scaled problems encountered in ceramic 
strength testing. Monte Carlo simulations techniques are expected to be valuable in creating 
tables of critical values for customized hypothesis tests in a manner similar to that demon- 
strated previously in goodness-of-fit tests. 

During this reporting period, work continued on generalized goodness-of-fit tests for 
problems involving the size-scaled Weibull distribution function. In addition, initial con- 
sideration was given to extensions of the logic used in the goodness-of-fit simulations to cover 
the broader class of distribution hypothesis tests. 

11. Probabilistic Strength Analysis in Multiaxial Stress Fields 

During this reporting period, a detailed study of the possible difference between the 
Batdorf-EIeinisch (B-H), Ref. 1, and Lamon-Evans (LE), Ref. 2, approaches to multiaxial 
failure has been carried out. The equivalence of the B-H and L E  approaches has been chal- 
lenged by Lamon, Ref. 3, who further claims that the GE approach is superior to the B-H 
approach. Lamon, Ref. 3, compared results of Shetty et al., Ref. 4, employing the B-H 
approach to results of analyzing the same data via the L-E approach. In both Ref.'s 3 and 4 
the analysis of 4-point bending data was employed to predict the results of $point bending 
and pressurized disk tests. The L-E approach successfully extrapolated to both the 3-point 
bending and pressurized disk results, whereas the B-H approach only extrapolated to the 3- 
point bending results; thus Lamon's conclusion. Given the equivalence of the two methods 
(reported in earlier bimonthly reports and shown in completeness in Ref. 9, they should 
have given comparable results--not exact since the L-E approach as applied employed a 
different failure criterion than the shear sensitive criterion employed by Shetty et al. (Shetty 
et al. also studied the normal stress criterion.) But the shear sensitive fracture criteria 
employed in each study are comparable in their shear sensitivity, so that the end results 
should have been more comparable. The more detailed studies reported herein are in 
response to a request for clarification on this issue by a referee in the review process of Ref. 
5. While the study of the difference between the LE and B-H approaches could seem to be 
minor-they are equivalent-Ref. 3 is the only citation known to the authors in which a 
difference between the approaches is reported. Thus the apparent difference needs to be 
resolved. The further new results given herein aim to do this. 

Perusal of Lamon, Ref. 3, indicates that he employed "initial" data of Shetty et al., Ref. 6, 
for the shear sensitive failure mode studied, He then compared to results of Shetty et al., 
Ref. 6, for the WeibuU approach and to Shetty et al., Ref. 4, for the B-H approach. 
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(Apparently Lamon did not carry out any analyses in the B-H manner but just employed pub- 
lished results of Shetty et al. Moreover, the pressurized disk results of Ref. 6 were only 
employed for comparison to the prediction from the 4-point bending results.) The 3- and 4- 
point data appear to be the same in both the Shetty et al. papers. However, the shear sensi- 
tive data are distinctly different and this difference favors Lamon’s conclusion. Unfortunately 
(and apparently resolving the discrepancy) it had been reported in earlier reports that by 
employing the stress distribution equations for the pressure disk loading from Shetty et al., 
Ref. 6, the coplanar strain energy release rate failure criterion from Shetty et al., Ref. 4, and 
numerically integrating, in essentially the L-E manner, a Wehull failure probability plot 
nearly equal to that obtained by Lamon, Ref. 3, for the L E  approach (and the L E  failure 
criterion) was obtained. The more careful study carried out during this reporting period 
indicates that this is not the case. As an aside, all of the combinations of failure criteria and 
loading geometries given in Ref. 4 have been analytically integrated in the L-E manner under 
the Shetty et al. assumptions and duplicated exactly the Shetty et al. results. Thus, there is a 
discrepancy between the two analyses of the pressure disk fracture data, Our further studies 
indicate how this could have come about. 

The further analyses begin by developing bounds for the subject failure criteria. The 
development of the bounds is based on the use of 

Pf = 1 - e x p [ - w G / u q ,  

where 

a, expresses the failure criterion as a function of the local principal stresses, aM denotes the 
maximum value of a,, rn is the Weibull modulus, and no is the inherent strength or second 
Weibull parameter. Eq.’s 1 and 2 follow from the equivalence of the B-H and L E  
approaches as shown in Ref. 5. As pointed out in Ref. 5, use of OM is natural from a 
mathematical viewpoint. However, use of any other value that is in a one-to-one and onto 
relationship to c r ~  can be made. The key is to employ a consistent usage of a failure stress, 
e.g., one that is measured at the same place and conditions for the test specimen. In the 
developments that follow (cf. (10)) the observed failure stresses, or a multiple that is not a 
function of any of the variables of integration, will be employed. Indeed in most cases it will 
be simplest to employ the observed failure stress as the factor. With this background, it is 
clear that bounds only need be developed for the u, employed by Lamon and Shetty et al. 

The normal stress criterion plays a central role in the development of bounds. While the 
normal stress criterion is not a function of the shear stress, r, in the plane of the possible 
failure producing crack, it is sensitive to the shear stresses within the structure. For a given 
location and orientation, since ul, Q, and a3 (the three principal stresses) are invariant, it fol- 
lows that the value of u (the normal stress to the plane) varies as T varies through the rela- 
tionship 
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where the li denote the direction cosines of the given orientation as measured from the prin- 
cipal axm of the q, i = 1,2,3. Thus, if (3 is held constant, ie., only values of the q that pro- 
duce the same value for the sum, 2 + 7 , are considered, and the failure criterion is only a 
function of u, then the event of failure occurs as r varies. There can be combinations of c17 
u2, and g3 for which ( 3 )  is constant and failure occurs and combinations for which it does not. 
Clearly, the normal stress failure criterion could be expressed as a function of B and the left 
hand side of (3), as well. Put another way, the normal stress criterion is just a lunction of I ,  
and cri, with i = 1,2,3. However, of those criteria that are direct functions ofa  and r ,  and are 
based on energy or ultimate strength considerations, the normal stress criterion is the least 
shear sensitive. In this sense it serves as an upper bound on the probability of failure for 
these types of shear sensitive failure criteria. For example, the coplanar strain energy release 
rate criterion is greater than or equal to the normal stress criterion or 2: u. More- 
over, the maximum strain energy release rate criterion eniployed by Lamon is given by 

? 

Now it is straightfoiward to show that (“2 -t- r2)2 2 &r2, so that 

Finally, we have 

since [l + @r2/(c? + r2)2]1/42: 1. In hindsight (4), (9, and ( 6 )  are obvious; earlier they 
were not. (Along these lines see Figure 2. of Ref, 1.) 

Eq, 6 implies that if Lamon, Ref. 3, had employed the coplanar strain energy release rate 
criterion in the L-E method, then the probability plot for this failure criterion would have 
plotted to the right of that for the maximum strain energy release rate criterion in his Figure 
7 and would have, possibly, plotted on or near the pressure disk data from Shetty et al., ]Ref 4. 
Moreover, the normal stress criterion would have plotted even further to the right. Also if 
Shetty et al., Ref. 4, had employed the maximum strain energy release rate criterion, it would 
have produced a plot to the left of the lower bound given by Eq. 20 (cf. (11) ff.) in their Fig- 
ure 4, which is just to the left of the curve for the 4-point bending data. This shows clearly 
that the treatments of Lamon and Shetty et al. differ in some way. 

In order to more completely address the difference between the Lamon and Shetty et al. 
methods, bounds for the coplanar strain energy release rate criterion were then developed. 
The coplanar strain energy release rate criterion applied to the pressure disk loading is given 
bY 
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where Il =cosq5cos$ and 12 =cosq5sin$J are the direction cosines from the local principal axes. 
Also 

and 

where a, is the observed failure stress produced at the center of the disk, and a, ,f?, r, and rl 
are defined in Ref.% 4 and 6. The definitions, setup, and numerical values given in Ref. 6 are 
employed herein. (There are some typographical errors in Ref. 4 coupled with a rounding of 
certain physical dimensions that exacerbate the difference between the Lamon and Shetty et 
al. results.) Also a, will be taken to be zero when (8) would give a negative value for certain 
r<r l .  With this setup 

where 6,= [l-a!(r/rl)2] and G t =  [l-j3(r/r1)~], follows from (7)-(9). From the fact that 
cTt 2 I?, 2 0, bounds on the portion of (10) involving the square root are given by 

In view of (lo), and since Gt and Gr are only functions of r and this corresponds to a size 
integration, it follows that the bounds given by (11) can be evaluated in closed form by use of 

a, factors out of the integrations. It replaces aM in (1): 
is analogous to the term F in the L-E formulation. The 

result of carrying out the closed form integrations associated with (10) and (11) yields a 
lower bound for the product N equal to the lower bound given by Eq. 20 of Ref. 4 and is 
given by 

The upper bound obtained by the same method is 
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and differs from that giver, by Eq. 20 of Ref 4 by the term [l - (1-p)" "1. Ther, -fore the 
upper bound given by thk metaikod is less than or equal to the upper bound given by Eq. 20 
(Ref. 4) and is thus a tighter bound than that given by Eq. 24). However, in many cases the 
two upper bounds are numcrically close. AU in a& the boisnds given hy Eq. 20 of Ref 4 are 
quite good. SiniiParly bounds for the normal stress criterion applied to the pressure disk 
loading can be obtained. The relatiomhip to Eq. 15 of Ref. 4 i s  analogous io the relationship 
of the bounds devcloped herein to Eq. 20 just discussed. 

As a final stcp h studying the discrepancy becwczn the Bamon arid Shetty et al. evalua- 
tions, two dir-mcmiional integrations of the normal stress and coplanar strain energy release 
rate failure criteria and numerical evaluation of the various bounds were carried out. A two 
dimensional integration will suffice in view of (10) and its counterpart for the normal stress 
failure criterion. As an aside, it will require a triple integration to evaluate the failure cri- 
terion employed by Lamon. Programming to carry out the requited triple integration i s  
under development. The double integration is based on a double application of a Gaussian 
type numerical integration rule (see Chapter 25 of Ref. 1) with 28 points employed for each 
individual integration. Also all computations were dowe in double prexisinn on a VAX 6000. 
The earlier integrations that werc in error werc hased oii use of a trapezoidal rule and 
Simpson's rule. (It i s  not clear how the erroneous results were obtained, but it was probably 
not due to the integration rules eniployed.) 

To begin the naumerical evaluations and to coinpare with the results of Shetty et al., the 
physical constants of Ref. 4 w e ~ e  employed to evaluate the various bounds and actual solu- 
tions for the product IV' for the normal stress a id  copianar strain energy release rate criteria 
'lhese results were then used to make probability plots as shown in Figure 4 of Ref. 4. 1x1 
doing this the intercept of the line for 4-point bending data was estimated from Figure 4. 
This intercept changes for the various plots a i d  is given by (inlnq -lnW--the 1 d V  tcrrn is 
what actually changes for the various cases. The line that was estimated in this way i s  given 

bY 

where x denotes the abscissa and y denotes the ordinate of Figure 4 of Ref. 4. With the 
exception of the line denoting Eq. I5 in Figure 4 all of the Shetty et al. resrrlts were dupli- 
cated. Also in view of ( 6 )  the location of the line for Eq. 15 (Ref. 4) i s  questionable. The 
upper bound from Eq. 15 (Ref. 4) computed by the method just described falls about half 
way between the upper and lower bounds from Eq. 20 (Ref. 4). Similarly, the lower bound 
from Eq. 15 (Ref. 4) falls abont half way between the lower bound from Eq. 20 (Ref. 4) and 
the line from the 4-porilt bending data (Ref. 4). The zcfual solution for the coplanar strain 
energy release rate failure criterion produces a line essentially equal to that from the upper 
bound of Eq. 15 (Ref. 4). The actual solution for tkc normal stress criterion produces a line 
iiear to that from the lower bound 01 Eq. 20 (Ref. 4). (See Table 1 to follow.) These results 
are self consistent. I%us the plotting of Eq. 15 3-1 Figure 4 of Ref. 4 appears to be incorrect. 
However, the overall implications of Figure 4 are cor1 met. 
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1.00 
23.8 
33.3 

1.00 
23.8 
333 

1.00 
23.8 
33.3 

The values of N that produced these results (from the constants of Ref. 4) are shown in 
T le 1 don w'th solutions or the const ts ' en in Ref. 6 and solutions for the constants 
o P Ref. &, but%& the value o f r l  taken as BOPm. 

coatadr Ref. 4 

s0.m 79.687s u 1 . m  2~9.m  mi 449.496 272.9913 3 4 9 m  409.661 smsi 
265391 4.0l.569 5RU67 6.98200 9.72532 9.72532 6.98402 9.t5159 13373 US?3 
.1379&l 2.86611 3.078l2 4.28706 5.9NfBz 5.97082 4.305&l 6.00157 8.35221 835221 

49.7865 793750 l34.226 181256 228236 260.367 158.132 222276 26s.W 306.737 
263?32 4.01403 2.95413 4.04473 5.63330 5.63330 4 . W 3  5 . W 2  7.84716 7.84716 
,137ll8 2.86525 2.78298 2.48324 3.45854 3,45654 2.49409 3.47983 4.83794 4- 

colstaab.:Ret6 

chwlulk Re1 6-Q- 23.0/2 
#.m 7937x1 t9.m ~ 1 6 . 4 ~ 1  353.060 154.783 960862 145.178 180.329 182.309 
263732 4.01403 1.92645 2.40451 3.34889 3.34889 2.40493 3.35794 4.64498 4.66498 
.137118 2.86525 1.@9?4 l.47624 2 . W  2.Q56(14 1.46269 2.06869 2.87606 2.87606 

TaMe 1 



In sunmany Lamon's solution appears questionable unless the Stress solutions given by 
(8) and (9) are in large error. However, this could be the case due to the effect of residual 
stresses that these equations do not take into account. Further study of this issue seems war- 
ranted. 
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3.0 DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

This portion of the project is identified as project element 3 within 
the work breakdown structure (WBS). It contains five subelements, in- 
cluding (1) Structural Qualification, (2) Time-Dependent Behavior, 
(3) Environmental Effects, ( 4 )  Fracture Mechanics, and ( 5 )  Nondestructive 
Evaluation (NDE) Development. Work in the Structural Qualification sub- 
element includes proof testing, correlations with NDE results and 
microstructure, and application to components. Work in the Time-Dependent 
Behavior subelement includes studies of fatigue and creep in structural 
ceramics at high temperatures. Research in the Environmental Effects sub- 
element includes study of the long-term effects of oxidation, corrosion, 
and erosion on the mechanical properties and microstructures of structural 
ceramics. Work in the Fracture Mechanics subelement includes development 
of techniques for measuring the tensile strength and creep resistance o f  
ceramic materials at high temperatures, and testing ceramic materials at 
high temperatures under uniaxial tension. Work in the NDE Development 
subelement is directed at identifying approaches for quantitative 
determination of conditions in ceramics that affect their structural 
performance. 

Major objectives of research in the Data Base and Life Prediction 
project element are understanding and application of predictive models for 
structural ceramic mechanical reliability, measurement techniques for long- 
term mechanical property behavior in 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. 





3 ~ 1. STRUCTURRII, QUALIFICATION 

Microstructural Analysis of S t r u c t u r a l  Ceramics 
B .  J. Hockey and S I M. Wiederhorn 
(National. Institute of Standards and Technology) 

Obiective/Scope 

The objective of this part of the program is to identify 
mechanisms of failure in structural ceramics subjected to mechanical 
loads at elevated test temperatures. Of particular interest is the 
damage that accumulates in structural ceramics as a consequence of 
high temperature exposure to stresses normally present in heat 
engines. 

differ from those at high temperature. At low temperature ceramics 
are elastic and brittle; failure is controlled by a distribution of 
flaws arising from processing or machining operations, and the largest 
flaw determines the strength or lifetime of  a component. By contrast, 
at high temperature where ceramics are viscoelastic, failure occurs as 
a consequence of accnmulated, or distributed damage in the form of 
small cavities or cracks that are generated by the creep process. 
This damage effectively reduces the cross-section of the component and 
increases the stress that must be supported. Such increases in stress 
are autocatalytic, since they increase the rate of damage and 
eventually lead to failure as x consequence o f  loss in cross section. 
When this happens, the individual flaw loses its importance as a 
determinant of component lifetime. Lifetime now depends on the total 
amount of damage that has occurred as a consequence of the creep 
process. The total damage is now the important factor Controlling 
lifetime. 

ceramics intended for use €or heat engines indicates that for long 
term usage, damage accimulation will be the primary cause of specimen 
failure. Mechanical defects, if present in these materials, are 
healed or removed by high temperature exposure so that they have 
little influence on long term lifetime at elevated temperature. T.n 
this situation, lifetime can be determined by characterizing the 
damage and the rate of damage accumulation in the material at elevated 
temperatures. In ceramic materials such as silicon nitride and 
SiAlON, such characterization required high resolution analyses 
because of the fine grain size of  these matcrials: hence the need for 
transmission electron microscopy as an adjunct to the mechanical 
testing of  ceraiiiics for high temperature applications is apparent. 

ceramic materials will be correlated with microstructural damage that 
occurs as a function of creep strain and rupture time. Materials to 
be studied include: SiAlON; hot-pressed silicon nitride; sintered 
silicon carbide, This project will be coordinated with WBS 3 . 4 . 1 . 3 ,  
Tensile Creep Testing, with the ultimate goal of  developing a test 
methodology for assuring the reliability of structural ceramics for 
high temperature applications e 

Design criteria €or the use of ceramics at low temperature 

Recent studies of high temperature failure of the non-oxide 

In this project, the creep and creep-rupture behavior of several 
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Technical Highlights 

A study of the effect of microstructure on the tensile creep of 
GTE PY-6 silicon nitride was initiated. Analytical transmission 
electron microscopy (ATEM) was used to characterize both the 
microstructure of this material and the cavity damage produced during 
tensile creep, Examination of PY-6 reaved a variable interface 
structure, which appears related to a relatively high volume fraction 
of second phase material of nominally yttrium disilicate composition. 
Both the nature and width of the interphase separating silicon nitride 
grains varied, not only from interface to interface but along the same 
interface. Roughly categorized, interfaces separating adjacent 
silicon nitride grains were either narrow (1-2 nm) and glassy or were 
much wider (>lo nm) and largely crystalline (due to devitrification). 
As a consequence of this variation in interface widths, two different 
interfacial cavity morphologies are produced during tensile creep 
depending on temperature and stress. At 1400 C .  tensile creep can 
result in both crack-like cavities of micron size lengths and 
discrete, ellipsoidal-shaped cavities of 100 to 300 run dimensions. 
With increasing stress, crack-like cavity formation is favored and can 
be related to rapid cavity growth within the largely crystalline 
second phase contained within the wide interfaces. With decreasing 
stress, and at lower temperatures (1350 C . ) ,  the formation of 
discrete, ellipsoidal-shaped cavities within narrow, glassy interfaces 
is favored. As in other grades of silicon nitride examined in the 
course of this project, creep also results in cavitation of the second 
phase normally present within multi-grain junctions. These cavities, 
which resemble inherent porosity, range in size from roughly 200 to 
over 600 nm and appear to increase in density with increasing strain. 

Experimental Technique 

The results of this study were obtained by analytical transmission 
electron microscopy (ATEM). ATEM was used to examine samples of PY-6 
silicon nitride (GTE) which had been subjected to tensile creep at 
1350 and 1400 C . ,  under the tensile testing portion of this project 
(WRS 3.4.1.3). At 1400 C., creep lifetimes ranged from 3.5 to over 
2500 hours. 

Results and Discussion 

During the past six months, microstructural analysis of  crept PY-6 
has shown that this material contains a matrix structure of  silicon 
nitride grains which are largely I'blockyq' in shape and which range in 
size from a few tenths o f  a micron to several microns. The smaller 
grains tend to be found in clusters interstitial to the larger grains 
al-ong with second phase crystallites of similar size. As with other 
grades of silicon nitride much of the retained glass phase devitrifies 
at the test temperatures. Both direct observation and EDS analysis 
indicate the presence o f  a narrow (1 to 2nm) glassy interphase 
separating most adjacent grains. More generally however, the 
interface structure in PY-6 was variable, ranging from narrow (1 - 2 
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run) and glassy to wide (>lo nm) and largely crystalline (due to 
devitrification). As illustrated in Figure 1, such variations in 
interface structure occur even along the same interface. 
incomplete, analyses of  the second phases in this material indicate 
yttrium/silicon oxide or yttrium/silicon oxynitride compositions, 
consistent with yttria being the sole sintering additive. 
regard, hexagonal nitrogen apatite (H-phase) and orthorhombic delta- 
phase yttrium disilicate appear to be the primary crystalline products 
of devitrification of the original "sintering glass". 

Tensile creep of PY-6 results in various forms of cavitation 
depending on temperature and applied stress. 
above 75 mPa, creep rupture occurs at relatively low strains due to 
interfacial cavitation. Two forms of cavities are observed at 
interfaces aligned normal to the stress axis. At narrow, glassy 
interfaces, cavitation results in high densities of discrete, 
ellipsoidal cavities of 100 to 300 nm dimensions, Figure 2. Similar 
interfacial cavities form in NT-154, and their nucleation and growth 
has been described previously. In addition, crack-like cavities of 
grain size lengths also form, apparently by rapid diffusive growth 
within the largely crystalline second phase originally present within 
wider (>lo nm) interfaces, Figure 3 .  In contrast, samples tested at 
lower stresses at 1400 C. or at comparable stresses at 1350 C. exhibit 
only discrete cavities at narrow, glassy interfaces; crack-like cavity 
growth was not evident. In addition to interfacial cavitation, large 
scale (>300 nm) cavities at multi-grain junctions were also found in 
PY-6, Figure 4 .  As in NT-154, the growth of these large cavities 
results in the removal of  the second phase (which is largely 
crystalline) from multi-grain junctions and the density of  these 
cavities increases with strain. 

Although 

In this 

At 1400 C. and stresses 

Status of Milestones 

Milestone 311109 has been delayed from January 30, 1993 to August 
30, 1993 to include results from PY-6 in paper comparing cavity 
formation in different grades of silicon nitride. 
are completed o r  on schedule. 

Other milestones 

Publications/Communications 

1. W. Luecke, S. M. Wiederhorn, B. Hockey and G. G .  Long, "Cavity 
Evolution During Tensile Creep of Silicon Nitride", Mat. Res. SOC. 
Symp. Proc. 287, 467-472 (1993). 

2. S .  M. Wiederhorn, B.  J. Hockey, D. C. Cranmer and R. Yeckley, 
"Transient Creep Behavior of Hot Isostatically Pressed Silicon 
Nitride", J. Mater. Sci., 28, 445-53 (1993). 

References 

None 



260 

Figure 1. Interface separating silicon nitride grains in W-6. 
Within central region (G) interphase is 
typically, 1-2 nm thick; within outer re 
interphase is thicker (>IO mi) and conta 
second phase. 

I 

,Figure 2. Crack-like interfacial cavity produced in PY-6 during 
creep at 1400 C. With reference to Fig. 1, rapid cavity 
growth within wider portiotlg of the interface results in 
crack-like morphology. 



Figure 3. Discrete, ellipsoidal shaped cavities typically produced 
at narrow (1-2 nm), glassy interfaces in PY-6 during 
tensile creep. 
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Figure 4. Large-scale multi-grain junction cavity in PY-6. Diffusive 
transport of second phase from triple and multi-grain 
junctions during creep results in cavities of varied size 
and shape. 
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Obiective/scoDe 

The objective of the research is to use analytical 
electron microscopy to characterize the microstructure of a wave-annealed 
GTE SNW-1000 SI,N, cera ic material following mechanical strength {tensile) 
testing at elevated temperatures in air. This work represents a collaboration with 
K. Liu of Oak Ridge National Laboratory. 

Technical hiahliahts 

The material under i~vestigation is a hot-pressed Si, 
and designated SNW-1 
densification aids. SMW 
initially microwave annealed at either 1400 
subsequently creep tested in tension at 1 
history for all samples is summarized in Table 1. The mechanical properties of 
the Si& were improved following the microwave annealing. This investig 
being conducted to determine the effects of the ~ ~ c ~ o w ~ ~ ~  annealing 
microstructure of the S 
in mechanical properties. 

The SI,N, contains both V, 
specimens for rnicaostructu 

-1 OOO and the reason for the subsequent i 

ens supplied for ~ i ~ r ~ ~ t r u c ~ ~ r a ~  characterization 

Sample designation uptture time 

SNW-1000-1 
SNW-1000-2 
SNW-I 000-3 
SNW-1000-4 
SNW-1000-5 
SNW-1000-6 
SNW-1000-7 
SNW-1000-8 
SNW-1000-9 

1500 o C, 20 h 

2977 h 
2257 h 

17 h 
12 h 
7 h  

369 h 
3t7 
72 h 
33 h 

427 h 
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QRNL-ilWG 93-1 2841 

-. 
I it tie (hour) 

- _ _  As-sintered 
- - -  Microwave-annealed 

(at 1 4 0 0 D C  f o r  20 h )  

Fig. 1. Creep C U G V ~ S  camparii7g microwave-annealed 
(1 400 C for 20 h) to as-hat-pr essed SNW-lOO(1 
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Table 2. Summary of X-ray diffraction results for microwave-annealed SNW-1000 

sample Major Phases Minor Phases 20 For I 

Them Is probably also ~ n n e  09pattte present in NRT0017 and NRt0018 but in much smaller quantities than in NAt0016. 
No alpha - SigN4 was detected in any of the samples. 
A sllght trace(lOO% peak = 1% Imax) of AI2SiO3 was possibly detected in all 3 samples in equal quantities (single peak at 25" 

Table 3. Summary of X-ray diffraction results for the gage 
sections of SNW-1000 tensile tested at 12QO°C 

9 sample Major Phases Minor Phases 2Q for I 

1 I I I I 

Relathre intensity ratios based on pSi3N4 100% peak at 27.1 503 O 28. 
a-SigN4 was not detected in any of the samples. 
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Polished samples for scanning electron microscopy (SEM) and specimens 
for transmission electron microscopy (TEM) have been prepared. Thus far, the 
original fracture surfaces and polished longitudinal gage sections have been 
examined by SEM. The general microstructure of the SNW-lo00 can be 
observed in the original fracture surface of SNW-1 OOO-1. The fracture origin in 
this specimen was not on the surface, as is often the case in these materials, but 
was on the specimen interior, as shown in Fig. 2. A typical defect in SNW-1 OOO 
is shown in Fig. 3. These large pores are much greater than the grain size of the 
silicon nitride and are usually greater than several microns in diameter (arrowed 
black areas in Figs. 2 and 3). These features can also be observed on the 
longitudinally cut and polished gage sections, but there are differences between 
the SNW-1OOO-1, -2, and -3 samples. Figures 4, 5, and 6 are representative 
low-magnification SEM images from the gage sections in SNW-1 OOO-1, -2, and 
-3, respectively, The arrowed areas in these images are the large, open areas 
characteristic of SNW-1O00, features normally associated with poor overall 
meohanical properties in silicon nitride. Note that microwave annealing does not 
create these areas; these defects are present in large numbers in the starting 

Fig. 2. Fracture surface of Fig. 3. Large, porous defect found 
SNW-1 OOO-1. in SNW- 1 000- 1 . 
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3 

Figure 4. Figure 5. Figure 6. 

Figs. 4, 5, and 6. Low-magnification scanning electron microscopy images of 
polished longitudinal sections from SNW-1000-1, SNW-1000-2, and SNW-1000-3, 
respectively, following creep. 

material. However, it is significant that microwave annealing does not reduce the 
number of such areas either. Two features that were observed in the microwave- 
annealed and crept gage sections, but were not observed in the as-hot-pressed 
specimen, are shown h Figs. 7 and 8. Figure 9 shows a similar image of the as- 
hot-pressed S W - l a x )  for comparison. It appeared that there were quite a few 
small voids or cavities between silicon nitride grains in the microwave-annealed 
and crept specimen (see arrowed in Fig. 7), S W - 1 0 - 1 ,  Another feature in the 
microwave-annealed and crept material was the formation of large "agglomerated" 
secondary-phase regions (see Fig. 8). It is yet unclear the role that these 
additional defects played with regard to the creep behavior. In fact, it will be 
important to look at the TEM specimens, as well as similarly prepared samples 
of the unannealed and crept material (similar creep conditions), in order to 
determine the role of the defects. 

Status of milestones 

Program on schedule. 
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1 a 
Fig. 7. Scanning electron microscopy 

image of possible cavitatioh in SNW-1 OOO-1 
following creep. 

Fig. 8. Scanning electron microscopy 
image of "agglomeration" of secondary-phase 
particles in microwave-annealed SNW-1000 
following creep. 
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Figure 9. Scanning electron micros- 
copy image of overall microstructure of 
as-hot-pressed SNW-1 OOO. 

Comrnunications/visits/tr avel 

1. K. L. More, D. A. Koester, and R. F. Davis, "Microstructural Characterization 
of a Creep-Deformed Sic WhiSker-Rdnforced Si,N, Composite," presented at 
the Frontiers of Electron Microscopy in Materials Science Meeting, May 21,1990, 
Oak Brook, 111. Published in UEtramicroscopy. 

2. K. L More, D. A. Koester, and R. F. Davis, "The Role of Interfaces in the 
Creep-Deformation of a Sic Whisker-Reinforced Si& Composite," presented at 
the International Congress for Electron Microscopy, August 17-22,1980, Seattle, 
Wash. Published in conference proceedings. 

3. D. A. Koester, K. L More, and R. F. Davis, "Steady-State Creep of Hot- 
Pressed Sic Whisker-Reinforced Silicon Nitride," presented at the U.S. Japan 
Seminar on Processing, Microstructure, Development, and Properties of 
Advanced Ceramics and Their Composites, Tokyo, Japan, August 2022,1990. 
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4. K. L. More, D. A. Koester, and R. F. Davis, "Creep Behavior f a SiC Whisker- 
Reinforced Si,N, Composite in Air and Nitrogen," presented at the 
2nd lnternational Ceramic Science and Technology Congress, Oriando, Fla., 
November 12-1 5, 1 990. 

5. K. L. More, D. A. Koester, and R. F. Davis, "Creep of a Sic Whisker- 
Reinforced Silicon Nitride in Compression and Bending," pres 
15th Annual Conference on Composites and Advanced Ceramics, Cocoa Beach, 
Fla., January 13-16, 1991. 

6. K. L. More, "Defect Characterization in a CVD a-Si3N4," presented at the 
93rd Annual Meeting of the American Ceramic Society, Cincinnati, Ohio, 

ril 28 - May 2, 1991. 

7. 
"Microstructural Characterization of Tensile and Flexural Creep Deformation an 
Fatigue in a Si,N, Ceramic," ibid. 

T. A. Nolan, L. F. Allan, D. W. Coffey, M. K. Ferber, and K. L. More, 

8. 
49th Annual Meeting of the Electron Microscopy Society of America, 
Calif., August 5-9, 1991. Published in conference proceedin 

K. b. More, "Defect Characterization in a CVD a-Si,N,," present 

9. D. A. Koester, K. L. More, and R. F. Davis, "Steady-State Cree 
Hot-Pressed Sic Whisker-Reinforced Silicon Nitride,'' prese 
1 st Canadian International Composites Conference and Exhibition, Montreal, 
Canada, September 4-6, 1991. To be published in conference proceedings, 

10. K. L. More, D. A. Koester, and R. F. Davis, "Microstructural Analysis and 
Mechanisms of Deformation of Hot-Pressed Sic Whisker-Reinforced Silicon 
Nitride," presented at the 1st International Symposium on the Science of 
Engineering Ceramics, Osaka, Japan, October 14-1 8, 1991. To be pu 
conference proceedings. 

11. K. L. More, "Defect Characterization in a CVD a-Si3N4," invited presentation 
MS Materials Week '92, Chicago, Ill., November 2-5, 1992, 

Problems encountered 

None 

Publications 

1. M. L. More, D. A. Koester, and R, F. Qavis, "Microstructural Characterization 
of a Creep-Deformed SIC Whisker-Reinforced Si,N, Composite," U ~ ~ ~ ~ ~ ~ C ~ ~ ~ ~ Q ~ Y  
37, 263 (1991). 
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2. K. L. More, D. A. Koester, and R. F. Davis, "The Role of Interfaces in the 
Creep-Deformation of a SIC Whisker-Reinforced Si,N4 Composite," p. 382 in 
Electron Microscopy 7990, Vol. 4, ed. L. D. Peachey and D. B. Williams, 
San Francisco Press, San Francisco, 1990. 

3. Q. A. Koester, K. L. More, and R. F. Qavis, "Deformation and Microstructural 
Changes in Sic Whisker-Reinforced Si,N, Composites," J. Mater. Res. 6[ 1 21,2735 
(1991). 

4. K. L. More, "Defect Characterization in a CVD a-Si,N,," p. 936 in Proceedings 
of the 49th Annual Meeting of the Electron Microscopy Society of America, 
ed. G. W. Bailey, San Francisco Press, Sari Francisco, 1991. 

5. 
a Sic Whisker-Reinforced Si,N, in an Air Ambient," submitted to J. Mater. Res. 

D. A. Koester, K. L. More, and R. F. Davis, "The High Temperature Creep of 

6. T. A. Nolan, L. F. Ailard, D. W. Coffey, C. R. Hubbarcl, and R. A. Padgett, 
"Microstructure and Crystallography of Titanium Nitride Whiskers Grown by a VLS 
Process," J. Am. Ceram. SOC. 74[11], 2769 (1991). 
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- Project Data Base 
B. L. Keyes (Oak Ridge National Laboratory) 

ObJective/scope 

The objective af this task is to develop a comprehensive computer data base 
containing the experimental datra on properties of ceramic materials generated in the total 
effort. This computer system shodd provide a convenient and efficient mechanism for the 
compilation and distribution of the large amounts of data involved. The data base will be 
available in electronic form to all project participarets. In addition, periodic hard-copy 
summaries of the data, including graphical representation and tabulation of raw data, will 
be issued to provide convenient infarmztibion sources for project participants. 

Technical hiqhlights 

Data collection and inpkit began again during this period. Information is being taken 
from the latest Ceramic Technology Project semiannual and bimonthly progress reports 
and from data supplied by individual contributors. Silicon nitrides (NT-154, GTE PY6, 
NT-164, and various other SiSN4-based compositions) comprise the main class of ceramic 
now under investigation in this project, so most of the data input has been on silicon 
nitride-based materials, Test results for rnonolithics and composites, as joins and solids, 
are currently in the input process. 

The data base was sent la six requestors during this semiannual period, A few 
minor errors were found and corrected during the data preparation and reformatting 
process. Upgrading and updating the data base also continued during this period. 

Several fields from the PROCESS data base were incliaded, and the fracture test 
definitions were transferred from the IESTBKGD file. Test specification information, 
including the specification number, date of last revision, specification organization, and a 
brief description of the specification, will be added to the data ase as time permits. 

Work resumed on the csmputerizsd user interface during this period. The main 
search modules were revised, tested, and debugged in March 1993; more modules will be 
added lo this core to expand the capabilities of the interface. Improved printer output and 
increased search criteria are goals for the next reporting period. The estimate of a 
September 1993 csmpletian-through-draft date is still an schedule. 

report. This document is now in the process of being published. 

and Materials (ASTM) gciidcline document (far the E-49 Coinmitlee on Computerized 
Materials Data Bases) on ceramic material designations for computer data base storage. 
The main obstacle has been a lack of an accepted general nomenclature and classifi- 
cation system for ceramics. A VAMAS docurnent an classification of ceramics has been 
chosen as a basis for the ASTM guideline and, after extensive revisions, appears to be the 
most likely candidate for adoption by the international community. Future interactions with 
the C-28 Committee on Advanced Ceramics should speed up progress on the E-49 
guideline. 

New terms and field descriptions were added to the GLOSSRY file in the data base. 

Revisions based an reviews were made an the September 1992 data base summary 

Data base personnel are involved in developing an American Society for Testing 



273 

Communications/visits/tc& 

B. L. Keyes travelled to 
ASTM E49 committee meetin 
puterizing ceramic materials 
funding and to allow time far 
related problems that are irn 

, Florida, in  be^ 1992 to attend the semiannual 
rk is ~ ~ ~ ~ ~ n ~ ~ ~ g  QR developing standards for com- 
data. Travel is being restricted this year to conserve 
TM ~~~~~~t~~~~ t~ make progress on ceramic- 

uideline document. 

Problems encountered 

None. 

Status of milestones 

The September 1992 data base summar ~ r l  is paow In publication. 

Publications 

The Ceramic Technology for eat Engines Project Data Base: 
September 1992 Summary Report is in ~ ~ b l ~ ~ ~ ~ ~ ~ n ~  
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3.2 TIME-DEPENDENT BEHAVIOR 

Fracture Behavior of To!jgheneo' C e m a  
H. T. Lin, P. F. Becher, and W. H. Warwick (Oak Ridge National 
Laboratory) 

0 biect ive/scope 

Ceramic compasites, suck as fiber- and whisker-reinforced ceramics, particulate 
phase composites, and ceramics with similar grain structures, offer important advantages 
for heat engine applications. Chief amoi-;g these is the improved fracture toughness 
which can be achieved by appropriate design of microstructural and material parameters. 
Previous sturdies siiow that these materials aften exhibit substantial improvements in 
damage, thermal shock, and slow crack growth resistances. However, design of such 
systems must also consider those factors influencing their performance at elevated 
temperatures. 

properties (e.g., creep, delayed failure, strength, and toughness) at elevated temperatures 
for these toughened ceramics. Particular emphasis is placed on understanding how 
microstructure and composition influence the mechanical performance at elevated 
temperatures and the stability of 'Ihese 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 far Lhe temperature ranges of interest. 

In response to these needs, studies are conducted to determine the mechanical 

---.-_lll Technical hiqhliqhts 

The research efforts during this 6-month period were devoted to evaluating: (1) the 
flexural and tensile creep behavior of in situ reinforced silicon nitride ceramics containing 
elongated grain structure and (2) tensile creep response of A126, composite reinforced 
with Sic whiskers. These are part af a large effort to understand the effect of 
microstructure and composition on the creep response of silicon nitride ceramics. 

7. Creep Behavior of In Situ Reinforced S iN ,  Cesamies 

Flexural creep behavi-3. The flexural creep properties of silicon nitride ceramics hot- 
pressedwith 11 .ti% La,O, (1 1 La) and 4% Y20,-S% La,Q, (4YSLa) were evaluated at 
temperatures of 1300 and 1370°C under selected stress levels in air. The silicon nitride 
ceramics were fabricated under the work breakdown structure (WBS) Element 1.2.3.1, 
(Dispersion-Toughened Ceramic Camposile). Figure 1 shows the creep data of silicon 
nitride material containing 1 1 La additive at temperatures of 1300 and 1370" C and at 
stresses from 100 to 460 Pa in air. The creep results' of material with 2Sr6Y are also 
shown for comparison. The results indicate that the 11 La material exhibits similar creep 
behavior, e.g.l creep rate and stress exponent, to the material with 2Sr6Y additive under 
the same test conditions. The linear regression analysis of the creep rate versus stress 
curves yields a stress exponent af one. Far ceramics containing a low-viscosity 
secondary phase, a stress exponent of ane is generally attributed to a viscous creep 
mechanism. The creep data for 4Y6L.a material at 1300°C is shown in Fig. 2 with the 
creep results of materials containing additives of 2Sr6Y and 11 La. The results indicate 
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ORNL-QWG 93-1 2786 
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L l  1300°C ( 2 S r 6 Y )  0 1300°C ( l lLa]  
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Fig. 1. Strain rate versus stress curves for Si,N, ceramics 
with 11 La and 2Sr6Y additives. 

ORNL-DWG 93-1 2787 
l o 8  L I . 

n 

u) 
I- 

8 

v 

L - Four-Point Flexure 
in Alr 

- 

- E 1300°C ( 2 S r 6 Y )  
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0 “ V  
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Fig, 2. Strain rate versus stress curves for Si,N, ceramics 
with additives of 4Y6La, 11 La, and 2Sr6Y. 
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that the 4Y6La material exhibits creep rates which are about two times higher than silicon 
nitride materials hot pressed with 11 La and 2Sr6Y additives under the applied stress 
levels. The stress exponent of 4Y6La at 1308" C is also one. 

The similarity in creep behavior for materials containing 2Sr6Y and 11 La additives 
could be attribute to their relatively high eutectic temperature with respect to the temper- 
ature range investigated in this study. The eut temperature for La-Si-0-N is estimated 
to be about 1450°C and that of Sr-Y-Si-0-N is een 1350 and I 400" C,*n3 In addition, 
X-ray and transmission electron microscopy results indicated that both materials have 
apatite phases present at grain boundary which lead to an increase in viscosity of grain 
boundary phase consistent ith enhanced creep resistance. On the other hand, the 

ie temperature of grain boundary phase in 4Y6La material3 is estimated to be 

2Sr6Y. The high eutectic temperature of 4Y6La material is reflected by its good strength 
retention (77%) up to 1 408" C4 However, the creep results at 1300" C show that the 
4Y6La material is less creep resistant as compared with 11 La- and 2Sr6Y-containing 
materials. Scanning electron microscopy examinations indicate that the creep degrada- 
tion in cC'rT3-a material was due to its lower oxidation resistance as compared to 11 La and 
2Sr6Y materials at 1300°C. In addition, the variation in the distribution of size and aspect 
ratio of elongated grains and amount of refractory crystalline phases in the 
glasses could also lead to the difference in creep resistance. 

n 1500 to 1558"C, which is higher than materials containing additives of 1 1 La and 

Tensile creep behavior. Tensile creep tests were petformed on in situ reinforced 
silicon nitride ceramics containing the compositions of 5 vol % Yb,O, (SNSVb) and 
10 v d  96 Yb203 plus 0.5 wt % AI,03 (SN1 OYbAI). The materials were sintered to greater 
than 99% of theoretical density by i! gas-pressure sintering process and were subse- 
quently annealed for 12 h at 1250" C to crystallize the grain boundary phase(s). The X-ray 
analysis following the post-heat treatment indicates that the secondary phase in the 
SNEaYb material is Yb,Si,07 and in the SNIOYbAl is Yb,SiB, plus 'bb2Si2Q7 as a minor 
phase. Note that the secondary phase at Ihe two-grain junction remains amorphous after 
the post-heat treatment5 

Figure 3 shows the tensile creep results for SN5Yb and SNlOYbAl materials at 
1200" C and at stresses ranging from 50 to 150 MPa in air. The results indicate that the 
SN1 8YbAl material exhibits creep rates that are five times higher than the SN5Yb compo- 
sition under the stress range employed. This may be due to the presence of alumina 
(SN1 OYbAf) in the remaining glassy phase that lowers the eutectic temperature. 
Regression analysis of the creep rats versus stress curves yields a creep stress exponent 
(n) of foirr. The creep -controlling mechanism for ceramics containing viscous secondary 
phase@) is generally attributed to diffusional ar viscous flow processes with a stress 
exponent af one. The high stress exponent, also obtained for other silicon nitride 
ceramics tested in tensionr6v7 is due to extensive creep cavitation damage. 

2. Stress State Effect on Creep Behavior of Al,O,-SiiCw Campasites 

As a mode9 for understanding the influence of reinforcing phases such as the 
elongated grain structures in Si,N, ceramics, the creep behavior of whisker-reinforced 
ceramics is being characterized. In this case, the whiskers not only have the same shape 
but also the same function as the larger elongated grains in silicon nitride ceramics. In 
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1 

1 u3 

. 3. strain rate Vf?T%U% tensile s curves of Si& 
cera with additives of 5Yb and 1 
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Fig, 4. The strain rate versus applied stress behavior for two 
SiC,-reinfurced aluminas for tensile, flexural, and C O ~ ~ B S S ~ V ~  
loading at 13QQ”C. 

polycrystalline alumina witkaest amorphous grain boundary phas~s.’-’~ On the other hand, 
the resubs show that the creep rates of QRNL-2 conipasite are three io sight times lower 
than the OWNL-I composite. in addition, the stress clepe~dence of ORNL-2 composite is 
- 35 and that of BRNL-1 is - 2, indicative of different creepgoverning mechanisms. The 
higher stress exponent (3.5) in 19RNt-2 composite is ai? indication of creep cavitation. 
The differences in processing method, alumina powdes, and batch of whiskers led to the 
observed difkrenz-cs in creep bshwior between ORNL-1 and -2 csmpssiies. However, 
the results af these tests indicate that diffetent stress states will yieid the same creep rates 
in Sic whisker-aeiniuroed ahmirias as long as the dominant creep mechanism remains the 
same. 

-.._ Status of milestones 

-. Pubiications .. . .. 

Nsne 
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Qdic Fatiwe and Static Fatique of Toughened Ceramics 
M. C. Liu, C. 0. Stevens, and C. R. Brinkman (Oak Ridge National Laloarato 

The objective of this task is multifoid: 

design, fabricate, and demonstrate the capabilities of ~ ~ ~ ~ ~ ~ ~ n g  cyclic 
sian-tension/compressi~n tic fatigue testing in uniaxial tension/ 
on candidate structural eer at elevated temperatures. While signifi- 

s has been made in several of the experimental karst (such as 
d h ~ g h - t ~ ~ ~ e ~ ~ ~ l ~ r ~  e ~ t e n ~ o m e t ~ ) ,  
pression cydk  fatigue and com- 

specirnen/grip alignment, specimen he 
testing capabilities in fully reversed ten 
pression creep in uniaxial direction remain to be developed and demonstrated. 

2. To develop the baseline information on cyclic fatigue behavior of candidate ceramics 
and, in turn, to establish a design data base. 

9. To develop creep and creep-rupture data bascs for advanced heat-engines design 
applications in the range of 1 150 to 1370°C. 

4. Po evaluate and refine existing constitutive models based an the information generated 
above, 

5. To develop new constitutive models to facilitate design anaiyses sf high-temperature 
structural components and improve their reliability. 

__.._.- Technical h i m ? . $  

Cyclic Fatigue of SiCJAI,0, (CERCQM PAD-AS34W) 

It has been shown that addition of SIC whiskers in A1,6, can raise the room- 
temperature tensile strength by 50% and fatigue strength in the high-cycle range by a 
factor of two. However, the strengthening effects diminish as temperature increases to 
1200" C, as shown by a comparison of fatigue ata obtained previouslly for bath 
monolithic A,O, and SicJAl,O, ceramic composite tested at 1200°C (see Fig. I ) .  The 
degenerative temperature at which the ~ t r ~ ~ ~ ~ ~ e ~ i ~ ~  effects starts io diminish is riot 
known. 

investigated ab 1800°C. All testing was performed in cyclic tension-tension using a 
constant-amplitude, triangular waveform with a stressing rate of 21,000 MPa/min, as 
shown in Fig. 2(a). The cyclic load may be increased iatcrrnitt tly in small steps after 
completing il large block of cycles at each peak stress, as sh in Fig 2@). Since 
neither the tensile strength nor fatigtie strength of the composite niaterial at 1080" r3 is 
known, a first specimen was cycled to the peak stress of 250 MPa as a starting point, 
which was toughly equal to the average of room-temperature and 7 "2Qe)" C fatigue 
strengths. The peak stress was raised to 275 MPa alter completing a first block of - 1 Q6 cycles. The specimen failed after completing an additional block of 194,000 cycles, 
bringing ta a total of 1.256 x cycles to failure. 

to the end with a fatigue rupture life of 529,161 cycles. A third specimen was cycled to 
285 MPa with a fatigue life of 191,265 cycles. More testing is to follow. 

To fill the information gap, c y ~ l i ~  fatigue behavior of the composite material was 

A second specimen was cycled to the peak stress of 275 MPa from the beginning 
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Fig. 1. Cyclic fatigue behavior of monolithic AI,O, and Sic whisker-reinforced AI,O, 
matrix composite materials tested at 1200" C. 
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Fig. 2. Wave forms used in cyclic fatigue tests. 
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The limited inforrriation obtained to date indicates that the composite material at 
1000" C retains abaut 60 to '90% of the room-temperature fatigue strength. No fatigue 
data for monolithic alumina at 1000°C are iavailabie far comparison at this time. 

Cyclic Fatigue of S ic  (Hexoloy-SA) at 1 48Q°C, 

It has been skQwn that fatigue strength of Sic at 1480°C can be enhanced dra- 
matically by rmeans sf coaxing, i.e., applying cyck  loading in steps intermittently from low 
to high stresses. Coaxing with a starting stress below 75% sf the tensile strength (03 has 
successfully raised the fatigue strength in excess of the tensile strength by 25%. Cycling 
with a starting stress above 8C% OB the tensile strength can raise the  fatigue strength but 
failed to extend the trigh-cycle life beyaiid I o6 cycle. 

To confirm the above stated findings, two fatigue tests were ped~rmed at 140O"C, 
but, none of the tests were successfully carried out ta the  conclusion due to an inad- 
vertent power outage. The first specirnen was cyckd with a starting stress of 190 MPa 
(75% of 03.  After it completed a black of megacycles (la6 cycles), the test was shut down 
by a power outage. Restarting of the test was unsuccessfd because the specimen 
fractured at the specimen shank. 

The second spccirnen was cycled wlth w startirig stress of 205 MPa (82% of G$. The 
cyclic stress amplitude was then increased in a step of 15 MPa after completing a block of 
about 1 megacycle at each stress level. The heating system was shut down again due to 
an open therrnscolsple after ihe test completed a third block of megacycles at 235 MPa. 
The specimen was also damaged during the inadvertent shutdawn. The speci-men could 
have been saved if thc shutdown had saot occurred unattended in the night. However, 
some useful information was obtained although the tests were incomplete in both cases. 
Power outage (mnpianned) has been a serious problem to &he high-cycle fatigue testing. 

Creep testing of NT-I 54 S&M, 

Three long-term creep tests at 1250°C continued since the last reporting period. 
The status of the three ongoing tests is as fallows: 

Specimen 20-56: The test Bs continuing at 1250" C ~inder a constant stress of 
17% MPa. The specirne~ has accumulated a total of abaut 6.83% strain after 15,760 h 
( .., 1.8 years) of testing to dale, as shown in Fig 3. Creep deformation rate was once 
thought to have reached She steadystate after completing the first 5000 h of testing. 
However, The creep rate continued to decrease subsequently after 7000 h of testing. 
Although the creep rate was reasonably steady at a rate of about 3.3E-11 s-' during the 
last 3500 h of testing, there was a hint of continuing cdeceleration of creep rate. 

Specimen 20-00: The test is continuing at 1250°C under a constant stress of 
150 MPa. The specimen has accumulated a Boltal af about 0.45% strain after about 
12,000 1-1 ( rr 16.5 months) of testing, as shown in Fig. 4. The creep rate was reasonably 
steady after completing the first 2000 h of testing until the most recent power outage at 
t = 10,SQQ h. Subsequerit restarting of the test yielded the same creep rate for a duration 
of about 400 h as if no test interruption had occurred, However, the creep rate decreased 
rather sharply thereafter. This observation is inconclusive at this time, since the last 
segment of the creep curve is loo short to be ~ x ~ ~ ~ p ~ ~ ~ t ~ ~  reliably. 
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Fig. 3. Creep curve of NT-154 Si,N, (specimen 20-56) tested at 
1250" C under an applied stress of 175 MPa. 
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Fig. 4. Creep curve of NT-154 Si,N, (specimen 20-00) tested at 
1250" C under an applied stress of 150 MPa. 
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Specimen 28-32 The specimen has been tested at 1250°C under a constant stress 

Pa, as shown in Fig. 5, The total test time to date is 8460 h (300 h short of 
of 150 MPa for about 5500 h since the stress was reduced from the earlier testing con- 

1 year). This specimen is currently deforming at a strain rate of about 4.1 $E-1 1 s-', and 
the test is continuing. 

Creep testing of GN-10 %i,N, 

The status of three ongoing creep tests on GN-10 SI,N, at the low-stress end of fhs 
rupture range (iong-term tests) is as follows: 

Specimen 89367-1 -2: The specirnsn has been tested at 1200" C and 125 MPa for 
1650 h with 8 total creep strain of Q.243%, as shown in Fig. E;, and the test is continuing. 
Strain recovery was obsewed to have occurred thrice between the period of t =. 650 and 
1450 17. Interestingly, each strain recovery consunled less time to complete its cycle 
compared as the  immediate preceding recovery period, as in the order of approximately 
400, 2Q0, and 180 h for each sf the three recovery periods. Careful examination indicates 
the bel-ravior was apparently the result af internal changes in the material and was not 
caused by external changes such as fluctuations of ambient temperature. This phenome- 
non appeared to be further accentuated in the following test. 

1500 h with a total creep strain of about 0,176 to date, as shown in Fig. 7. The creep 
behavior was more erratic compared to the situation observed in the preceding case. 
Perhaps low applied strcsses facilitated internal redistribution of strain energy. The 
sporadic occurrences of strain recovery appear to be a common feature of low creep-rate 
tests in the range of 1 U7 to 1 h-'. If the results of the above test are the guide, the 
specimen is currently undergoing a strain recovery period, as indicated by the upper 
curve. However, from a different perspective, a creep curve can be drawn contiguously, 
as indicated by the lower curve, if the strain riser occurring between t = 750 to 950 h is an 
aberration. The uncertainty will be ciarified when miore test data become available. 

Specirnen 89367-1 -1 : This specimen has been tested for about 6700 h at 1300" C 
under a constant stress of 50 MPa, as shown in Fig. 8, and the test is continuing. It 
appears that the creep rate will continue to decrease as testing continues. 

Specimen 89367-1 -3: This specimen has been tested at 1 150" C and 150 MPa for 

Creep Behavior of Microwave-Annealed (MA) SNW-1000 Si,N, 

Testing of ten MA specimens, six annealed at 1400°C for 26 h and four at 1500°C 
for 26 h, has been completed. Test results are summarized in Table 1 and compared 
with unarincaled data in Figs. 9 and IO. The unannealed data were obtained by 
North Carolina A hL T State University.2 Note that all the above tests were done at 
1200" c. 

Examinations of Figs. 9 and 10 indicate that microwave annealing was, generally 
speaking, effective for enhancement of creep resistance in terms of lowering creep rate 
and, hence, extending creep rupture life. However, some annealed specimens s h ~ w e d  
inferior creep rupture lives, which fell even below those for the unannealed specimens 
tested under the same applied stresses. 

by the low-temperature (1 400" C) annealing compared to the high-temperature (1 500°C) 
Further examinations indicate that creep resistance was enhanced more effectively 
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Fig. 5. Creep curve of NT-154 Si,N, (specimen 20-32) 
tested at 1250" C under step-down loading conditions. The 
specimen was tested initially at 225 MPa followed by partial 
unloading in steps of 25 MPa at the end of each 1000 h of 
testing until the applied stress decreased to 150 MPa. 

0 RNL-DWG 93-8286 

Fig. 6. Creep curve of GN-10 Si,N, (specimen 89367-1 -2) tested 
at 1200°C with an applied stress of 125 MPa. The strain recovery 
behavior was believed to be results of internal changes in the material 
and was not caused by external factors such as fluctuations of 
ambient temperature. 
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Fig. 7. Creep curve of GN-10 Si3N4 (specimen 89367-1 -3) tested 
at 1 150°C with an applied stress of 150 MPa. Two creep curves were 
drawn to approximate the creep behavior due to uncertainty in the 
limited data obtained to date. 
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Fig. 8. Creep curve of GN-10 Si3N4 (specimen 89367-1-1) tested 
at 1360°C with an applied stress of 50 MPa. 
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No. 3 
1 500" C120 h 

Table 1. Results of creep tests on rnicrowave-annealed 
SNW-1000 Si,N, at 1200" C 

MA-7 160 3.42 0.127 

MAS 140 71.51 0.664 

MA-9 1 20 933.3 1.290 

MA-10 130 427.1 1.736 

Group Specimen Stress 

templtime) 

ORNL-DWG 93-1 2792 

Time (hour) 
__ Aa-sintered - - - Microwave-annealed 

(at 140O0t for 2 0  h) 

Fig. 9. Comparisons of creep curves for unannealed and 
microwave-annealed specimens (at 1400" C far 20 h) tested at 
1200" C under applied stresses as indicated. Annealing at 1400" C 
appeared to enhance creep resistance of this material. However, 
the inconsistency in creep performance exhibited by specimens 
MA-2 and MA-5, which also showed inferior creep rupture life, 
remains to be resolved. 
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Fig. 10. Comparisons of creep curves for unannealed and 
microwave-annealed specimens (at 1500" C far 20 h) tested at 
1208" C under applied stresses as indicated. Annealing at 
1500" C somewhat enhanced the creep resistance but was much 
less effective compared to that at 1400" e. However, inferior 
creep rupture lives exhibited by specimens MA-8 and MA-1 0 
showed otherwise. 

annealing treatment. However, inconsistencies in creep behavior within the group are 
clearly discernable in two siti.aations where severely contrasting creep behavior was 
illustrated by specimens MA-? and MA-5 (both annealed at 1400°C for 20 h) and that 
specimen MA-2 under 160 MPa showed lawer creep rate compared to that for specimens 
MA-I and MA-6 under a lower stress of 140 MPa. Same plausible re for the 
inconsistencies can be cited. Since these specinsens were annealed earlier date, 
while the developing techno was still in its infancy, some degree of nonuniformity in 
annealing was not entirely u ected. Furthermore, the annealing was done in three 
separate batches with numbers of specimens grouped in three, three, and four, as indi- 
cated in Table 1 ; batch-to-batch variations in annealing can not be ruled out. It was also 
learned that heating may bias toward one or two specimens when more than two speci- 
mens were heated together in a bundle, due to the nature of microwave heating. To avoid 
the heating bias, specimen blanks must be annealed individually. True reasons for the 
inconsistencies will not be known until detailed microstructural analyses are completed. 

ATTAP Tensile RupturelCreep Testing 

Tensile rupture characterization tests for GN-1 Q specimens were completed. Test 
parameters and lest results are summarized in Table 2, and data are shown in Fig. 11. 
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Minimum Time to 
rupture Stress Specimen creep rate 

(m/m s-‘) (h) 
(ksi) NO.  

Table 2. AlTAP stress-rupture test matrix for GN-10 Si,N, 

Creep strain 
at failure 

(“4 

35 

c-4 5.1 1 E-8 16.93 0.386 

H-1 1.91 E-7 5.23 0.361 

1315°C (2400°F) 

10 0-5 

15 E-I 

3.72 E-9 >150 0.334 

9.69 E-8 18.4 1.101 

c-2 

c-3 
20 

2.87 E-7 6.85 0.984 

6.40 E-7 2.73 0.870 
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Fig. 11. Creep rupture data for GN-10 Si,N, showing that the 
Monkman-Grant Curves are nonlinear and temperature dependent. 

The distribution of the final rupture data shown in Fig. 11 indicates that a straight- 
line Monkman-Grant relationship can not appropriately represent the data collectively. The 
curves, which were drawn visually in Fig. 11, for GN-10 are not only nonlinear but also 
weakly dependent on temperature, contrary to the earlier cursory observations that the 
Monkman-Grant relationship was approximately linear and independent of temperature. 

their final report. 
The above information has been transmitted to GAP0 for a review and inclusion in 

Important Findings and Observations 

Examinations indicate that creep resistance of SNW-1 000 Si,N, can be enhanced by 
microwave annealing but more effectively by the low-temperature (1 400" C) annealing 
compared to the high-temperature (1 500" C) annealing. However, the optimum annealing 
temperature is not known at this time. 

Status af milestones 

1 .  Completed stress-rupture tests on both GN-10 and NT-154 Si,N, ceramics at 
elevated temperatures by November 30, 1992 (Milestone 321 51 0). 

2. Milestone 321416 (to complete tensile and fatigue tests on MA Si,N, ceramics by 
March 31, 1993) will be deferred due to the delay and cancellation of the purchase 
order to acquire SNW-1000 Si,N,. 
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Publications 

1. K. C. Liu and J. I. Ding, "'A Mechanical Extensometer for High Temperature Tensile 
Testing of Ceramics," will appear i 
American Society for Testing and 

Journal of Testing and Evaluation, 
hiladelphia, September 1993 (in press). 

2. J. L. Ding, K. 6. Liu, and C. R. Brinkman, 'I A Garnparative study of Existing and 
Newly Proposed Models for Creep Deformation and Life Prediction of Si,N,," will 

3. J. L. Ding, K. C. Liu, and C. R. B r ~ n k ~ a n ~  "Qevelopment of a Constitutive Model for 
Creep and Life Prediction of A vanced Silicon Nitride Ceramics," in Proceedings of 
the Annual Automotive Technology Development ~ ~ n t r a c ~ o r ~ '  Coordination Meeting, 
Dearborn, Michigan, November 2-5, 7992, Society of Automotive Engineers, 
Warrendale, Pa., 1993. 

4. 0. M. Jaadan, K. C. Liu, and H. Pih, "Studies of Fatigue in Ceramic Materials by 
Acoustic Emission," submitted to J. of Mater, Sci. for publication, April 1993. 
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Rotor Dgra Base Generation 
C.-K. J. Lin, A. Wereszczak, and M. K. Ferber (Oak Ridge National Laboratory) 

Objective/scope 

The goal of the proposed research program is to systematically study the tensile 
strength sf a silicon nitride ceramic as a function of temperature and time in an air 
environment. Initial tests will be aimed at measuring the statistical parameters character- 
izing 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 

els, as well as sample geometries, for determining the strength distribution. 
In the second phase of testing, stress-rupture data will be generated by measuring 

fatigue life at a constant stress. The time-dependent deformation will also be monitored 
during testing so that the extent of high-temperature creep may be ascertained. Tested 
samples will be thoroughly characterized using established ceramographic, scanning 
electron microscopy (SEM), and transmission electron microscopy (TEM) techniques. A 
major goal of this efforl will be to better understand the microstructural aspects of high- 
temperature failure including: 

1. extent of slow crack growth (SCG), 
2. evolution of cavitation-induced damage and fracture, 
3. transition between brittle crack extension and cavitation-induced growth, and 
4. crack blunting. 

The resulting stress-rupture data will be used to examine the applicability of a 
generalized fatigue-life (SCG) model. If necessary, model refinements will be implemented 
to account for both crack blunting and creep damage effects. Insights obtained from the 
characterization studies will be crucial for this modification process. Once a satisfactory 
model is developed, separate stress-rupture (confirmatory) experiments will be performed 
to examine the model’s predictive capability. Consequently, the data generated in this 
program will not only provide a critically needed base for component utilization in auto- 
motive gas turbines but also facilitate the development of a design methodology for high- 
temperature structural ceramics. 

Technical progress 

Studiez of the high-temperature mechanical properties of a high-performance silicon 
nitride (PY6) were continued this reporting period. The PY6 material is fabricated by hot 
isostatic pressing (HIP) using 6 wl % yttria as the densification aid. The microstructure 
typically consists of 1 to 6-pm-long acicular grains surrounded by equiaxed grains 0.1 to 
1 .O pm in diameter. This morphalogy leads to a relatively dense microstructure. The 
silicon nitride grains, which are generally in the form af p-Si,N,, are separated by 
relatively thin layers af an amorphous yttrium silicate. The intergranular phase is also 
present in the triple points as a crystalline yttrium silicate. The exact phase composition 
of these intergranular corn-pounds depends upon the HIP conditions. 

* PY6 silicon nitride, GTE Laboratories, Inc., Waltharn, Massachusetts. 
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A comprehensive study of the cyclic fatigue behavior in this HlPed silicon nitride at 
elevated temperatures was completed during this reporting period. Data were generated 
using button-head tensile specimens (6.35-mm gage diameter and 35-mm gage length), 
which were machined from isopressed and HlPed rods 160 mm long and 22 mm in 
diameter. Three wave forms were used (trapezoidal at 0.1 Hz with 0 5 s  ramp and 4 . 5 s  
dwell, triangular at 0.1 Hz, and sinusoidal at 10 Hz) at consistent stress ratio R = 0.1 over 
the temperature range of 1 150 to 137Q"C. 

In conventional ceramic fatigue analysis, an SCG model (with a power law relation- 
ship between crack growth rate and stress-intensity factor) is widely used for estimating 
fatigue life. With the assumption that all fatigue failures occur from growth of the initial 
flaws to final, critical sizes, the following relations can be obtained for uniform stress tests: 

and 

In Eq. (l), t,, is the time to failure for static fatigue under a constant stress, as: p is a 
constant related to initial flaw size and geometry; and N is the crack growth exponent. 
Time to failure in cyclic fatigue, tcf, is given in Eq. (2) where crmm is the maximum stress, 7 

is the cycle period, and f(t) is a function of time associated with the cyclic wave form such 
that the applied stress in a cycle can be described as a(t) = a-f(t). Details of the 
derivation of Eqs. (1) and (2) are given in ref. 1. The effective time to failure for cyclic 
fatigue can be defined as follows: 

Thus, for equivalent values of om, and os, the effective time to failure in cyclic fatigue 
is equal to the failure time in static fatigue, provided that SCG similar initial flaws is the 
primary mechanism for all the failures. Therefore, making comparison among the effective 
times to failure in static and cyclic fatigue under similar maximum stresses will aid in 
assessing whether all fatigue failures are dominated by the same SCG mechanism. With 
the results of such comparison, one can obtain the first approximation whether there 
exists any cyclic loading effect on the failure mechanism. 
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Results of static fatigue tests2 provided estimates of N as 22 at 1150°C and 6.4 at 
1260 and 1 370" C. These N values were then applied to Eq. (3) to convert the actual 
failure time to effcctive time to failure in cyclic fatigue. Cyclic and static fatigue results are 
compared in log-log plots of maximum stress versus effective time to failure (see Fig. 1). 
The comparison indicates that the levels of maximum applied stress required to generate 
failures within 1 to 1000 h were greater in cyclic fati ue tests (both low and high 
frequency) than those in static fatigue tests. In this region, the effective failure times under 
cyclic loading were longer than those under static loading with the same maximum 
applied stresses. This difference in failure times becomes greater when the comparison is 
made by using the actual cyclic fatigue failure times. 

As shown in Figs. 1 (a)-@), the difference between static and cyclic fatigue life 
decreases with iricreasing stress level. Although a direct comparison could not be made 
at high applied stresses (failure time less than 1 h) due to the absence of static fatigue 
data, bath static and cyclic fatigue failures, at stress levels near the fast fracture strength, 
would result from SCG of a dominant inherent flaw. Such a transition of dominant failure 
mechanism from creep rupture to SCG in static fatigue at elevated temperatures has been 
shown in other silicon nitrides (e.g., ref. 3). Consequently, the cyclic effective life would 
be closer ta the static fatigue life at higher stresses, which is somewhat consistent with 
the SCG model approach. However, for stresses well below the fast fracture strength, the 
static and cyclic fatigue life could not be well correlated by the SCG model, suggesting a 
true cyciic loading effect. More impartantly, the evolution of damage under cyclic loading 
was much less than fa, static loading. 

cyclic fatigue life for specimens tested at 1260 and 1370" C takes the following order: 
sinusoidal > trapezoidal > triangular wave form. This difference in effective cyclic fatigue 
life between low- and high-frequency tests could be as large as an order of magnitude or 
more, depending on line applied stress levels. This result implies that cyclic fatigue life for 
this PY6 silicon nitride a$ 1260 and 1370°C is cycle-shape oh stress-rate dependent. Note 
that the maximum stress rates are at the orders of IO', lo2, and lo3 MPa/s far triangular, 
trapezoidal, and sinusoidal loading, respectively. Such dependence of cyclic fatigue life 
on cycle shape or stress rate might be related $0 the rate sensitivity of the viscous 
characteristics of the secondary phase. Apparently, higher frequency or higher stress sate 
would cause less strength degradation. 

The influence sf stress rate on the elevated-temperature damage mechanisms for 
the PY6 material has been discussed previ~usly.~ The static fatigue failure mechanisms 
agree with the dynamic fatigue failure mechanisms if the stress rates in static fatigue tests 
are coilsidered extremely low. At 11 50" C, SCG has been reported as the dominant failure 
mechanism for static fatigue2, which agrees with the fact that SCG was responsible for all 
the dynamic fatigue failures regardless of the levels of stress rate. At 1250 and 1370" C, 
static fatigue failures were found ta be dominated by creep rupture2 which ais0 cantroiled 
the dynamic fatigue failures at low stress rates MPa/s). The absence of extensive 
creep damage at 1 150" C in both static and dynamic fatigue was a consequence of the 
increased viscosity of the intergranular The stress rates in cyclic fatigue tests 

Figure 1 also indicates that under the same maximum applied stress, the effective 
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Fig. I .  Comparison of static and cyclic fatigue 
life by an effective time-to-failure approach for data 
generated at: (a) 1 150" C, (b) 1260" C, and 
(c) 1370°C. 
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were so high that their failure mechai7imS were different from those in static fatigm, 
part!cularly at 12619 and 1370" C, as supporiec3 by the dynamic fatigue results 

cyclic fatigue are much greater than thase in static fatigue, suggesting the failure 
rnechanisnas are differsalt between st2tic and cyclic fatigm. -1 he  N v a l ~ a ~ s  2stimated frons 
dynamic fatigue data4 were 98 +or a11 applied sliiess rates at 1 I N*C, 212 and 7.1 for stress 
rates > 10 MPals at 1260 arid 1370" e, respectively, m d  i 8 and 3.9 ic- stress rates 
51 MPa/s at 12668 and 1378" C, respectively. Ewi;apt at I 1  50" (3, where ihe N values of 
cyclic and dynamic fatigue are cornparahie, the N valup7s o l  cyclic fatigue at 1256 and 
1390°C are also greater than those in the SCG regime (stless ratas > I  0" hhF~!s) of 
dynamic fatigue at 1260 and 1370" C. 'ihe differer;r 
mechanisms and/or crack grow41 mechanisms for cyclic losding and momtortic lazdiiig 
(including static loading and constan: stress rate 1oaciil-g) are m t  iden?lr=.a8. 

The loading/unlaadiray in the cyclic fatigue tmts appeared to inhibit the creep 
damage nucleation and accumulation process, in particular at 1260 and 1370" C,  and 
decrease the crack g~~w-il-i ratcs thus allowing greater stressils io be slestait3cd for similar 
failure times. This is support& by the cyclic stless-strain and strain time Sehavioi, which 
will be ciiscerssed next. 

measurements of cyclic str ess-strain relations ai: discrete intewais. The kypical cyclic 
stress-strain behavior is S ~ Q W G  in Fig. 2 For all applied stress levels a!: 11 130 to 1370" C, 
the cyclic stress-strain behavior rernained iia:ca: to the fina! few cycles prior to the Eaiiure 
of specimens. Moreaver, the Young's IT IO~U~LJS,  slopes of the cyclic stressstrain cu~ves, 
did not change significantly c9uring cyclic fatigix testing. kevious mrjies5 have 
indicated that damage accumulation by formatian and growth of creep cavities and 
microcracks could cause a progressive decrease in Y o m ~ ' s  inob~lirs a i d  lead to ar7 
apparent nonlincar stress-strain relation. I nc7rCfore, the absence oi  mcaslr~ able hystercsis 
in the cyclic stress-strain response irnplies lhat littie, if any, creep cavitatiori ot 
microcracking sccurred d~sring cyclic: fatigue testing. 

1370" C, a limited number of cyclic fatigue tests were corlducted under 0.1 -H;I triangular 
loading at 1260 and 1370" C,  with the extensometers in contintmix contact with the 
specimens far the entire tests. In these tests, riot only the cyclic: stress-strain response 
but also the strain-time history was obtaiwd. Similar to lhe resuits geseeraticd ai (3.1 -Hz 
trapezoidal loading, the cyclic stress-strain bchavisr abtaincd under 0.1 -Hz triangular 
loading was aiso free of hysteresis and rcmiained linear in the final few cycles hefore 
failure. Such similarity in cyclic stress-strain responsc bctweer~ trapezoidal arid ti iangrsiar 
loading suggests that loadinglunlsading pisccdurcs in cyclic fa?icye tcsts appear to 
inhibit the nueleation and/or growth of creep cavities and microcracks, ri70 malief what 
wave farm is applied 

triangzrllar 
loading with a maximum stress of 100 MPa) csrraparetj t c ~  strain-timp histories of static 
fatigue tests zit 1370" @. The strain-time Cilrlie plotted in Fig, 3 for cyclic fa t ig~~e test was 

The apparent N values (>%;a at 1 1511" C,  >do  at 1 ZGgO C, at:$ >23 at 5 370" C> in 

h N values imply that tho failure 

Cyclic fatigue tests under 69 I - tk  trapezoidal loadirg were conducted witk 

-. 

As creep rupture was the controlling failure niecl'ianism for static fatigue at 1268 and 

Fig. 3 shows the typical strain-time plot for a cyclic fatigue test (0.1 
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Fig. 2. Cyclic stress-strain behavior of PY6 silicon nitride 
tested under 0.1 -Hz trapezoidal loading at 1260" C with a 
maximum stress of 250 MPa. Note these cyclic stress-strain 
curves were discretely recorded without monitoring the strain- 
time relation for the entire test such that only relative scale 
instead of absolute scale was used for the abscissa. 

taken at the minimum stress level with additional short, discrete "vertical" segments which 
represent the cyclic stress-strain response at that particular time. The upper peak of each 
segment is the corresponding strain at the maximum stress. Since the cyclic stress-strain 
behavior was linear throughout almost the entire cyclic fatigue test, using other strain 
values (e.g., that corresponding to the mean or maximum stress level) as the reference 
strain in strain-time history would simply translate the strain-time curve along the strain 
axis but would not alter its slope. In Fig. 3, the cyclic fatigue strain-time curve shows a 
pronounced steady-state regime (or minimum strain rate regime) and absence of tertiary 
regime as compared to the short steady-state regime and dominant tertiary regime in the 
static fatigue tests. The absence of the tertiary regime provides more evidence for the 
conclusion that the normal damage accumulation process in static fatigue was interrupted 
by the loading/unloading steps in cyclic fatigue. 

Although stress-strain hysteresis was not observed during cyclic fatigue testing, an 
extensive amount of strain ratchetting was found (see Fig. 3). Note that strain ratchetting 
here refers to the time-dependent progression of the cyclic stress-strain curves along the 
strain axis. Creep deformation under a tensile mean stress was the first speculation as 
the mechanism responsible for this strain ratchetting. As shown in Fig. 3, at the early 
stage of the strain-time history, the cyclic fatigue curve (mean stress = 55 MPa) fell 
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Fig. 3. Comparison of strain-time relations for static 
and cyclic fatigue of PY6 silicon nitride at 1370" C. The label 
for each curve includes the applied maximum stress, failure 
time, and rnininiurn strain rate. Each of the "vertical" seg- 
ments on the cyclic fatigue curye represents the corre- 
sponding cyclic stresstrain responss at that particular time. 

between the two static fatigue curves (applied stresscs 2 58 and SO MPa, respectively). 
This seems to agree with the postulation. Hswewer, as no tertiary regime o~curred under 
cyclic loading, the cyclic fatigue &;UTVB evenilrally fell bclow the static fatigue curve with an 
applied stress of 50 MPa, suggesting thc mechanisms controlling t he  process of damage 
accumulation for static and cyclic fatigue webe diffcrcnt. 

More evidence supporting this conclusion is presented in Fig 4 where minimum 
strain rate was plotted against applied stress in log-lag base for both static and cyclic 
fatigue (0.1 -Hz triangular loading) tests. The minimum strain ratc for cyclic fatigue was 
defined as the minimum degree of increase in the strain corrcspanding io the minimum 
stress level throughout the test. The mean stress was used as the abscissa for the cyclic 
fatigue tests in Fig. 4. Fitting the  data given in Fig. 4 to a simple power-law relation 
between minimum strain rata and applied sircss (C,,, = Ao", A is a constant) yields the 
following n values: n = 19, 5 6 ,  arid 4.4 for static fatigue at 11 50, 1260, and 1370" C, 
respectively, while n = 22 and 10 for cyclic fatigue tests at 1260 and 1370" C, respectively. 
The significant difference in the ccsrresporadiny stress exponent values between static 
fatigue (n = 5.6 and 4.4) and cyclic fatigue (as = 22 and IO) at 1260 and 1370" C indicates 
the damage mechanisms are different for these two loading histories. Therefore, creep 
might not be the primary darnagc mechanism leadirsg to the final failures in cyclic fatigue 
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Fig. 4. Comparison of minimum strain rate for static and 
cyclic fatigue of PY6 silicon nitride at 1 150 to 1370" C as a 
function of static or mean stress. 

specimens. The similarity of high n values between static fatigue at 11 50°C (n = 19) and 
cyclic fatigue at 1260 and 1 370" C (n = 22 and 10, respec-tively) suggests a damage 
accumulation process analogous to SCG might be the primary failure mechanism for 
cyclic fatigue. Note that the strain-time curves for static fatigue at 1150°C also had a 
dominant steady-state regime.* In this sense, the observed strain ratchetting for cyclic 
fatigue at 1260 and 1370" C might actually reflect compliance changes resulting from the 
subcritical extension of a localized damage zone in a way similar to SCG. 

In Fig. 5, a Monkman-Grant plot ($ = C(&min)'m, C is a constant) of the minimum 
strain rate versus time to failure indicates distinct curves for each test temperature of 
1260 and 1370" C regardless of loading history. The values of m estimated from the data 
in Fig. 5 are approximately 1.5 and relatively independent of temperature. The agreement 
of cyclic and static fatigue data fitted in the Monkman-Grant relationship implies that stress 
may not be an appropriate controlling parameter for correlating static and cyclic fatigue 
life at elevated temperatures. However, this agreement inevitably puzzles the fact that the 
failure mechanisms in static and cyclic fatigue are different as described above. More 
microstructural evidence for the different failure mechanisms in cyclic and static fatigue is 
given next. 

Typical fracture surfaces of cyclic fatigue specimens tested at 1 150, 1260, and 
1370°C are shown in Figs. 6(a), (b), and (c), respectively. At 11 50°C, the fracture 
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Fig. 5. Comparison of Monkman-Grant-type relations for 
static and cyclic fatigue of PY6 silicon nitride at 1260 and 1370" C. 

surfaces contained well-defined mirror, mist, and hackle regions [see Fig. 6(a)].  A region 
of apparent SCG (label s) from a preexistent defect was also identified within the mirror 
region. All of the cyclic fatigue failures at 11 50°C were related to preexistent flaws located 
in the volume or at the surface. Even though both static and cyclic fatigue failures at 
11 50" C were due to subcritical crack extension of preexistent flaws, the comparison of 
stress-life relations implies that crack propagation rates were less in cyclic loading than in 
static loading, The lesser damage caused by cyclic fatigue relative to static fatigue in 
ceramics at elevated temperatures might be related to the viscous intergranular 
For example, the effect of bridging the crack surfaces by the viscous intergranular phases 
could be more pronounced in cyclic loading than in static loading under certain 
 condition^.^ Because of the inability of the viscous ligaments behind the crack tip to relax 
during the high-frequency cycling, the effective stress-intensity factor at the crack tip is 
larger under static loading than for cyclic loading with a high frequency or a short hold 
time at maximum applied stress. In this sense, the crack growth rate is lower in cyclic 
loading than in static loading, Lower crack growth rates in cyclic loading over static 
loading with the same maximum applied stress-intensity factor at elevated temperatures 
have been reported in other ceramics.' 

mirror-mist-hackle feature with failure originating from the surface. Only a couple of 
specimens tested at the highest applied stresses clearly showed the internal preexistent 
flaws as the fracture origins. The majority of the specimens had surface-initiated failures, 

For cyclic fatigue specimens tested at 1260" C, the fracture surfaces still showed the 
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Fig. 6. Typical fracture s r o r f ~  for cydc fat4gue (0.1-Hr 

trapezoidal wave form) %peefmem of PY6 sillcon nitride tested 
at: (a) 1150°C (0, = 276 MPa, b = 918 h), labels: slow 
crack growth region; (b) 12430°C (0, = 250 MPa, t = 306 h); 
and (c) 1370°C (u- = 160 MPa, t = 86 h). 
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Fig. 6 (Continued) 

but no clear fracture origins, such as preexistent defects, could be identified [see 
Fig. 6(6)]. A possible explanation for this phenomenon is that at temperatures 21260°C, 
the oxidation rate increased as evidenced by the outer, darker rings on the fracture 
surfaces shown in Figs. 6(b) and (c), thereby providing preferred sites for fracture 
initiation. As observed in other silicon nitrides,'oD'' oxidation could increase the strength 
by rounding or blunting preexistent flaws or decrease the strength by producing new flaws 
such as bubbles, pits, and microcracks in the oxide scale. The effects of oxidation 
process and products on the mechanical propeAes are related to the complex factors 
such as impurities and sintering aids, temperature, duration of oxidation, loading 
conditions during oxidation, and 
the cyclic fatigue failures at 1260°C were initiated at or near the surfaces, and their origins 
could not be clearly identified. 

look similar to those generated at 1260°C, except the mirror regions are larger due to the 
lower applied stresses [Fig. 6(c)]. In addition, a small damage zone with greater 
roughness. was observed within the mirror region on the fracture surfaces of a few cyclic 
fatigue specimens tested at 1370°C. Macroscopically, the feature of this small damage 
zone does not look like that of the SCG region at 11 50°C but is similar to the larger creep 
damage zone previously identified for the static fatigue specimens tested at 1260 and 
1370" C? However, microscopically, no extensive creep cavities were detected throughout 

It is7,likely due to the oxidation that most of 

The feature9 for the fracture surfaces of cyclic fatigue specimens tested at 1370" C 
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the gage sections of cyclic fatigue specimens tested at 1 150 to 1370" C. This is one of 
the major differences in the microstructure between the failed static and cyclic fatigue 
specimens, in particular at 1260 and 1370°C [see Figs. 7(a) and (b)]. The origination of 
this small damage zone from the surface once again implies that surface oxidation might 
make some contributions to the fatigue failures at 1260 and 1370" C. 

that a damage accumulation process analogous to SCG might be the primary failure 
mechanism for cyclic fatigue at 1260 and 1370" C. This damage accumulation process 
might involve the subcritical extension of a localized damage zone originating from surface 
where oxidation-assisted damage or oxidation-modified preexistent flaws would provide 
the favorable sites for crack nucleation. The difference of microstructural observations in 
cyclic and static fatigue is consistent with the macroscopic observations that cyclic fatigue 
data generated at 1260 and 1370°C demonstrated significantly higher values of crack 
growth exponent, N, and stress exponent, n, over those generated by static fatigue 
loading at the same temperatures. 

as observed in the static fatigue specimens tested at 1260 and 1370" C agrees with the 
characteristics of stress-life and strain-time results. Although the exact cyclic fatigue 
mechanisms at 1260 and 1370" C are not clear at present, unloading in each cycle may 
play an important role in either suppressing development of creep damage or retarding 
the accumulation of creep deformation. Solution-precipitation of the silicon nitride in the 
intergranular phase was suggested as the mechanism for the development of cavities with 
lenticular shape along two-grain boundaries in PY6 silicon nitride crept at 1260 and 
1370" C? The driving force for a typical solution-precipitation mechanism is related to the 
deviatoric stress (which is the applied stress in uniaxial loading ~ondition).'~*'~ It is 
possible that the endurance of such a driving force in each loading period was not long 
enough for nucleation and/or growth of cavities for selected cyclic loading conditions in 
the present study. This might result from relaxation of local stress concentration at 
potential sites for cavity development and recovery of viscoelastic deformation during 
unloading. 

Based on these observed features of fracture surfaces and microstructure, it is likely 

The fact that cyclic fatigue specimens did not display such extensive creep cavities 

Status of milestones 

1. Apply phenomenological model creep rate/creep rupture model to PY6 tensile 
data (completed). 

2. Complete cyclic fatigue studies and submit open literature publication on results 
(completed). 

Communications/visitors/travel 

1. M. K. Ferber presented talks entitled, "Fracture of a HlPed Silicon Nitride Under 
Tensile Static and Dynamic Loading at High Temperatures" and "Creep and Fatigue 
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Fig. 7. Scanning electron microscopy micrographs for static and cyclic fatigue specimens of PY6 
silicon nitride tested at 1370°C: (a) static fatigue, u, = 75 MPa, t = 90 h (with cavities along twosrain 
boundaries) and (6) cyclic fatigue, 0.1-Hz trapezoidal loading, u- = 75 MPa (u, = 137 MPa), t = 
516 h (without cavities). 
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Behavior of a HlPed Silicon Nitride," at the Third International Ceramic Science and 
Technology Congress, San Francisco, Calif., November 1-4, 1992. 

2. C.-K. J. Lin presented a talk entitled, "Evaluation of Tensile Static, Dynamic, and 
Cyclic Fatigue Behavior for a HIPed Silicon Nitride at Elevated Temperatures," at the 
1992 Fall Meeting of the Materials Research Society, Boston, Mass., November 30 - 
December 4, 1992. 

Problems encountered 

None, 

Publications 

1. C.-K. J. Lin, M. G. Jenkins, and M. K. Ferber, "Evaluation of Tensile Static, Dynamic, 
and Cyclic Fatigue Behavior for a HiPed Silicon Nitride at Elevated Temperatures," 
pp. 455-60 in Silicon Nitride Ceramics - Scientific and Technological Advances, Vol. 287, 
ed. by I-W, Chen, P. F. Becher, M. Mitomo, G. Petzow, and T.-S. Yen. Materials Research 
Society, Pittsburgh, 1993. 

2. M. G. Jenkins, M. K. Ferber, and C.-K. J. Lin, "Apparent Enhanced Fatigue Resistance 
Under Cyclic Tensile Loading for a HlPed Silicon Nitride," J. Am. Ceram. SOC. 76[3], 
788-92 (1 993). 

3. C.-K. J. Lin, M. G. Jenkins, and M. K. Ferber, Tensile Dynamic and Static Fatigue 
Relations for a HlPed Silicon Nitride at Elevated Temperatures," J, Eur. Ceram. Soc., in 
press, 1993. 
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1993. 
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TOUGHENED CERAMICS L IFE P ~ E ~ ~ ~ ~ ~ ~ ~  
Jonathan A .  Salem, Sung R. Choi an Lynn M. Powers 
(NASA Lewis Research Center) 

Object i ve/Scope 

The purpose o f  this research is t erstand the room temperature 
and high temperature [< 1370'C ( 2 5  ] behavior of toughened ceramics 
as the basis for developing a life iction methodology. A major 
objective 1 s to understand the ~ e l ~ t ~ ~ n s ~ ~ ~  between microstructure and 
mechanical behavior within the bounds of a limited number of materials. 
A second major objective is t o  determine t e bebavior as a function o f  
time and temperature. Specifically, the r om temperature and elevated 
strength and reliability, the fractu e toughness, slow crack growth and 
the creep behavior will be determine for the as-manufactured material. 
The same properties will also  be eva uated after long-time exposure to 
various high temperature isothe mal and cyclic environments. These 
results will provide input for arallel materials development and design 
methodology programs. Resultant design codes will be verified. 

Technical High1 ishts 

The objective o f  this work i s  to de 
integrated design program CARES (Ceramics 
Evaluation o f  Structures ( l ] ) ,  to predict the fast-fracture reliability 
o f  monolithic ceramic components. Thus far, the fast-fracture strength 
o f  sintered alpha silicon carbide tested in three- and four-point 
bending has been used t a  predict the failure strength distribution of 
ring-on-ring (biaxial strength) tests, and thereby check validity o f  the 
code. Testing o f  other volumes and stress states, such as wide MOR bars 
and torsion specimens are in progress. 
machining damage i s  in progress. 

n s t r a t e  validity of the 
nalysis and Reliability 

A l s o ,  testing of specimens with 

The material was chosen because it exhibits very low fracture 
toughness, no crack growth resistance, high elastic modulus and a very 
low susceptibility to slow crack growth (fatigue). Such properties make 
this an ideal ceramic far the verification o f  fast fracture reliability 
models and codes. 

EXPERIMENTAL METHOD 

Material and Specimen P ~ ~ p ~ r a t i ~ n  

The material used in this study was a commercially available 
sintered alpha silicon carbide processed in the form o f  25 by 25 by 42 
mm billets. The biaxial plate specimens were ground from the billets 
and finished by 320 grit diamond uniaxial grinding on one face of the 
specimen. The nominal imensions o f  the b i a x i a l  late specimens were 25 
mm on edge by 2 mm in t ickness. Ben 
randomly selected plates in order to e flaw population 

ens were ground from 
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(sur face  f i n i s h  and o r i e n t a t i o n )  i n  bo th  t h e  p l a t e s  and bend beams. 
bend bars were o r ien ted  i n  the  l o n g i t u d i n a l  d i r e c t i o n  o f  g r i n d i n g  and 
the  edges on t h e  t e n s i l e  sur face were beveled by hand sanding t o  
e l i m i n a t e  spur ious edge f a i l u r e s .  Bend specimens nomina l l y  measured 2 
by 3 by 25 mm. I n  o rder  t o  minimize any remnant machining damage, a l l  
t h e  specimens were annealed a t  12OO0C f o r  2 hours i n  a i r .  

The 

Young’s Modulus and Poisson‘s Rat io  

Young’s Modulus and Poisson’s r a t i o .  Therefore, measurements o f  these 
s p e c i f i c  ma te r ia l  constants were taken s t a t i c a l l y  v i a  (90’) b i a x i a l  
s t r a i n  gages and by t h e  impulse e x c i t a t i o n  method. 
diameter by 2 mm t h i c k )  and beam con f igu ra t i ons  were used i n  the  impulse 
e x c i t a t i o n  t e s t s .  

R e l i a b i l i t y  ana lys is  of s t r u c t u r a l  components i s  s e n s i t i v e  t o  bo th  

Both d i s k  (25 mm 

Bend Tes t i nq  

F a s t - f r a c t u r e  bend t e s t s  were conducted a t  room temperature w i t h  a 
s t roke  r a t e  of 0.05 mm/min. The ou ter  span o f  t he  th ree-  and f o u r - p o i n t  
f i x t u r e s  was 20 mm and the  i nne r  span o f  t he  f o u r - p o i n t  f i x t u r e  was 8 
mm. The r o l l e r s  o f  t h e  t e s t  f i x t u r e  were f r e e  t o  r o l l  and the  upper 
span t o  a r t i c u l a t e  r e l a t i v e  t o  the  lower  span. 
mens were tes ted  per  cond i t i on .  

A minimum o f  33 speci -  

8 i a x i a l  Tes t inq  and Riq l  V e r i f i c a t i o n  

The b i a x i a l  f i x t u r e  consis ted o f  two concent r i c  h a l f - h a r d  c o l d  
r o l l e d  copper r i n g s  w i th  diameters o f  5.75 and 11.54 mm, and contac t  
curvatures o f  1.50 and 2.82 mm, respec t i ve l y .  The r i n g s  were al lowed t o  
a r t i c u l a t e  r e l a t i v e  t o  each other ,  i n s u r i n g  a un i fo rm contac t  area. 
A1 though the  procedures f o r  f o u r - p o i n t  bend t e s t i n g  are w e l l  es tab l i shed 
[2], those f o r  b i a x i a l  t e s t i n g  are no t ,  Fur ther ,  t h e  a v a i l a b i l i t y  and 
accuracy o f  s t ress  s o l u t i o n s  f o r  a wide v a r i e t y  o f  r i n g  loaded square 
p l a t e s  i s  l i m i t e d  [3].  
produced by the  t e s t  r i g  and i t s  conformance t o  p l a t e  theory  ( o r  FEM 
model i ng )  , as-machined and po l  i shed p l a t e  specimens were s t r a i n  gaged 
w i t h  r o s e t t e s  a t  several  r a d i a l  pos i t i ons .  The specimens were loaded t o  
150 MPa, about 50% o f  the  average p l a t e  s t rength,  both w i t h  and w i thou t  
a l u b r i c a n t .  The r a d i a l  and tangen t ia l  s t resses a t  each gage were 
reso lved and the  maximum s t ress  was compared t o  t h a t  c a l c u l a t e d  from t h e  
equat ion o f  Vitman and Pukh [ 4 ]  

I n  order  t o  assess t h e  degree o f  b i a x i a l i t y  

where of i s  t h e  maximum st ress,  B i s  the  app l ied  l o a d ,  R, i s  one-ha l f  
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f r i c t i o n  generated between 
e ~ ~ ~ c ~ ~ e ~ ~  is sufficient to 

test ring and 
ke rate o f  0. 

149 -2 

-1 

Fracture surface 
a te% af ter  t e s t !  

as performed on the bars 
f flaws causing failure. 
o f  reliability analysis, 
r combined (surface and 
orrned, and if flaws o f  

r a ~ ~ y  was done in ent ~~~~~~~~~~ s 
ance w i t h  mil i%a  
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measured via stain gages. 

Table 2. Young's Hsdulus and Poisson's R a t i o  

Impulse Excitation S t i i i  n Gaged 
~ . . ^  

D i s k  Bar Bar 

Youngts 396 (6) 385 ( 6 )  
Msdul us 
(GPa) 

Poisson's 0.17 --."-- 
Ratio 

367 

0.17 

. . ._. . . .__ l__l_ ___ 
Notes: nurnbers in parenthesis are one standard deviation. 

All o f  the silicon carbide bars and plates failed f rom processing 
agglomerates at or near the surface, with t h e  exc %ion of one specimen 
which could n o t  be identified. For t h i s  analysis near surface f l a w s  
were defined a being within t o f law diameters o f  the f ree  surface. A I 1  
o f  the failure origins, except six, were within t h e  inner ring and 
orientation o f  t h e  fracture mirrors was totally ran om. 

shows a typical fracture surface o f  a iaxially loaded plate, f i g .  l ( a )  
shows the plate  after failure, (b) sho s t h e  fracture mirror, and (c )  

This indicates 
achining damage was totally eliminated via annealing. Fig. 1 

the flaw f rom which failure was initiated. 
ack branching length CL as a function fracture strength C T ~  

The relationship between C, an 

F i g .  2 i s  a plat o f  

from the plate specimens, 
glasses is given [6] as 

ofC, = A, 

where A, is the branching constant. The branching for thisoyaterial 
based on equation ( 2 )  was Found t o  be A = 6.30 0.54 MPam . For 
glass t he  branching constant  is about three timer; the fracture tough- 
ness, however, for  many ceramics the constant is slightly lower ( A  = 
2 . 5 ~ 5 ) .  ?he toughness o f  alpha silicon carbide i s  bet een 2.5 and 3 
M P ~ ' .  [ T I ,  indicating t h e  measured branching constant to agree with 
those far many ceramics. 

_I.- Strength Measurements 

The material parameters describing the variability in strength 
Surface flaw were obtained from the fracture strength measurements. 

analysis was carried o u t  on the bars and plates. Fig. 3 shows the 
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Figure 1. - (A) Fracture pattern; (8) Fracture surface i n  the v i c i n i t y  
of the fracture origin; (C) Fracture or igin i n  the si l icon carbide 
pl ate. 
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Biaxial Testin 

Figure 2 .  - Crack branching length as a function o f  fracture strength 
for the sil icon carbide plates subjected to biaxial loading. 

FRACTURE STRESS ( W a )  

Figure 3 ,  - Weibull p lat  o f  the fracture stresses for t he  bend and 
ring-sn-ring tes ts .  
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Weibull plot of the failure strengths of the plates, three-point bars 
and four-point bars, and the results of the statistical analysis are 
presented in Table 3 .  Maximum likelihood estimates (MLE) and least 
squares best fit estimates (LS) of the Weibull modulus, characteristic 
strength, and scale parameter are provided. 

Table 3 - ESTIMATES OF THE SURFACE 
PARAMETERS FOR SILICON CARBI 

Test 

3-pt bend 
MLE 
LS 

4-pt bend 
MLE 
LS 

ring-on-ring 
MLE 
LS 

Wei bull 
Modulus 

ms 

9 .72  
9 . 4 0  

8.31 
8.30 

9.40 
9 .43  

Characteristic 
Strength 

( i l k )  
420.9 
421.1  

384.0 
384.0 

324.7 
324.9 

Scale 
Parameter 

OOS 2/m (Mpa x mm ) 

508.3 
510.4 

577.7 
577.7 

578.7 
577.0 

Reliabilitv Prediction 

Since the plates failed in a consistent, unimodal and isotropic 
manner, a conventional re1 i abi 1 i ty anal ysi s could be performed. The 
statistical material properties chosen were obtained from the three- 
point bend test analyzed with the maximum likelihood technique (Table 
3). 
plates as a function o f  the fracture stress. The finite element mesh 
used for the silicon carbide plate and the copper supports i s  shown in 
Fig. 4. 
symmetry conditions. 
mental data for the three-point bend and plate tests, and the superim- 
posed re1 i abi 1 i ty predict ion for the pl ates . 

CARES was used to predict the fast-fracture reliability of the 

One-quarter o f  the assembly is meshed, taking advantage o f  
Figure 5 i s  a Weibull plot showing the experi- 

The probability of failure for a ceramic component using the 
Batdorf model for surface flaws is 
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Figure 4. - Finite element mesh of the ring-on-ring assembly. 

FRACTURE STRESS (-a) 

Figure 5. - Experimental and predicted failure probabilities for the 
plates as a function of fracture stress. 
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where A is the surface area, n i s  the crack density function, oemaX is 
the maximum value of the mode 1 equivalent stress on the crack, and u is 
the length of an angle or projected onto a unit radius semi-circle in 
principal stress space containing all of the crack orientations for 
which the effective stress is greater than or equal to the critical 
stress, Q r. A number crack shapes and fracture criteria are available, 
such as the Weibult normal stress averaging (a shear-insensitive case of 
the Batdorf theory), total coplanar strain energy release rate, and the 
noncopl anar criterion. 

The finite element method enables discretization of the surface of 
the component into incremental area elements. CARES evaluates the 
failure probability at the Gaussian integration points of shell elements 
or optionally at the element centroids. 
(corresponding to a Gaussian integration point) i s  calculated using the 
shape functions inherent to the element type [8]. 

model, a semicircular crack, and noncoplanar crack extension with a 
shear sensitivity constant o f  C=O.82 {dashed line). The shear sensi- 
tivity constant corresponds to an approximation of the maximum principal 
stress criterion. However, it should be mentioned that the shear 
sensitivity constant should be determined from mixed mode (modes I and 
11) fracture testing for a given materials. In consideration o f  the 
confidence intervals on the strength data, the prediction shown in Fig. 
5 i s  in reasonable agreement with the experimental result. 

The area o f  each subelement 

The reliability prediction for the plates, is based on the Batdorf 

It is usually recommended that penny-shaped and semicircular 
cracks be used in the volume and surface reliability analyses, respec- 
tively, as they are more representative of small embedded flaws. 
One complication with reliability prediction of processing flaws i s  that 
ceramic materials fail from a variety of sources: semi-spherical pores, 
large equiaxed grains, large acicular grains, porous regions and 
inclusions of complex and variable three dimension shapes. 
complication is that these flaws are ground open or further damaged in 
specimen or component preparation, and some manufactures heat treat 
specimens and components to "heal" the grinding induced damage, which is 
particularly severe if stresses are applied normal to the grinding 
direction, as occurs in biaxially stressed specimens. The effects of 
these complications on reliability analysis are unclear. 

A further 

Cont i nui ncr Veri f i cat i on Efforts 

The effects of finite element mesh refinement on the reliability 
prediction is being pursued. Also, additional tests are being performed 
to determine the effects of grinding orientation, annealing, and volume 
(independent of stress state) on reliability predictions with the CARES 
code. 
becomes anisotropic, thereby introducing a preferred failure orienta- 
tion. Further, the shear sensitivity constant will be determined for 
this material and used in future verification work. 

Grinding effects can be of importance as the flaw population 
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(1). 
larger surface area From uniaxial stress state data with CARES i s  
reasonable, but conservative. 

The prediction of the reliability o f  a biaxial stress state with a 

( 2 ) .  
stress decreases the measured strength, as expected. 

Increasing stressed area and/or the addition o f  a second principal 

(3). 
area and stress state, and effects o f  grinding orientation on reliabili- 
ty predictions are needed. 

Further testing to determine the independent effects o f  surface 
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Status of Milestones 

Milestone are on time. 

- Pub1 ications 

None 
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P. K. Khandelwal (Allison Gas Turbine Division, General Motors Corporation) 

Obiec tive/Scoue 

The objective of this project is to develop and demonstrate the necessary nondestructive exami- 
nation (NDE) technology, materials data base, and design methodology for predicting the useful 
life of structural ceramic components of advanced heat engines. The analytical methodology will 
be demonstrated through confirmatory testing of ceramic components subject to thermal-mechanical 
loading conditions similar to those anticipated to occur in actual vehicular service. The project ad- 
dresses fast fracture, slow crack growth (SCG), creep, and oxidation failure modes. 

Technical Hiehliphts 

Data Base Development 

Uniaxial Tensile Testine (Button-Head) 

Monotonic tensile testing of 262 PYS injection molded and hot isostatic pressed (HIP'ed) silicon 
nitride was completed during this reporting period at Southern Research Institute (SORI) from room 
temperature to 1400°C at 4137 MPa/min (600 KSI/min). Tablc I summarizes the average strength 
and the flaw characteristics (location, type, and number) at the failure origin for each tempera- 
ture. Optical micrography and failure analysis of all the specimens have been completed. A lim- 
ited number of specimens have been examined by scanning electron microscopy (SEMI including X- 
ray energy dispersive analysis (XEDA). The vast majority of the specimens faailed inside the gage 
section of the specimen. At room temperature about 80% of the spccimcns failed from inclusions of 
iron based compounds. At higher temperatures, the failures were evenly mixed between surface and 
volume flaws, except at 1200°C where about 70% of the specimens failed from surface defects and 
30% from volume flaws. The completed data base is being analyzed using the NASA CARES pro- 
gram to estimate the Weibull modulus and characteristic strength at cach temperature. The two 
parameter Weibull analysis will utilize the maximum likelihood estimator (MLE) with suspended 
items. 

Nondestructive Evaluation Development 

During this reporting period reference standards with volume holes were designed and fabri- 
cated to assess both the detectability and spatial resolution for various types of PY6 material spec- 
imens. Both pilot and lascr drilled holes varying bctween 10 to 500 microns in diameter and at var- 
ious depths were machined in Type-B modulus-of-rupture (MOR) bars, rectangular 15 mm thick bil- 
lets, and cylindrical button-head specimens. The pilot holes were machined by Bullen Ultrasonics, 
Eaton, Ohio, and the laser holes were fabricatcd by Resonatics, Inc., Nashua, New Hampshire, us- 
ing an Excimer laser. The laser drilled holes in the MOR bars varied from 10 to 100 microns in di- 
ameter of varying depths with an aspect ratio ranging from 1 to 290. Two type of holcs, namely a 
combination of pilot/laser holes and lascr holes only from 25 to 500 micron diameter and 3 mrn deep, 
were machined in tensile and rectangular billets. 



318 

Table I. 
Average mnotonic tensile strength and analysis of failure oridns of button-head srtecirnens. 

Failurporigin 
Average Standard Surface failures Volume faihKeL 

of strength deviation Machining 
ature-OC w e n s  -ma -MPa defect Inclusion Inclusion Other 

RT 70 414.40 69.40 5 2 45 6 2i[T(O) 
10 BHF 

loo0 20 379.40 115.00 9 1 7 3 
11m 20 313.70 44.80 12 2 2 4 
1 75 31 1.20 61 .oo 50 3 16 6 
1 20 53.70 4 0 10 6 
1 59 71.80 18 7 20 9 3SF(O) 

BMF = ~ ~ t ~ o ~  head failures 
I1 = internal inclusion 
SF = surface failure from mac 
(6) = outside gage in the transition region 

A rectangular billet (50 mm x 60 nun x 15 mm with an $8 m diagonal length) was evaluated us- 
tomography (cr). Th gonal length is also called "chord length" in the CT indus- 

ral, flaw detection a solution sensitivity decreases as the chord length in- 
Lion, X-ray beam hardening effects also start to play a significant role in defect de- 
. The a f o r e ~ e ~ t i o i ~ ~  specimen was evaluated with X-ray CT using the 

Tornoscop Microscopic CT System (TOM01 at ARACOR, Dayton, Ohio. The Tornoscope system had 
cient power (95 kV) to penetrate the 88 mm chord test block length. The reference holes could 
detected with a reasonable signal-to-noise The specimen was machi 

. Imagery of the new phantom 
fcdvely decrease the chord length to 55 mm. The 
tube voltage, 1.0 tlulp slice thickness, and pixel size 

phantom was evaluated using 195 kV 

ly more detail; the so0 micron diameter holes were readily detected and re- 
micron and 125 micron diameter holes were detected but not resolved. Smaller 
uon holes were not detected. The specimen will be machined to hurther decrease 

to determine the ~ e ~ c t ~ Q n  limit and resolution capability of the Tonnoscope. 

Chalk River Laboratories, Chalk River, Canada, is assessing the effect of pixel size, system 
noise, SNR, and the type of defect (air bubbles, iron, iron oxide, iron silicide) on defect detection ca- 
pability. Analysis for 2-D and 3-D defects is being conducted. Table TI shows a typical exam- 
ple of the detectabilit its calculated for a 2-D air (void) cylind.rica1 defect at two rectangular 
voxel sizes and varying image noise levels. At 0.125 x 0.125 x ¶ nm3 voxel size, 50% snialles flaws 
could be detected compared to 0.258 x 0.25 x 1 mm3 voxel size. Figure 1 compares the e ~ ~ r ~ ~ ~ ~ t ~ ~  
measurements with the calculated results. It is evident that 50 micron 2-D voids were readily de- 
tected at a SNR of 3 and image noise of about 1.5%. The 100 micron cylindrical holes werc detected 
up to almost 5% 

reasing the data collection time, which lowers the statistical image noise. Chalk River i s  
ing the theoretical assessment and experimental verification of the detection capability for 

ise levels. Detectability can be further improved by decreasing the voxel size 

the CT technique. 
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I 3-D defects 
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2-D defects 

5' 
I I I I I I I 

400 
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0 Poor Detection 

0 Not Detected 
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Image Noise-OI- 

TE93-855 

Figure 1. Comparison of calculated and measured flaw detection capability of computed tomogra- 
phy for 2-D cylindrical voids in PY6 silicon nitride. 
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Signal-to-noise ratio (SIUR) = 3 



Acoustic ~~~~~~y (AM) detected 100 micron nominal lager drilled subsurface holes 
at  a depth. of 12 m using a 25 M& flat transducer and 3.75 r path (Figure 2). One Type-B 
MOR bar 3 mm x 4 mm x 50 mx reference standard with laser drilled holes of 10 to 100 microns in di- 
ameter was acoustically examined at various water paths using a 50 MHz, 12.7 mrn focal length fo- 

readily dhatwkd ah. a will 

ascertain tk qualify of 

trandt~cer. It was ~b~~~ that 25 micron ~~a~~~~ holes 0.75 mm below the surface were 
m n  was examined after rotating 90 deg to 

ws that the 25 and 50 micron holes were ta- 
ch indicated that small diameter and 
ltrasoiuc analysis of the reference stan- 

. me 18 anialmn holes were not pro 
aspxt r&o defests are difficult to g 

dards is continuing. 

Andy tical Methodology 

During this 
and MIP’cd NT1 

the mo~n tempraieturc spcimnens were aka kearwferred. The data was statistically analyzed using 
the NLSA CAKES progranw, In addition, time d ndent behavior models were developed and im- 
proved. A4nalyds was conducM o i) PY6 crwp rupture generated under the current program 
and the Ch~ett data on Nll54 a (ii) dynamic fatigue obtained at Allison and 

Q Allison received fast fracture data for cold isostatically pressed 
e from Garrett Auxiliary Power Division (GAPD). The data in- 

dudel  ‘I”ype-B MOR E MOR bars, and button-head tensile specimens. Failure origins for 

bars and at §OM on button-head tensile 

me Wl% dab was nomal izd  to tensil. men surface area and volume, and analyzed us- 
ing the CAWS probabilistir mxintum likli 
failures. No meaningful comparimn was possible with either the 
men, me volume properties of the Type-E b r a  
(Figuse 4). This is expected k a u w  the Type-E 
imen usgBjl to fabricate button-head tciwile spimens. The chamfers of the Type-E bars were pol- 

R bars only had 4 volume 
E bars or the tensile speci- 

imetis showed excellent correlation 
khe same cylindrical spec- 

ka minimize comesJchamfer failures as per information provided by Garrett. It is worth not- 
at the tensile surface finish was different than the chamfer 

Corre’la&iisaa LB$bveen both types of the MOR rs and the tensile specimens for surface proper- 
ties was conducted. Initially, all the MOW data including the chamfer failure was used. Figure 5 
shows pwr comellation. ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ,  the chamfer failures were removed from the data set and re- 
a n a l y d .  Rgures 6 and 7 show m improvement in cornprison betwen the MOR bars and tensile 
s p i m n s .  However, the ~ ~ r f ~ ~ ~ ~ ~ ~  is still large# which m y  be due to differing surface flaw popu- 
lations caused by surface machining variations between the three type of specimens. The Type-E 
bars were mcb&-~& from cylindrical rods whish have k n  shown to have large numbers of inclu- 
sions. 

Analysis on‘ the CAPE) elevated ternpcraiure data will begin as soon as the fractography data 
is availahis. This will determine if the fast fracture data can be consolidated for all temperature 
levels. 



321 

Y
) 
- 

c7 
6
, 

w
 

l- 



322 

0.9 

0.5 

0.2 

x 0.1 
n 
2 0.05 
P 

LL 
0 
- - ._ - ._ 

a 

0.01 

MOR-E (No Corners) .~ 
+ TEN 

. ...................................... 
I -  

-. __ I I 1 ........ I J 
700 800 900 1000 1100 

Stress-MPA TE93-858 
500 600 

Figure 4. Analysis and correlation of OR volume failures nomlizgd to tensile specimen 
volume €or NTlM silicon nitride. mens were tested at temperature by GATD. 
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Figure 5. Analysis and correlation of Type-B bar surface failures including chamfer data normal- 
ized to tensile specimens of NTlM silicon nitride. The specimens were tested at room temperature 

by GAPD. 
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Figure 6. Analysis and correlation of the NT154 Type-B MOR bar surface failures without chamfer 
failures normalized to tensile specimen surface area. The specimens were tested at room tempera- 

ture by GAPD. 
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Normalized to Tensile Specimen Gage Area 12 6676903 _ _ _ ~  - _ _  .- - _  - 

- - ./'-- MOR-E (No Corners) 
TEN 2 

coo 500 600 700 800 900 1000 1100 

Stress-MPA TE93-861 

Figure 7. Analysis and correlation of NT1.54 Type-E bar surface failures without chamfer failures 
tized to tensile specimen surface area. Data generated at room temperature by GAPD. 

Time Demndent Ekhavior 

When a ceramic specimen is subjected to a constant load at elevated temperatures, both SCG 
and creep deformation occur, which ultimately result in the failure of the material. In general, at 
low applied stresses and high temperatures, creep has k e n  microscopically observed to be the dom- 

e in structural ceramic materials, At higher stresses and lower temperatures, sub- 
critical crack growth has been identified as the primary failure mechanism. There are two meth- 
ods, namely constant load or stress rupture testing and constant stress rate or dynamic fatigue test- 

vdy, which are commonly employed to study the SCG behavior of the ceramic materi- 
th of these mechanisms may be present in a constant stress or creep rupture 
must be structured to account for both of these effects. 

Unified Slow Crack Growth/Creep Model 

TWQ general approaches currently exist to develop life prediction analytical models to account 
for both the X G  and creep failure modes. The first approach utilizes fractographic analysis of 
each specimen to ascertain the specimen failure mode; then individual models are applied. In the 
second approach, a somewhat unified model is applied to all of the data; the final result is a data 
regression and C U N ~  fit meth 010gy which characterizes in a continuous manner both the effects of 
SCG and creep. Such a model has been used by Garrett to characterize the creep nipture data gener- 
ated on NTlM cold isostatically pressed and HIP'& silicon nitride material. This work has been 
conducted under Garrett's Life Prediction program. Allison, during this reporting period, has also 
explored and d e v e l o e  such a general alternate rnethodolgy. 
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The rational and development of the time to failure (TF) model is as follows: 

UnderScG TF = B"SI~-*+S-~*EXP (QSCG/RT) 

If the initial strength is assumed to be independent of temperature, the above equation simpli- 
fies to 

The steady-state creep behavior of ceramics is generally represented by a power law function 

i = const.+ W*EXP(-Q~~/RT) 

and MonkmanGrant relationship 

TF = Const. i -M 

Combining the above two equations and assuming M=l, the equations reduce to 

Under Creep TF = C SN1* EXP(QCR/RT) 

Where: TF = time to failure 
S = applied stress 
SI = initial fast fracture strength 
T = temperature (absolute) 
(&--c = activation energy for SCG regime 
QSR = activation energy for creep regime 
A,B,S,N,Nl = material constants 

If the activation energy in SCG is assumed to be the same as that in creep and if 
log(TF*EXP(G/R'I')) is plotted versus log(S), both the SCG and the creep equations require that a 
least squares regression technique be applied to obtain the optimum bi-log linear curve fit of all the 
data. Furthermore, the optimum lines are obtained when the standard deviation between the two 
regressed lines is minimized. For this model, the low stress line segment defines the creep domain 
and the high stress line defines the SCG domain. 

The model described above was applied to both the Allison PY6 and the Garrett NT154 pub- 
lished data bases to assess the differences and similarities in the time-to-rupture behavior of the 
two materials. 

Allison test PY6 data were obtained from 1200°C to 140OOC while Garrett NT154 data were ob- 
tained h m  1149°C to 1400°C. Table 111 shows that the Norton rupture exponents (Nl) were quite 
close for both the materials, while the SCG exponent (N) was much higher for the Garrett NT154 
material. The effective activation energy for the NT1M material was much higher than that of 
PY6 material, possibly indicating that the material is less susceptible to high temperature defor- 
mation by SCG and creep compared to the PY6 silicon nitride. Additionally, the standard devia- 
tion of 2.65 in the LN(fai1ure time) for the PY6 was much higher than that of 1.88 for the NT154. 
This may be due to the cumulative effect of material composition, varying process controls, and 
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Arti viation 
K G   ne^^ mer Std. dev. 

Material A I//GM-Pnolie mal4 
PY6 11.4 498 2.65 
NT15 6.7 18.7 1013 1.88 

Pr= 
known h a t  both the MTIM a iron based incl 
ior of the materials and adde 
aturs variation in the gage area including the gradient and strain measurement methods may add 
to some uncertainity in the overall. assessment of the deformation behavior of the materials. 

of impurities during the manufac lens of the two materials. It is 
which modified the intrinsic behav- 

mplexity of analyzing the data. Furthemnore, the ternper- 

el applicable to regressing creep or SCC cleforntcrtion rate data was also devel- 

WheR i: = creep rate 
S = applied stress 
T = t e ~ ~ ~ ~ ~ ~ ~  (absolute) 
C&-c, Qew = activation energy 
A1,GlJN3,N2 = material sonstanks 

Table IV shows that the Norton creep rate and X G  exponents were similar for both materials. 
Tke effective activation ener of the NT154 found from creep data changed little from that found 
from stress rupture, while the value for PY6 i n m e a d  about 30%, ~ ~ ~ ~ ~ ~ ~ b ~ y  a small change. 
Again, the standard deviation of 1.97 in the LN (creep rate) for the PY6 material was much higher 

onding 1.06 value for NTIM. 

Table lab. 
m i w i s o n  of PY6 and NT154 creep behavior. 

Activiation 
Norton creep !XG exponent energy Std. dev. 

-- Material exwnent (N3) 0 J/GM-mle LN 

PY6 5.1 
NT154 5.3 

10.2 664 1.97' 
11.7 '39s 1.06 
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While this model has appeal as a result of its relative simplicity, the number of assumptions 
used in this model m y  compromise the accuracy more than is acceptable when compared with a 
more rigorous and separabe development of both m p  and SCG methodologies. The assumptions 
inherent in the above Models are as follows: 

0 The activation energy in SCC and creep is assumed to be identical. 

The scatter in both the SCG and creep domain is constant. 

The effect of initial fast fracture strength on the SCG behavior of the material is ignored. 

Further modeling is in progress to address some of the inadequacies which have been observed 
in the current models. 

Dynamic Fatigue Testing/Modeling 

In the constant load or stress rupture testing time to rupture of the specimens is determined for 
various applied stress levels. In constant rate or dynamic fatigue characteriztion of a material, the 
specimen failure strength is measwed at various stressing rates. Both the approaches were used 
during this reporting period to analytically model the experimental data to assess the SCG param- 
eters using the button-head tensile and Type-B MOR specimens of PY6 HxP‘ed silicon nitride mate- 
rial. & governing equations for the two type of tests were derived and simplified as follows: 

Constant load TF = B*SiN”2*S-N*EW (Q/RT) (5) 

where TF = time to failure (constant load test) 
SF 
Si 
S = applied stress 
S = applied stress rate 
T = temperature (absolute) 
Q 
B, N = material constants 

= fracture strength (constant rate test) 
= initial, fast fracture, strength 

= activation energy (material constant) 

In these equations, the activation energy allows the consolidation of test data obtained at var- 
ious temperatures. In theory the material constants Q, B, and N obtained from constant rate 
(dynamic fatigue) testing should be identical to those obtained from constant load or stress rupture 
testing. Also, it can be shown that a standard deviation on the LN(TF) is related to a standard de- 
viation of LN(SF) by the equation: 

Constant rate or dynamic fatigue behavior of three groups of PY6 hip’ed silicon nitride speci- 
mens was measured and analyzed using equation (6). The most comprehensive data set was devel- 
oped at Allison on 117 Type-8 MOR bars tested from 1200 to 1400°C characterized at various stress 
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3.3 ENVIRONMENTAL EFFECTS 

Environmental Effects in Touahened Ce ramics 

Norman L. Hecht (University of Dayton) 
miec t ive /scm 

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,N, ceramics (GTE PY6 and NortonTTRW XL144) and one Sic 
ceramic (Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, and 
fatigue strength of three Sic and six Si3N4 ceramics were evaluated at temperatures 
ranging from 20 to 1400°C. Microstructure, chemistry, and physical properties were 
also investigated. In the fourth phase, the flexural strength and fatigue behavior of 
two additional Si3N, ceramics (Kyocera SN-260 and Garrett GN-1 0) were investi- 
gated. In addition, the fatigue behavior of one Si3N4 ceramic (NortonTTRW NT-154) 
was investigated. In phase five, five newly developed Sic and three newly developed 
Si,N, ceramics are being investigated. In addition, the effects of different machining 
processes on the mechanical behavior of selected SiC/Si,N4 ceramics will be studied. 

During the past six months (October 1992 through March 1993) analysis 
of the mechanical behavior of candidate Sic and Si,N, ceramics was continued. 
Evaluation of Kyocera's SN-253, Si3N,, Dow Corning's p-Sic, Carborundum's 
Hexoloy SX-GI , Sic, and Garrett's GS-44, Si3N, was conducted. 
Jec h nical t m a  ress 

Flexural strength, elastic modulus, hardness, density, coefficient of thermal 
expansion, and fracture toughness were evaluated for @-Sic and SN-253. In 
addition, the flexural strengths of GS-44 and SX-GI were also measured. The 
flexural strength test matrix for these four ceramics is presented in Table 1. 

The flexural strength measurements were made using lnstron Universal 
Testing Machines (Model 1 123) following MIL-STD-l942(MR). Elevated temper- 
ature measurements were conducted in ATS model #3320 hig h-temperature 
furnaces. Flexural strengths were measured on test specimens with nominal 
dimensions of 3 x 4 x 50 mm with all surfaces ground to a 16-microinch finish 
[MIL-STD-l942(MR) specimen size B]. The long edges of the tensile surface 
were beveled to minimize edge failures. Flexural strength was measured using 
four-point bend test fixtures, and the test specimens were loaded at machine 
crosshead speeds of 0.004, 0.0004, and 0.00004 cm/sec (0.1, 0.01, 0.001 in/min). 
The bend fixtures for all measurements were made of Sic. The four-point bend 
fixtures have an outer span of 40 mm and an inner span of 20 mm. 

*Research sponsored by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and Renewable 
Energy, Office of Transportation Technologies, as part of the Ceramic Technology Project of the Materials 
Development Program under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 



330 

Table 1. Flexural Strength 'Test Matrix for SN-253, p-Sic, GS-44, and SX-GI 

+After 200 hours aging at 1 100°C in air. 

e 

S 

e 

e 

Physical property measurements were made using the d [lowing methods. 
Fracture origins were determined by optical microscopy (Nikan Epiphot) and 
§EM (JEQUSM-88 with EG&G Qrliec System 5000 Microanalysis System). 
The microstructure and chemistry of the candidate materials were also studied. 
Polished specimens were plasma etched and viewed by optical microscopy 
and scanning electron microscopy. 
Thermal expansion was measured from 20°C to 1376°C using a Theta 
Industries Dilatronic II (Model 6024). 
The elastic modulus was measured from 20°C to 1350°C using a Grindo-Sonic 
(Model MR35T) Transient Impulse/Elastic Modulus apparatus. 
The hardness of the candidate materials was measured by a Yickers micro- 
indent hardness tester. Fracture toughness was measured by the controlled 
flaw method using an indent load of 5OQg. 

The results of the flexural strength measearements are summarized in Tables 2, 3, 
4, and 5, respectively, and are shown graphically in Figures 1,  2, 3, and 4. The 
Weibull statistics obtained for these flexural stre easurements are presented 
in Table 6. Photomicrographs of typical fracture rfaces far B-SiC, SX-G1 and 
GS-44 are presented in res 5, 6, and 7. The inclusion observed in the Hexoloy 
SX-GI were found to be al impurities containing AI, Fe, and Ni (see Figure 8) .  
For p-Sic and SN-25 hardness, density, Young's modulus , coefficient of thermal 
expansion, and fracture toughness were measured. The results of these measure- 
ments are compiled in Tables 7 and 8;  respectively. The (35-44 flexure specimens 
were aged in air for 206 hours at 118(%"C. The flexural strength of these air aged 
specimens was measured at 20°C and the results are included in fable 4. In 
addition, the change in weight and surfa e roughness was measured after 200 
hours of aging. The rg?wlts of these agi 
in Table 9. In addition, five SN-253 specimens were aged for 560 hours in air at 
1300°C. Weight changes were measured every 180 hours. The results of these 
measurements are presented in Table 10. 

measurements for GS-44 are presented 
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Table 2. Flexural Strength Measured for S 
Temperature 

("C) 
21 
21 

1 250 
1 250 
1350 
1350 
1350 

*Appearance of 

Crosshead Speed 
(cm/s) 
0.004 

0.00054 
0.004 

0.00004 
0.004 
0.0004 
0.00004 

)w crack growth. 

5 surface 
8 surfacdl edge/l inclusion 

5 surface 
5 wdace' 

Table 3. Flexural Strength Measured for 
Temperature 

("C) 
21 
21 

1250 
1250 
1350 
1350 

+surf - surface, \I 

Crosshead Speed 
(CWS) 
0.004 

0.00004 
0.004 

0.00004 
0.004 

0.05004 
11 - volume, incl - inclu 

- 
S ion 

Fracture Origin+ 

5 surf 
2 vol incl/l edge, 1 surf piV1 surf 
2 sud/l pit, 4 incl surfkdge incl 

2 v d  incV2 edge incVsurf pit 
2 surf/l pi!, 1 incl vol/edge incl 

gel4 vol pitd2 surf pits 

-_____ .__....__...._..l_li 

Table 4. Flexural Strength Measured for 6s-44 

5 surface 

4 surflace/l edge 
+Tested after aging 200 hrs @ 1 100°C. 
'Could not be determined because of the high fracture energy 

4 volume inclusion 
4 surface/l edge 
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+Specimens were oxidized for 200 hours at 1100e6. 
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(a) 20X 

I 
(b) 500X 

Figure 5. Photomicrographs of the Fracture Surface of an SX-G1 Flexure Specimen. 



(b) 750X 

Figure 6. Photomicrographs of the Fracture Surface of a p-Sic specimen.. 

- 
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(a) 20X 

. .f 

Y 

(b) 500X 

Figure 7. Photomicrographs of the Fracture Surface of a GS-44 Specimen. 
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Table 6. Weibull Statistics - Flexure Tests, 10 S ecimens per Test Set 

20 
20 

1250 
1350 

20 
20 

1250 
1350 

20 
_LI 

Loading 
Rate 

190 
143 
118 
116 
143 

1.43 
118 
116 
143 

(M Pals) 

- 

Weibull 
Modulus (m) 

22.9 
14.3 
12.0 
38.5 
10.7 
16.9 
22.0 
17.0 
11.6 

7-87 359 
7 625 
901 375 
846 485 

(736,841 ) 
(782,815) 
(836,971) 
(807,887) 

Table 7. Some Physical and Thermal Properties of SN-253 

1. Young's modulus 
20" 316GPa 

1000" 301 GPa 
1250" 299GPa 
1350" 294 GPa 

2. Density 3.45g/cc 

3. Fracture toughness 6.2 MPa 4% 

4. Hardness 1599 (+86) kg/mm2 

5. Coefficient of thermal expansion (20-1 400°C) 4.55 mm/mrsl/"C 

Table 8. Some Physical and Thermal Properties of p-Sic 

1. Young's modulus 
20" 412GPa 

1000" 412GPa 
1250" 385GPa 
1350" 379GPa 

2. Density 3.15 g/cc 

._ . -- 3. Fracture toughness 2 MPa fi 
4. Hardness 2769 (k619) kg/mm2 
___ 

5. Coefficient of thermal expansion (20-1 400°C) 6.78 mm/mflC 
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4 

1. Change in surface roughness 

As-received 7p inch 

Past-oxidation 9 y inch 

2. Change in weight 

As-received 1.92796 

*Oxidation temperature: 2372°F (1300°C) in air. 

Garborundum 
eneration Sic and 
2319 and NT-164 were also 

tern pe rat u re flexure 
rs at 11 00°C the 

room temperature $ t r ~ ~ ~ t h  

Based on the  res 
greater than SM-252 avior is similar to that observed for 

in air, The SX G-1 has 
gher than Hexoloy SA. 

about 25% from 28°C to 1OOO"C, However, the flexural st 
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The p-Sic had an average fiexural strength sf -458 MPa from 20-1 350°C. The 
P-SiS: exhibit similar behavior as was observed for Hexoloy SA ut with an average 
flexurai strength that was 10% higher. Abaut half the strength f ilurcs originated at 
pits or inclusions. 

Milestones 331 41 5,331 41 6, and 331 46 7 are in progress. 



343 

3.4 FRACTURE MECHANICS 

Testing and Evaluatioii of Advanced Ceramics at High Temuerature 
in Uniaxiul Tension - J. Sankar, A. D. Kelkar, and J. Neogi (Department 
of Mechanical Engineering, North Carolina A & T State University, 
Greensboro, NC 27406) 

Obiective/ScoDe 
The purpose of this effort will be to test and evaluate the mechanical behavior of 

a Si,N4 in uniaxial tension at temperatures up to 1300 "C. Testing include tensile strength 
and creep strength. This effort will comprise of the following tasks: 

Task 1. Specifications for testing machine and controls + (procurement) for creep 

Task 2. Identification of test material(s) for the present year + (procurement of 

Task 3. Identification of test specimen configuration. 
Task 4. Identification and procurement of test grips, high temperature 

Task 5. High temperature fatigue-creep interaction study and tensile testing. 
Task 6. Reporting (periodic). 
Task 7. Final report. 

testing. 

specimens). 

extensometer and furnace for the creep machine. 

It is anticipated that this program will help in understanding the behavior of 
ceramic materials at very high temperature in uniaxial tension. 

Technical Propress 
During the semiannual reporting period Nov. '92 to April '93, the following were 

accomplished: 
Detailed creep tests were performed on Si,N, GTE-PY6 specimens in uniaxial 

tension under different loading conditions. Two typical test data obtained are shown in 
figure 1 and 2. 

Figure 1 is for specimen #2, constant load of 175.7 MPa (70% tensile strength 
(uJ of GTEbPY6 at 1300 "C) at 1300 "C and figure 2 is for specimen #5, constant load 
of 186 lWPa (60% tensile strength (DJ of GTE-PY6 at 1200 "C) at 1200 T. Analysis of 
all data in terms of strain rate vs. stress, calculation of stress exponents and Monkman- 
Grant relation are being carried out at present. 

Four GTE-PY6 specimens were also pulled in pure tension at room and elevated 
temperatures to determine their tensile strength. Comparisons (Table 1, Fig. 3) were 
made between the tensile strength data obtained at A&T, UDN (University of Dayton 
Research Institute, OH) and ORNL (Oak Ridge National Laboratory, TN). The results 
obtained at 1200 "C fall within the curves of UDRI and ORNL. As can be seen from the 
plot, the strength drops significantly after 1000 "C. The strength dropped by 59.72% 
fiom room temperature to 1300 "C. Comparison of tensile strength values of CTE-PY6 
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Table 1: Tensile Slrelrgtli oblaiiied at different temperattires for GTEPYQ 

7 0 0  

G O O  

5 0 0  

4 0 0  

3 u u  

2 0 0  

1 0 0  

- . . - - -  - 
--+--- U U R l  
-4- NC  A & T  
-0 -  O R N L  

0 2 5 0  5 0 0  7 5 0  1000 1 2 5 6  1500 

T e i n p e r a t u r e  ( C )  

F i g u r e  3: 'l'ciasile slreIrg1h YS. T e m p e r n t u r e  f o r  
GTE-YY 6 
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with GTE SNV4-1OOO (Table 2, Fig. 4) were also done. From the tests it can be observed 
that the strength drop from roo temperature ta lo00 *C is rather low, after which the 
drop is significant in both materials. 

The specimens used for microstructural investigations included transverse and 
longitudinal TEM specimens which were prepared from close to the center of the gage 
length, as illustrated in figure 5. The steps for preparing the TEM specimens are shown 
in figure 5(a-e) and are as follows: (a) cut the 2 mm x 2 mrn square samples from the 
specimen after the test using a low diamond (Buehler ISOMET Low speed saw, 
Buehler Ltd., Lake Bluff, IL), (b) a n i d l y  grind and polish the specimen using 
coarse (6 pm) and fine (1 pn) grade diamond, resptively, to a final thickness - 75 
pm (f3uehler MINIMET grinder/polisher, Buehler Ltd., Eake Bluff, IL), (c) dimple the 
specimen to a cen thickness of - 25 pni (Gatan Model 656 Dimple grinder, Gatan 
Inc., Warrendale, ), (d) mount on a 3 mm carbon support ring having a 1.5 mm hole 

nd 610 adhesive (Neasurements Group Inc., Raleigh, NC), and (e) ion mill 
from both sides of the specimen at 6 kV, 15' incident angle, and 1 A total current till 
perforation (Gatan DuoMill, Model 600, Gatan Inc., Warrendale, PA). A short time (10 
minutes), low voltage (3 kV), shallow angle (lo? bombardment was performed before 
removing the specimen from the ion mill to remove surface damage if any. Samples were 
prepared from both GTE-PY6 and GTE SW-1OOO. 

Status of Milestones 
On schedule 

Communieations/Visito~~T~v~~ 
None 

Problems Encountered 
None 

Publications arid Presentations 
None 

Research sponsored by the Ceramic Technology Project, DOE Office of Transportation 
Technologies, under contract DE-AC05-840R2 1400 with Martin Marietta Energy 
Systems, Inc. 
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Tnble 2: Conipnrlson of Teiisile Strctiglli nt different tcarperatrrres for 
G'l'El'Y6 niid GI'E SNW-1000 

II I GTE-PY6 I SNW-1000 

7 0 0  

6 0 0  

5 0 0  

4 0 0  

3 0 0  

1 

2 0 0  

2 5 0  7 5 0  1000 1250 

Figure  4:  Coniyarison o f  Tens i l e  Strength vs. 
Teniyerature f o r  GTE-PYG ~ i i d  SNW-1000 
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,.- longitudinal saction 

4- tratisverse section 

k 2  rnm 

' 3 nirn Carbon 
Ring 

Figure 5. Scliematic illustrating the steps for nialting a TEM specimen from the SI,N, 
cylinders following testing: a) cut the specime~~, b) g r i d  and polish, c) dimple, d) mount 
on r? C W ~ O J I  riiig, and e) ion mill. 
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Standard T e n s i l e  T e s t  Deve lopment  
S .  M. Wiederhorn, R. F. Krause, Jr., W.E. Luecke and G.D. Quinn 
(National Institute of Standards and Technology) 

Obiective/Scope: 

This project is concerned with the development of test equipment 
and procedures to determine the tensile strength and creep resistance of 
ceramic materials at elevated temperatures. Inexpensive techniques for 
measuring the creep behavior and strength of structural ceramics have 
been developed and are being used to characterize the mechanical 
behavior of these materials. The ultimate goal of the project is to 
help develop a data base and a test methodology for the structural 
design of heat engines for vehicular applications. 

Technical Hiqhliqhts: 

During the past six months, studies on the creep and creep 
rupture of PY6, a commercial (GTE) grade of silicon nitride containing 
=6 wght. % Y203 were completed. 
collaboration with Pramod Khandelwal of Allison Gas Turbine. In total, 
39 specimens were tested in creep; 21 of these were tested to failure 
yielding creep rupture data. In addition, tensile strengths were 
measured on 26 specimens in the temperature range 1100 to 1400°C.  These 
data were compared with data collected at Oak Ridge National 
Laboratories (ORNL) and Southern Research Institute (SoRI )  on the same 
material. Finally, strength and creep rupture data collected at the 
National Institute of Standards and Technology (NIST) were combined with 
dynamic fatigue data from ORNL to create a fracture map for PY6. In 
this report, we suggest that fracture maps may be used as a method of 
predicting component lifetime at elevated temperature. 

This work was performed in 

Experimental Techniques: 

Creep data on high temperature structural ceramics are currently 
being collected by two methods. In one, the entire specimen is immersed 
in the hot zone of the test furnace so that the grips used to hold the 
specimen are at the same temperature as the specimen. In the other 
method, specimens penetrate into the cooler portions of the furnace, so 
that the loading points on the specimen are much cooler than the gauge 
section. Consequently, the grips that hold the ends of the specimen are 
also relatively cool, and high temperature alloys can be used for this 
purpose. 

were developed because of the relatively low cost of specimens [ l - 3 1 .  
Flat dogbone shaped specimens were developed at NIST, figure 1 ,  for this 
purpose [ l l .  Pin loading reduces flexural strains during testing to 
less than 2% of the total creep strain. Specimens are relatively small, 
-50 mm overall length, are made by simple machining techniques, and are 
relatively inexpensive, ~ $ 6 5  per specimen. Because of the simple 
geometry, the size of the specimen is easily reduced for testing small 
experimental batches of material. The specimen gauge length is measured 
by attaching flags to the specimens, and using a laser transducer to 
detect the position of the flags. With this technique, gauge length 
measurements at temperatures as high as 15OO0C were accurate to +2 pm. 

When grips are cooled, specimens must be long enough to span the 
hot zone of the test furnace and, therefore, are larger and more 
expensive than hot grip specimens. Specimen costs for warm grip 
specimens can be as much as 1 0  times those for hot grip specimens. 
However, because the grips are made of high temperature alloys, larger 

At NIST and a number of other laboratories, "hot grip" techniques 
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p . 7 0  

ORNL 

1 .  Examples of specimens used to study the creep behavior of 
silicon nitride. 
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forces can be applied to the specimens. 
material can be tested. Specimen cross sections of warm grip specimens 
are typically =6 times those of the hot grip specimens. Warm grip 
specimens most commonly used today were designed by Liu et al. [ 4 1  of 
ORNL. They are made from rods of material ~ 1 6 0  mm long and 20 mm in 
diameter. They are cylindrical and are gripped by a button head in the 
cooler parts of the furnace, figure 1 .  Alignment accomplished via a 
room temperature fixture is excellent with less than 1% strain in 
bending. A slightly different cylindrical specimen was developed 
earlier by Pears and Digesu [ 5 1  at SoRI, figure 1. This geometry is 
being used by SoRI for high temperature testing of silicon nitride. 

NIST are compared with data collected at SORI’ and ORNL. 
were conducted on PY6 which contained 6 w/o as a sintering aid. 
Material for the NIST and SoRI specimens was made by injecting molding 
and HIP-ing, whereas material for the ORNL was made by cold 
isostatically pressing and HIP-ing, This difference in processing 
procedure resulted in a difference in creep resistance. 

Hence, larger volumes of 

In the present study, creep and creep rupture data collected at 
All studies 

Results: 

An example of creep behavior of PY6 is shown in figure 2. For the 
run lasting ~2511 hr, figure 2a, transient creep was observed for almost 
1000 hr. Transient creep was observed during the entire creep test for 
the run lasting 2 3 . 5  hr, figure 2b. These data are representative of 
much of the data presented in the literature. Tensile creep tests on 
silicon nitride suggest that most grades of this material exhibit a long 
primary creep stage, which may take up more than half the total creep 
life. In some grades of silicon nitride, the entire creep life may 
consist of primary creep [6-91;  in others, steady state creep may be 
apparent after about one-half the specimen lifetime [ 6 ,  10, 1 1 1 .  
Devitrification of the grain boundary phase in these materials, caused 
by long term annealing, tends to reduce, but not eliminate the primary 
creep [6]. In all cases, silicon nitride exhibits little if any 
tertiary creep. Strains to failure range from about 0.5 to 2 percent 
depending on the test conditions and the grade of silicon nitride. 

Data of the type shown in figure 2 can be represented graphically 
by plotting the minimum creep rate (usually the creep rate just prior to 
failure) as a function of stress and temperature. when plotted ir, this 
manner, experimental data is usually found to fit an Arrhenius modified 
Norton equation: 

Where kmin is the minimum creep rate and n is the stress exponent and Q, 
is the apparent activation energy for creep. In figure 3, the solid 
straight lines represent a fit of the experimental data over a 
temperature range 125OOC to 14OO0C. The apparent activation energy, Q,, 
for the fit was 1349  kJ/mol; the stress exponent, n, was 8.7; and the 
logarithm of the coefficient, log,oD, was 17.67 (for stress given in MPa 
and creep rate given in s - ’ ) .  

’ Data were collected at SoRI €or the Allison Division of General Motors 
as part of a DOE program on component reliability. 
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2. Typical creep data obtained on NTST specimens. Very long 
primary t r a n s i - e n t  creep and t h e  absence of tertiary creep 
before failure is characteristic of silicon nitride. 
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3. Minimum creep r a t e  of PY6 as a function of applied s t r e s s .  
Data from 1250°C to 14OO0C f i t  a Norton t y p e  of equation. 
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The high values of the apparent activation energy and the stress 
exponent are typical of what is observed for PY6 [lo]. The high value 
of the stress exponent is attributed to cavitation during the creep 
process. High values of the apparent activation energy are probably a 
consequence of high activation energies for the diffusivity of glass at 
the grain boundaries and the temperature dependence of the solubility of 
silicon nitride in the glass [ 1 2 ] .  Most of the data points in figure 3 
lie within one order of magnitude of the least square fit lines. An 
exception to this observation occurs for data collected at 1200OC. For 
these data, the least squares fit line for 120OOC (the dotted line in 
the figure) lies far from the data. This deviation of the fit from the 
data is similar to that observed by Ferber and Jenkins on PY6 [lo], and 
has been attributed 1101 to a change in mechanism from creep cavitation 
to crack growth. 

The data shown in figure 3 were compared with data collected on 
the same material by Ferber and Jenkins [lo] at ORNL and by Khandelwal 
at The Allison Gas Turbine Division of The General Motors Corporation 
(GM) 1131, figure 4 (This work was carried out at SoRI for GM). The 
lines in these figures were calculated from NTST data. For each 
temperature, the data from ORNL systematically plot at a higher creep 
rate than the data from NIST. Depending on stress, the creep rate 
determined at ORNL plot from one to two orders of magnitude higher. By 
contrast, the data from GM tend to plot close to the lines predicted 
from the NIST data. These results suggest that the material tested at 
ORNL was more susceptible to creep than that tested at NIST. Agreement 
between the GM and NIST data is consistent with the fact that specimens 
in both studies were obtained from the same powder lot, and were made by 
the same technique. Furthermore, as the SoRI specimen is substantially 
larger than the NIST specimen, these results suggest that specimen size 
does not have a strong effect on the creep rate. 

Creep Rupture D& 

5 in the form of a Monkman-Grant curve, equation 2: 
The rupture data for all three laboratories are plotted in figure 

where C and m are constants. Only the data Esom the creep fracture 
region are included in figure 5. All three sets of data plot along the 
same curve; most of the data fall well within one order of magnitude of 
the median failure time for a given creep rate. For the NIST data, the 
constants for equation 2 are m=1.14 and log,& = -7.2, where time is 
expressed in hours, and strain rate is expressed in s - ’ .  
Monkman-Grant plots for ceramics, the Monkman-Grant exponent, m, is 
slightly greater than 1 .  In metals by contrast, the exponent, m, is 
often slightly less than 1 [ 1 4 1 .  

only on the creep rate. The faster the creep rate, the shorter the 
lifetime, regardless of temperature or applied stress. The time to 
failure for a given temperature and applied stress is obtained by 
combining equations 1 and 2: 

A s  with most 

Based on equation 2 it is concluded that lifetime for PY6 depends 
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where C and D are empirical constants. 

Strenqth Data 

National Laboratories, Southern Research Institute (for GM) and at the 
National Institute of Standards and Technology. Large button head 
tensile specimens were used at ORNL; a slightly different specimen was 
used at SORI; small flat dogbone specimens were used at NIST, figure 1 .  
Despite these differences in test geometry, general agreement was 
obtained between strengths determined at test temperatures above 1000°C. 
A comparison of the data collected at high loading rates, >I6 MPa/s, are 
shown in figure 6 .  Within the temperature range 900°C to 14OO0C, the 
strength o f  PY6 ranged from about 400 MPa to about 300 MPa. Although 
there was considerable scatter of the data, most fell within 50 MPa of 
the mean curve. Studies at lower rates of loading, ~ 0 . 0 6  MPa/s, showed 
that as the temperature increased from 1000°C to 14OO0C, strength 
depended on the loading rate during the test. Creep damage accumulation 
and subcritical crack growth reduce the strength at lower rates of 
loading. 

Data on the tensile strength of PY6 were collected at Oak Ridge 

Crack Growth Data 

Data in the crack growth region for PY6 were collected only at Oak 
Ridge National Laboratory [15]. Below temperatures of z12OO0C, crack 
growth dominates the failure process in PY6. The change in mechanism is 
indicated by an increase in the stress dependence of the creep rate, and 
a shift in the position of the data from the positions predicted from 
creep data taken at higher temperatures, as shown for example in figure 
7 .  In addition a change in mechanism of fracture is observed [ 1 5 ] .  At 
temperatures above 1260°C, fracture is intergranular and cavitation is 
observed on the fracture surface. At 1150°C this mode of fracture 
changes to transgranular fracture. Based on these observations and a 
set of data collected by dynamic fatigue techniques2, a set of curves 
representing the crack growth region of the fracture mechanism map was 
obtained. These are represented by the following equation: 

-N N-2 t, = 3.0, .Si -exp (Q,,,/RT) 

* In static fatigue, the time to failure is measured as a function of 
stress for a constant applied stress. In dynamic fatigue, the breaking stress 
is measured as a function of the stressing rate. Both techniques can be used to 
obtain the constants in equation 4. The relationship between failure time in 
dynamic fatigue and failure time in s t a t i c  fatigue developed first by Davidge et 
al. [161 :  ts=td/(N+l), where N is the stress exponent in the crack growth 
equation. 



3 58 

TE C 
6. Strength data collected on PY6 at f o u r  laboratories. Strength 

is found to depend on rate of loading. High rates of loading, 
> 1 6  MPa/s, are given by the solid curve; low rates, CO.06 
MPa/s are given by the dashed line. 
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7 .  Fracture mechanism map fo r  PY6 in air in tension. 
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where B = 2/[AYN(N-2)K, N-2], N i s  the stress exponent for crac:k growth 
and QSc P i t t i n g  
t h e  ex$erimental data S O  equation 3 ,  the  clrsnstants for equation 4 were 
determined: QScg=750 kJ/mol; N-55; l . ~ g , ~ ( n .  

is t he  apparent activation energy for crack growth3. 

= 110.38. 

The fracture mechani.sm map for BYS, f igure 8, was developnd froin 
the data discxssed above. Four regions of behavior a r e  indicated on the 
figure: no failure, fast fracture, slow crack growth arid creep rupture. 
Lines of (nolistant failure tine are ind.icated on the figure as s01.i.d 
lines. ‘The boundary- for regions of slow crack growth and creep rupture, 
dotted line, are obtained by solving equations 3 and 4 for the given 
failure times. The map differs somewhat f r c m  the earlier one developed 
by Quinn for PJIc132 [ 1 7 ] ,  figure 9 .  Because of t he  higher stress 
dependence of the crack growth data for PY6, distinct breaks are 
observed in t;he time cxmtours. The time contours in NC132 are 
continuous from t he  creep fracture to the crack cjror&.h regions, 
suggesting simil-ar stress c1ependeni:j.c.s for bokh mec’r.iaxiisms. A l s o ,  the 
creep fracture region in P Y G  goes to very nuch higher stresses, -2.50 
MPa. Reasons for this difference in behavior are  not: understood at the 
present time. 

Haps such at that. shown in figure 8 can be used either for 
materials selection, as a guide for improving the mi crostruct;ure of 
mat.erials, or f o r  purposes of design, For a gi.ven Zpplication, 
materials selection rcquires the comparison of two 0): more such maps. 
Thus, one might select a line of constant: time t i 2  failiui-c and ~0~ilp,2re i t  
for t~fi~i? grades of silicon nitride; or for z grade uf silicon nitride and 
another material to determine the best one f o r  given application. A 
comparison of this sort is given in figi.i.ce 9 fo.r ?U6, MAR-R246 and NC132 
for a total expected lifetime of 100 h i 4 .  The E.IAH-X246 is a high 
temperature alloy used in .turbine engines; t h  NCi32 i.s an older grade 
o f  silicon nitride; the I’Y6 is one of the newer grades of silicon 
nitride. At an applied stress of 200 MPa, the PY5 has an advantage of 
- 2 9 0 O C  over t h e  MAK-M246 and -2OOOC over the N C 1 3 2 .  The teniperature 
advantage m e r  the NC132 represents a considerable improvement .in high 
temperature mechanical behavior for silicon nitride 7 s  a coiisiiquence of 
processing research over . the p a s t  10 y.- mars. 

DesiQinq with Fracture M-celianism Elpz 

Fracture mechanism maps were origi-nally ifiteniled as a qualitative 
means of comparing the relative fracture behavior of materials, and were 
not intended for the final design o f  eamponents. Matsui et al. [19], 
however, showed that if confidence levels are p i t :  oil the different 
:regions of the fracture mechanism map then an allowable stress.- 
temperature envelope could be defined, within vhich failure would not be 
expected. It is possible to place such error baiids on the lines (>E 
constant failure shown in figure 3 .  In bot:h the crack yr0wt.h region and 
the creep rupture region, these baiids can %e d-termined empirically from 
the actual scatter in t i inc::  to f a i l u r e .  

These constants comp from the iul lnh7i i lg  crack. growth equation: v = 
Where A is an empirical consiant, K, i s  the applied stress A - K c N . c x p  (-e, g/i3T) 

intensity facEor. 

A 100 hour lifetime vas selected because data on the alloy was easily 
obiaained in this range 1181. 
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h 

9 .  A comparison of t h e  high temperature behavior of PU6 w i t h  an 
alder grade of s i l i c o n  nitride, Ne132 and a high temperature 
alloy, MAR-M246. 
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This procedure is illustrated for the MIST creep rupture data a€ 
figure 10.  First, the differences between the expeete and measured 
times to failure are determined. The logarithmic mean and standard 
deviation of these differences are then evaluated. Since the scatter of 
the data about the line in figure 10 does nsok depend on the logarithm of 
the failure time, the standard deviation is also assumed to be 
independent of the logarithm of the t me to Failure. she standard 
deviation, a, of the data in figure 1 was approximately 0.46- As the 
data is expressed in terms of loglot,  this means that approximatePy 95% 
of the data lies between logl0t-2G and l0g~~42c~~ for any given value of 
l o g o t ,  X f  2a is selected as the lower confidence limit of l o r q  t only 
2.5-8; of the components will fail in times shorter than this va?;eS. In 
figure 11, a curve of constant failure time Eo- 'IOOQ hr is platted on a 
fracture mechanism map along with a curve indicating t h e  lower 
confidence bound €or two standard deviations. This curve is congruent 
with the curve given by log1,,(l0OQ)+.92, which equals 3.92, or zB318 hr. 

The same procedure was followed in the crack growth iregime using 
data collected by Jenkins, Ferber and Liiio[lS1. In this caser dynamic 
fatigue data caLLeeted at 115Q°C and 1 2 4 0  were used. The pooled 
standard deviation o f  loglCt from Loth sets  of data was 2 . 8 2 ,  
large standard deviation 1s typical. sf the t y p e  of scatter observed in 
times to failure for materials that fail by crack growth. The scatter 
reflects the scatter in severity of the life limiting flaw that Is 
present in the specimen and therefore is responsible for  failure. The 
lower confidence bound for $he crack growth region is thus  
loglO(180Q)+5,54, or 4 . 3 7 ~ 1 0  hr, This curve is plotted in figure 11 as 
a dashed line.6 

T h i s  very 

The effect QE the confidence band is to limit the condit;ions under 
which the material can be used, The crack growth band effectively 
lowers the allowable stress by about 50 MPa over the temperature range 
~950°C to =12OOoC, This reduetian in allowed. stress is consistent with 
the scatter in the strength reported for this material at elevated 
temperatures. The lower confidence band far the creep rupt.ure region 
has a such smaller effect on t h e  allowable operating conditions. 
the reduction in strength rartyes from ~ 3 0  MPa a t  12OQ"C .to -1.10 MPa at. 
1400'C. This reduction. in strength is consistent w i t 1 1  t.he smaller 
scatter in the rupture time usually observed PTX 'the creep rupture 
region. 
order of magnitude of one ;nnothe~,  whereas, i n  the crack growth region 
lifetime typically scatters over two or more orders of magnitude. 

Here, 

I n  the creep rupture region lifetimes usually lie within an 

AS only 19 specimens were tested to ~ a i l u r e ~  a confidence level of 
greater than 2a was not justified. 

6 AS the scatter in failure time far cmck growth data i s  a conssquence of 
the scatter in initial flaw size, Weibull statistics is more appropriate €or 
describing the Lower confidence bounds for the crack. growth region, It ean be 
shown I291 that the time to failure is related to cumu qtive f a i lu re  probahi ity, 
P, through the following equation: trt; I l n l  7-P)-'j1~' , where t,-B ~ 4 . ' ~ .  S$-' and 
a ' = a / ( N - 2 ) .  The treatment given in this paper for the crack growth region is an 
approxsmatisn of 
the correct procedure. 
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& 

1 0 .  Comparison of failurp times measured ak S O R I  fo r  GM with those 
measured at NIIST. 
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Status of Milestones: 

All milestones are on schedule 
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QNBESTWUCTlVE E LUATIBN DEVELOPMENT 

Nondestructive Cknaracterizglzz 
8. d. MeGuise (Oak Ri ge National Laboratory) 

The putpose of this pro 
development dlrecbed at ident 
conditic;ns (including bath properties and flaws) in ceramics that affect the structural 
peifssrnancs Those materials that have been ~ e r ~ ~ ~ s ~ y  considered for application in 

features whsse dimensions are on the order of the dimensions of their microstructure. 
This work seeks Bo characterize those features using high-frequency ultrasonics and 
radiography to detect, size, and locate critical flaws and to measure nondestructively the 
elastic properties of the host material. 

is to corsduct nondestructive evaluation (NDE) 
approaches for quantitative determination of 

advanced heat en ines are ail-brittle materials whose fracture is affected by structural 

Technical proqress 

We completed moving our ceramics evaluation system into new quarters. The 
hardware has bee reconnected and tested, and most of the equipment seems to have 
survived Zhc transition However, the stepless gate function 011 the high-frequency 
pulserhecelver was no longer operational. Far most purposes this loss is inconsequential, 
but it did have ramifications for our synthetic aperture work, where the stepless gate 
allowed us to suppress the long electronic recovery time caused by the saturated front- 
surface signal iesulting when the system g 

amplitude bias in the acquired data, 
lying relabiveiy near the entry surface 

In spite of the temporary loss of o r high-frequency stepless gate function, we 

is very high. This overload was evidenced 
ich varied with flaw depth. In particular, 
re masked by the bias, The gate function 

has now been repaired. 

succeeded in testing our ~ ~ r ~ e - d ~ ~ ~ n ~ i ~ f l ~ ~  (3-8) synthetic a re data acquisiti 
system and the saaRware that we wrote to implement synthet rture processin 
had previously demonstrated the  capabilities sf the synthetic aperture approach on two- 
dimensional (2-8) data, showing that it was possible to obtain from a single scan 
diffraction-limited imaging at all depths covered by the data record, In the 2-D case, a 
single linear scan sf the sample is made with the transducer focused on or just below the 
surface The soeond dimension of the data record is represented by the digitized echo 
information originating from scattering cenlers within the sample. In synthetic aperture 
processing, the full analytic signal, Le., the entire r io frequency (4 waveform, rather 
than just the peak amplitude required by a more ventianai test such as the C-scan, is 
acquired. The resulting 2-e3 record is then prace to yield a cross-sectional image of 
the flaw locations as a iunctio of depth. One advantage af this approach is that 
information from all depths is btained from a single scan, whereas conventional testing 
requires that the transducer be refocused for each new depth to be interrogated. 

In 3-D synthetic aperture testing, a 2-D scan of the sample is made with the 
transdeacer focused an or just below the surface. The digitized echo data then form the 
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dimension of the resulting data set. A 
mage of all detected flaws within the 

rocessing, the data can be plotted as a 
he original data set 
by computed 
scanned but once; 

The first test of the 3-0 algorithm was performed not on test data but on actual data 

or as a series of cross-sectional "slices" analogous to those 
tomography (CT). As in the case of 2-D implementation, the 
the synthetic aperture is "focused" in software at each depth. 

on a modulus of rupture (MOR) bar containing an artificial void. For the 2-D 
cases previously tested, the raw data set was sufficiently small to permit processing in 
system (high-speed) memory. For the 3-D case, however, the 
permitted by our software is 64 MB, which greatly exceeded the available system memory. 
Consequently, the software was written to use the hard di 
slows the execution speed of the algorithm enormously a 
Several corrective approaches were CQRSidered, but we 
purchased additional high-speed memory. This allows data sets that approach the 
maximum size permitted by our commercial B-scan software ts be processed entirely in 
high-speed random access memory ( 

The flaw was approx~mate~y 3 mm deep, and the bar was ~ n ~ w n  to contain several natural 
flaws, as determined by conventional ultrasonic inspection. An area centered on the 
artificial flaw and a ~ p r ~ x i ~ a t e l y  6 mm square was scanned. Because of the small aper- 
ture for this test, the resulting data set was so small that, even using disk virtual memory, 
the data could be processed very rapidly. The aperture was limited to this small size 
because the bar is only 6 mm wide and because this aperture is more than adequate for a 
flaw 3 mm deep using the selected transducer. 

Figure 1 shows the partially cQn t ras~-en~a~c~d  raw data obtained on the 
The figure is csrnposed of 48 scans numbered 0 to 47. The scans are number 
to right and from to top. ?he lower leftmost scan is th can 0, and the top 
rightmost scan is 7. For each of these scans, the vertic ection corresponds to 

e of the MOR bar, and the horizont ction represents time, or 
g each scan iine at intervals sf approxi- 
the stepsize between scan lines was also 

data record size 

as virtual memory. This 
was found unacceptable. 
ately chose the simplest: we 

For our test case, a zirconia MOR bar containing a 258-pm artificial flaw was used. 

t data samples were taken 
elength (in the ceramic), 

one-half w a ~ e ~ e n ~ t h "  Each scan contains ~ ~ f o r ~ a t ~ o n  fram ~ ~ p r a x ~ ~ a ~ e l ~  1 
than 3 mm deep in dhe sample; the first 1 MM as exciuded because ob the 

ace signal, and the back-surface response 
. The response from any internal scatterin 

, 1.  The first two scans, 

also eliminated by the 
ter is encoded into an &bit 

grey scale. 
Several scan characteristics may be noted i 

are featureless because the transducer was actually just off the edge of the sample. 
5 e g i ~ n ~ ~ ~  about scan line 4, valid data were obtained. For each of scans 4 through 47, 
the leftmost 5Q% of the scan is saturated (bright). This is because of the slaw recovery of 

ronics from the overload imposed by the very large front-surface signal; this 
is usually eliminate by the stepless gate, which, as was ~ @ n t i o ~ e d  earlier, was 

not functioning at the time. eginning in scan 19 and c~nt in~ i ing until scan 35, the 
characteristic parabolic resp se from the 250-pm flaw can be seen near the right end of 
each scan. This indicates that the Raw was detected over a length of a 
addition, the response from a natura[ flaw can be seen in scans 5 thro 
half of each scan and at about the same depth as the artificial flaw. In scans 22 through 
30, one-half of the characteristic flaw parabolic arc can be seen at the extreme bottom of 



Fig, 1 . Cantrask-enhanced raw syathelk aperture data showing r e s p m w  (parabolic 
arcs) f r t m  a 250-pr-n flaw in zirconia. 
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Fig. 2. Partially contrast-enhanced processed synthetic aperture data showing 
detection of 250-9rn flaw (arrow) in zirconia. 

improvements: (1) repair of the stepless gate ~ u n ~ ~ i o ~  to help eliminate electronic satu- 
ration effects caused by the front-surface signal ~cQmpleted)~ (2) addition of more gain (we 
have up to 40 dB additional gain available in an external amplifier, but this approach 
would require temporal signal averaging to reduce the electronic noise), and (3) inclusion 
of a 3-D plotting routine for proper display of the processed data. The data of Figs. 2 and 
3 are drawn from a volume of the MOR bar, and the proper spatial relationship of the 
flaws can best be seen in a 3-0 display. We will be making these improve-ments in the 
future. 

The actual flaw results just described were highly encouraging, but the sample 
contained only a single flaw, which did not test the ability of the code to process different 
depths. In a reversal of standard procedure, we also con ucted a synthetic aperture 
analysis on artificial data generated by computer. Such a data set allows us to evaluate 
our software in the absence of noise, transducer diffraction and aberration effects, and 
interference from the highly saturated front-surface signal present in actual data. The 
artificial data were assumed to originate from three flaws at different positions and depths 
in zirconia. The transducer impulse response was modeled as a cosine-modulated 



372 

YP16103 

Fig. 3. Contrast-enhanced and magnified image: (arrow) of 250-pm flaw in zirconia. 

Gaussian havin a bandwidth of about 100% and the focal properties as those of an f/4, 
spherically focused transducer. Although the size of the data set (about 408 Kb) was far 
from the largest (20 Mb), which our system can now hold in high-speed (RAM) memory, it 
represents about one-fourth of the volume of a standard MOW bar and was adequate to 
assess the ability of the software to provide stigmatic imaging aver all depths present in 
the data set. 

wavelength. Each scan line was, in turn, composed of 80 records, each af which con- 
tained the time-domain response obtained at a single aperture point. The aperture points 
along a scan line were also separated by about one-half wavelength. 

Figure 4 shows the second 30 scans (scans 30 through 59, as shown at the upper 
right of the figure), which are centered on the midplane [law and that have been contrast- 
enhanced to make the flaw response (the parabolic arcs) mere evident. The full data set, 
including the results before contrast enhancement, has been shown previously.' Within 
each scan, depth increases to the right, and position along a scan line increases upward. 
The midplane flaw can be seen for all of these 30 scan lines, with the maximum response 
occurring in line 40, when the transducer passes directly over the flaw. The response 
fram the shallowest flaw begins to appear in scan 55 (second from the !eft in the top row). 

The test data set consisted of 80 scan lines separated by about one-half 
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Fig. 4. Scans 30 throu 
response (parabolic arcs) of 

of an unprocessed synthetic aperture data set showing 

Figure 5 shows the contrast-enhanced results after processing by our 3-0 synthetic 
lane %law is indicated by the arrow in scan line 40. Note that aperture algorith 

the flaw "image" has now been sharpened to 8 pointlike indication that is visible only for 
the two adjacent scan lines; Le., Ithe ~ p ~ ~ r e ~ t  diameter of the flaw is about one wave- 
length, a value ~o~~~~~~~~~ ith %he resolution expected from the size of the synthetic 
aperture (which is con ess than the total scan aperture) and the flaw depth. 

and the shallowest flaws were also shown previously1 
and wilS not be ts are essentially identical to those shown in 

at the proper ~ o ~ a t ~ ~ n  within the scan aperture. 
matic and correctly located, both with respect to 

tained on actual ceramic sarn es suggest that our 

ring more time than for a 
re is wsrking ~ x ~ ~ ~ ~ e ~ ~  well. Flaws at ifferent positions and 
od ~~~~~~~1~~ and the results, while re 

entional techniques, are obtained for all depths 
epth range using conventional techniques, muttiple 

scans must be made with the  transduces focused at different depths. Thus, the inspection 
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Fig. 5. Scans 30 throuyh 59 of processed synthetic aperture data set showing 
image (arrow) af midplane fiaw. 

time for the conventional approach is that required for a. single scan multiplied by the 
number cf different depths at which the transducer must be focersed. For the zirconia 
inspectiran simulaZed by O L J ~  test data, the synthetic aperture approach was definitely faster 
than far a convri-itiona! impeetion covering the same depth range. We now need to 
increase the system gain to permit a greater depth range to be inspected and to 
iniplernent temporal averaging at each apmure point to improve the signal-to-noise ratio 
necessitated by a gain increase. 

As mentioned earlier, we have acquired and installed additional high-speed memory 
for QUI 50-MHz, 486-based coniputer. This system is the primary one for synthetic 
aperture processing and now contains a total of 20 Mb sf exteraded rnemsry. Assuming a 
temporal record having 8 maximum length of 256 bytes at each pulse-echo synthetic 
aperture point (correspanding to a depth interval of almost 14 n-~m in alumina, silicon 
carbide, or silicon nitride), the area inspected wou8d be about 11 2 mrn square (assuming 
a step size of one wavelength). Proportionately larger areas could be inspected at 
reduced depili intervals.  his means that more tkaan I ~ ~ , C O O C I  mm3 of these materials 
c ~ u l d ,  in principle, be inspected with synthetic apsi31m-e techniques usin 
rnomory for processing. 'JVe cannot yet detect critical flaws at such depths because of 
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limited system gain and available signal-to-noise ratios, but we no longer require ex- 
cessive processing times for practical data set sizes because of the necessity of usin 
virtual (hard-disk) memory. 

One of the requirements driving our development of synthetic aperture techno1 
for ceramic inspection is the need to detect critical flaws at depths exceeding those 
available to focused high-frequency transducers. A second and no less important reason 
is the high degree of aberration, specifically astigmatism, suffered by a focused ultrasanis 
beam upon propagating through the surface of small-diameter (-6 mm) cylindrical 
specimens. it is not uncommon for flaws as large as 100 to 200 pm to be u n d ~ ~ e ~ t ~ ~ l e  
by conventional techniques at depths exceeding 0.5 mm because of severe defocusing of 
the beam. Using synthetic aperture techniques, however, the beam is focuse 
than below, the surface of the sample, with the result that the entry surface rn 
considered planar over the small focal spot diameter. The curvature of the s 
negligible over the area of the synthetic aperture, of course, but the beam entry conditions 
may be assumed to approximate those for planar geometries. 

We showed previously2 that the phase delay of a flaw signal over a planar $ y n ~ h ~ t i ~  
apertura is given by: 

where x and y denote position within the aperture relative to the point directly over the 
flaw, k is the wave vector of the incident ultrasonic wave, and d is the flaw depth. For a 
cylindrical specimen, the phase relationship must be altered to reflect the change in 
geometry. Figure 6 shows the coordinate system appropriate to a cylinder. The paint 0 
lies on the axis of the cylinder, and points A and 5 are two points on the surface, where 
OA and OB are radii of the cylinder and are equal to a. These three points define a plane 
perpendicular to the cylinder axis. Point C also lies on the surface, with the line segm 
BC directed along the axis. Primary displacements in this coordinate system are thus 
(circumferential) and dz (axial). Assume a flaw at position P on the line joining A and 0. 
The depth of the flaw is thus d. The arc of the chord joining A and B is denoted by x and 
is equal to: 

x = 2asin(d4/2). (2) 

The distance PB is: 

p2 = x2+d2-2xdsin(d4/2). 

Substituting for x above and collecting terms: 

p2 = 4asin2 (d4/2)  ( a - d )  +d2 .  
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Fig. 6. Coordinate system for calculation of phase shift for synthetic aperture 
implementation in a cylindrical geometry. 

Finally, the distance PG is denoted by r, where I is given by: 

x 2  = p2+dz2 = 4 a s i n 2 ( d 4 , / 2 )  ( a - d )  .I- d2 + dz2. 

The phase sf the flaw signal at C referenced to that at A is thus: 

( 4 , z )  = exp E.ik(r-d) 3 , 

or twice this value in pulse-echo. 

It is easy to show that these results reduce to the planar case h i  the limit af large 
cylinders and for displacements small compared to the 
is sufficiently small, the sines can be replaced by their 
compared to flaw depth, and the latter is srnail compar 
expression for Q(+ ,Z )  reduces to that for a planar surface, with ad4 playin 
and dz that of y. In this approximation, which is @ valid for ceramic tensile specimens 
and is not assumed in our programming, the cylinder is so large that it may be regarded 
as fiat. If the flaw lies at the center of the cylinder (d = a), however, then p = d, and the 

depth. If the displacement dQ, 
merits. I f  dr is also small 
the cylinder radius, the 
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last equation above reduces to that of a one-dimensional synthetic aperture, which is 
expected since the phase of the flaw signal is then independent of 4. 

We have written software to perform the necessary phase-coherent summation in 
cylindrical geometries. This programming makes no assumptians regarding the magni- 
tudes of d$, d, or dz; Le., the code assumes a true cylinder rather than a plane. 

We also completed construction of a modification to our scan hardware that permits 
evaluation of cylindrical ceramic specimens. Both conventional focused-transducer 
inspection and synthetic aperture techniques can be used on specimens up to about 3 in. 
in diameter and 7 in. long with this modification. Perhaps more importantly, however, the 
new system will allow automated inspection of small-diameter ceramic parts such as 
tensile specimens, heretofore one of the more difficult geometries to inspect. 

A silicon nitride tensile specimen can be seen mounted in the horizontal position. The 
specimen is held in position by stainless steel self-centering cones at either end of a 
precision dovetail slide. One of the centering cones is driven by a toothed belt and step- 
ping motor, and the other is spring loaded to place the specimen under the appropriate 
compression. The dovetail slide will adjust to accommodate specimen lengths from 0 to 
about 7 in. The centering cones shown can be used with specimens up to about 1 in. 
diam, while additional cones can be made to accommodate larger specimens. A silicon 
nitride piston wrist pin is also shown in the figure. 

The stepping motor shown in Fig. 7 is that which normally drives the y-axis of the 
scan system. This motor will be replaced with an identical type and a connector placed in 
the y-axis drive cable so that the system can be converted quickly from planar to 
cylindrical geometries. 

The stepping motor can be run in either the full- or half-step mode. In the former 
mode, the motor requires 200 steps per revolution. For a 6-mm-diam gauge region tensile 
specimen, this means that the azimuthal step size is 100 pm. This is less than a wave- 
length for volumetric inspections up to about 100 MHz or surface-wave inspection at 
frequencies up to 50 MHz. If finer intervals are required, the stepping motor may be 
operated in the half-step mode, which reduces the azimuthal step size to 50 pm. 
Changing the number of teeth on the centering guides (gear ratio) could also be used to 
control the step size. 

After alignment, the system was checked for specimen wobble and miscentering. 
Using a 50-MHz, f/0.2 transducer focused on the sample surface, the observed wobble 
appears to be dominated by sample surface finish rather than bearing wobble. Most 
ceramic tensile specimens have visible irregularities in diameter in the gauge length. The 
ceramic wrist pin, which has a highly polished surface, proved to be a much better 
indicator of bearing irregularities, which appear to be acceptable. 

wrist pin. We had previously examined this sample visually and ultrasonically using very 
crude manual rotation and knew that it contained at least three surface pits about 75 prn 
in diameter and about 50 pm deep. The new inspection was performed at 50 MHz using 
our surface-wave transducer. Figure 8 shows the results. In this figure, the abscissa is 
along the axis of the pin, while the ordinate is along the azimuthal direction. The y-axis 
stepping motor was operated in the half-step mode, which means that 400 data points 
were taken in the azimuthal direction. The three dark, pointlike indications are the 
previously detected surface pits. Several other indications were noted, however, one of 
which was a 25-pm-diam pit about 20 pm deep. The other indications were not detected 
visually and are presumably caused by subsurface voids. 

Figure 7 shows the scan system with the cylindrical geometry modification installed. 

One of the first specimens to be inspected with the new system was the ceramic 



378 

Fig. 7. Photograph of cylindrical geometry inspection 
modlficatlm made to our ultrasonic system. 
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Fig. 8. Ultrasonic surface-wave image of a ceramic wrist pin showing detection of 

surface and near-surface voids (dark, pointlike indications). 

The periodic brightness variations evident in the figure are caused by specimen 
wobble. However, the f/0.2 surface-wave transducer is extremely sensitive to changes in 
the transducer-specimen distance, and the wobble appears to be less than 75 pm. This is 
completely negligible for both surface-wave and volumetric flaw inspection, but it may 
have to be taken into account in our synthetic aperture work. 

We continue to receive requests from commercjal vendors for help in evaluating 
new products or processes. One such recent request concerned a proprietary silicon 
carbide whisker-toughened ceramic. Of particular concern to the vendor was the 
effectiveness of whisker dispersal In the ceramic matrix of two samples. Since we have 
developed several effective techniques for detecting whisker clumping in composite 
ceramics, we agreed to examine the new rnaterierls. The vendor was interested in actual 
images of whisker inhomogeneity, so we simply subjected the samples to high-frequency 
C-scans. Both 25- and 75-MI-k scans were made for volumetric flaws, and the samples 
were also examined with a 50-MHz surface-wave transducer. Figure 9 shows the 
volumetric flaw results obtained at 25 Mt-k on the more inhomogeneous of the two 
samples. The bright, pointlike indications are voids or whisker clumps located mostly near 
the middle one-third of the sample, which was about 1.5 cm thick. These are quite large 
flaws (-1 mm). 
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Fig. 9. Ultrasonic image at 25 MHz of large flaws (voids or whisker clumps) in a 
whisker-toughened ceramic. 

Figure 10 shows the results obtained at 75 MHz on the same sample. Again, the 
pointlike indications are voids or clumps, but the apparent size of most of these indica- 
tions is only about 100 to 200 pm, These flaws are located about 3 mm deep in the 
sample and are typical of those found in whisker-toughened ceramics with inadequate 
whisker dispersal. 

Figure 11 shows the surface-wave results obtained on one of the samples. This 
sample, which was considerably more homogeneous than the other, nevertheless 
exhibited severe surface cracking (dark, circular features). Examined by visible 
microscopy, faint indications of cracks could be found in the regions delineated by the 
ultrasonic results. These cracks must extend at least a wavelength (-150 pm) into the 
sample, however, because of the intensity of the ultrasonic indications. One sample thus 
appeared to exhibit severe whisker clumping and the other matrix cracking. 

A contract has been awarded for a very high-frequency (2-GHz) acoustic micro- 
scope for surface and near-surface characterization of structural ceramics. At this 
frequency, the acoustic wavelength (in water) is only about 0.75 pm. As the instrument is 
designed to be used primarily for exciting surface waves, the resolution expected in 



381 

YP16776 
i 

Fig. 10. Ultrasonic image at 75 MHz of voids or whisker clumps in a whisker- 
toughened ceramic. 

structural ceramics is about 2 to 3 pm. Features much smaller than this should be 
detectable, of course. For such short wavelengths, individual material grains, which are 
anisotropic and randomly oriented, modulate tfw surface-wave velocity to produce 
contrast differences in the resulting image. We expect the hardware to be installed in 3 to 
4 months. 

CT - 6. E. Foster 

Specifications have been completed, approved, and submitted to the Purchasing 
Department for procurement of the Sun workstation and software upgrade for the CT 
system. This upgrade with four array processors will allow data manipulation and Image 
processing about ten times faster than the present system. In addition, the memory of the 
new array processors is increased by a factor of about 100, which will eliminate the need 
for using time-consuming "mosaic" processes to build high-resolution images. The 
capability will be provided for direct interface to an existing digital film recorder for high- 
quality hardcopy printouts. 
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Fig. 11 .- Ultrasonic surface-wave image of matrix cracking (dark, circular features) in 
a whisker-toughened ceramic. 

Three Si3N4 disks were received from Southern Illinois University for evaluation using 
both CT and high-resolution film radiographic techniques. The disks were identified as 
S4-3, S4-11, and CEP 51 3 with diameters ranging from 55 to 65 mm and thicknesses of 
10 to 12 mm. The two S4 disks contained 4% alumina, 13% yttria, 5 wt % Si3N4 seeds. 
In addition, S4-11 contained UBE-E10 powder. Both disks were pressure cast and 
isopressed. S4-3 was fired to 1625°C for 90 min, but S e l l  was unfired. Sample 
CEP-513, also unfired, did not contain any seeds but contained ASN-34 powder from 
Performance Ceramics instead of UBE-E1 0. 

Most of the CT scanning and all of the high-resolution film radiography has been 
completed on these disks. The CT scanning was slowed because of bugs found in the 
new versions of software. 

A CT slice (0.25 mm thick) was made through the approximate midpoint of the 
thickness of each sample. Figure 12 shows the slice of S4-3 after the application of 
beam-hardening corrections. Density variations of approximately 9.8% can be be seen 
across the image. Similar slices of S4-11 and CEP- 51 3 are shown, respectively, In 
Figs. 13 and 14. The noted density variations are significantly less, only about 2% for 
S4-11 and 1 % for CEP-513. In addition, digital radiography is being performed, but 
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Fig. 12.' CX slice (0.24 mm thick) of Si,N, sample S4-3. 
I ,  

quantitative data are not yet available. However, it is evldent from the early radiograms 
that the density variations noted in the thin CT slice are volumetric. 

densitometric analysis showed similar density variations noted with the CT scans. For a 
semiquantitative evaluation, we developed a radiographic equhralence curve between film 
densities of different thicknesses of aluminum and the film density variations in the 
radiographs of the three samples. Sample 84-3 showed density variations of 9.4%, S e l l  
contained density variations of about 1 %, and CEP-513 showed variations slightly less 
than 1%. The volumetric data from these film radiographs agreed quite well with what was 
determined with the CT scans. 

During February 1993, personnel from Scientific Measurement Systems (SMS) [the 
CT vendor] performed the sernlannual system alignment and maintenance operations as 
per our service and maintenance agreement. Everything seemed to be in order. Shortly 
thereafter, the 760-MB user disk drive failed to come up to speed, thus rendering the CT 
system inoperable. The drive was sent to SMS for repair or replacement and data 
recovery. The problem wa? found to be with the drive's"header blocks," which were 
successfuily repaired with full' recovery of the data. This, was accomplished under our 
service agreement at no additional cost, 

Visually, the film radiographs were very uniform for all three samples. However, 
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Fig. 13. CT slice (0.25 mm thick) of Si,N, sample S4-11. 

The drive has been reinstalled, and we are now back up to speed and operational. 
The scanning and analysis of the three Si,N, disks from Southern Illinois University is 
continuing. Four tensile test samples of Si,N, have been received for evaluation following 
completion of the ceramic disk analysis. 

Milestones 

Milestone 351 106 was completed on schedule. 

Publications 

W. A. Simpson, Jr., and R. W. McClung, "An Ultrasonic Evaluation of Silicon Carbide 
Whisker-Reinforced Ceramic Composites," Mater. Eva/. 51 (3), 391 -95. 
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Fig. 14. CT slice (0.25 mm thick) of Si,N, sample CEP-513. 
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NBE STANDARDS FOR AQVANCED CERAMICS 
R. W. McClung (Oak Ridge National Laboratory) 

The d e ~ e ~ ~ p ~ e n t  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 devel- 
oped for metals) to determine potential applicability for ceramics as well as preparing 
original standards. Use of existing or modified standards is more efficient than generation 
of new documents and will ensure the input of a large body of NDE expertise. Close 
liaison is established with ASTM Committee E-7 on Nondestructive Testing, and docu- 
ments are in various stages of review, recommendation for change m ~ ~ ~ f ~ c ~ t i ~ n ,  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 
@-28 and 5 7 .  To date, 31 NDE standards have been reviewed in detail with recommen- 
dations made to €57 for modifications to identified documents. Successful action is 
complete on 27 documents; the others require action by C-28. 

A newly approved ASTM standard e-1 21 2 on "Fabrication of Seeded Voids in 
Pressureless Sintered Ceramics" was used as a guide for preparation of a new drafi 
standard for ceramic reference specimens containing seeded inclusions. The latter 
documerit will e distributed by mail for comments by the TGNDE. A revision of (2-1175, 
the guide for use of relevant E-7 standards [adding a new standard ala NDE terminology 
(replacing three older documents) and five new standards on liquid penetrant exami- 
nation] was balloted successfully in a concurrent subcommittee and committee letter 
ballot. It has now been approved by Society ballot. In the meeting of the C-28 TGNDE in 
J a ~ ~ i r y  1993, .a new draft standard on "Ceramic Reference Specimens Containing Seeded 
Ir~clusims" was discussed and additional input identified with plans for an early sub- 
committee ballot. A draft standard was presented for making precise measurements of 
ultrasonic velocity in advanced ceramics. One application is determination of porosity in 
ceramics. The draft will be circulated for an advisory ballot within the TGNBE. A letter 
and questionnaire have been drafted to request data for "radiographic equivalence factors" 
from members of the TGNDE and other potential sources of data. Other work in progress 
is an amplified outline for a draM standard for reference specimens containing laser-drilled 
holes. In the meetings af Committee E-7 (January 25-28, 1993), several documents are in 
progress on radiography, computer tomography, and ultrasonics with relevance for appli- 
cation to advanced ceramics. 
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x-rav CQnlPlLted nlDX?awh ic 1- ' - W. A. Ellingson, D. L. Holloway, 
E. A. Sivers (Argonne National Laboratory) J. Ling, (Ceramic Research Institute, 
Shanghai, China) J. P. Pollinqer (Garrett 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 the 
potential to map shoe-range (~5-mm) and long-range (>5-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 
(3-D) CT (volume CT) imaging allows interrogation of the full volume of a component and 
is noncontacting. It is also relatively insensitive to specimen shape and thus can be used 
to inspect components with complex shapes, such as turbocharger rotors, rotor shrouds, 
and large individual turbine blades. 

The work accomplished during this reporting period covered two areas: (1) finalizing 
the report on reliability of X-ray CT to detect density distributions in as-cast pressure-slip-cast 
SiC(w)/SisN4 and (2) conduct of initial work on Phase Ill relative to density measurements 
in pressure slip-cast ATTAP rotors. This continues to be a joint project with Ceramic 
Components of Allied-Signal Aerospace Corporation of Torrance, California. 

All of the specimens of SiC(w)/SigNq billets (length/diameter ratio = 1.5 and 2.67) 
made by pressure slip-casting have now been examined and questionable data on the 
UD = 1.5 specimens re-evaluated. 

This period we re-evaluated the data reported earlier for UD = 1.5 for specimens 
containing 27 and 30 wt.% whiskers. A comparison between the "old" data and the "new" 
data are shown in Figs. 1 and 2 for 27 and 30 wt.% whiskers respectively. To be noted is 
the significant difference in correlation between the "new" data and the 'old" data. In the 
"new" data, the agreement between nondestructive measurement by X-ray computed 
tomography and destructive analysis is much better with a maximum variation of .c 2% for 
both the 27 and 30% whiskers. 

As we reported previously, in our initial work on specimens with UD = 1.5 for 20 and 
23 wt.% whiskers, we did not control our alignment in the  X-ray scanner properly and as a 
result, the destructive analysis data was not taken at the proper azimuthal position. The 
result if a significant scatter in the data and poor correlation. 
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Fig. 1. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-ast Si3N4. The ceramic was air-dried after slip 

casting. (a) new data, (b) old data 
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Fig. 2. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-cast Si3N4. The ceramic was air-dried after slip 

casting. (a) new data, (b) old data 
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This  an be seen by IaoMng at Figs. 3 and 4 which show respectively, the 20 and 23 
\VI.% whiskes-density data. You will also note that these specimens were cut in half so 
that NMR imaging data muld be obtained to try to establish the 
to liseasinjrE! open, @onnected porosity. Thus, the 20 W.% whisk 

densiPj distriburtio the lower half of the specimen. Upper and lower referred to the 
orientation of the imen in the pressure casting position. The data for 20 W.% 
whiskers is surprisingly good even though the data were not taken at the same locations. 
The correlation of data for the 23 wt.% whiskers is very poor however (see Fig. 41, 
especially for the data obtained at the mid section, Section A. By omitting this particular 
plane, the data again shows reasonable correlation. 

for density Bra the er half of the specimen, and the 23 W.% specimen was studied for 

a u tside _I__l_*r center 

Fig. 3. Comparison between destructive density measurements and nondestructive 
density nicasuremeilts on pressure slip-cast SiC/Si3N4. The ceramic was air-dried after 

slipcasting. !X-ray CT data not taken at exact location of destructive analysis]. 
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Fig. 4. Comparison between destructive density measurements and nondestructive 
density measurements on pressure slip-cast SiC/SigNq. The ceramic was air-dried after 

slip-casting. [X-ray CT data not taken at exact location of destructive analysis]. 

Ex.t.2 

ATTA P Roto r Qensitv Stud'u 

One pressure slip cast ATTAP rotor has been received. This has allowed us to 
verify X-ray penetration studies and complete the initial region of interest reconstruction 
study. The rotor as received is shown below in Fig. 5. 

. ._- 
Fig. 5. Photos of Allied-Signal/Ceramic Components pressure slip cast A U A P  rotor used 

in X-ray computed tomographic imaging study. 
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in Phase I l l  of this work, we will make density measurements on these rotors corrected for 
X-ray beam ~ ~ ~ ~ e ~ ~ ~ ~ .  In order to do this: mrreclisn, we will use s, caQi 
as shown in Fig. 6. 

We will obtain X-ray @T density data an the ~ Q ~ W S  at the locations shown in Fig. 7. 

Further, at these locations, 2 x 2 ~ 2  mm cubes will be cut at one azimuthal 

cast billets, these destructive data will then be campared to the X-ray CT density data but 

in this study we will have added a beam hardening correction. 

h and measure data. As in the Phase el research work on pressure sli 

- 
studies of ATTAP rotors. 

-- 

41 mm 

(blades not shown) 

We piopose taking data 
at four axial pmilions U5, 
2U5,3U5, and 4U5. 

axial position 1 

axial position 2 

axial position 3 

axial position 4 

Fig. 7. Schematic diagram of pressure slip-cast ATTAP rotor showing locations of 
planned X-ray CT and destructive analysis to be used for correlation study. 
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ance Imaging - S. L. Dieckman, 
A. C. Raptis, W. A. Ellingson (Argonne National Laboratory), 
and H. Yeh and J, P. Pollinger (Garrett Ceramic Components 
of Allied-Signal Aerospace Corporation) 

The objectives of this task are to (1) utilize NMR imaging techniques to study the 
distribution of whiskers and other possible variations in composite pressure-slip-cast 
green-state (ascast) billets, (2) conduct destructive analysis of the same billets (to be 
performed by Garrett Ceramic Components a Division of Allied Signal Corp.), and (3) 
correlate the results obtained from the NMR imaging techniques with those obtained 
from both three dimensional (3-D) X-ray and optical microscopy. 

The purpose of this work is to evaluate the potential of NMR imaging to impact the 
development and process control of near-net-shape gel-cast ceramic composites. The 
specific objectives of this work 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 properties such as as degree of polymerization, 
viscosity, and specimen strength via correlation of these properties with measureable 
NMR parameters (Ti, Ti  r, and T2). This work will be performed in conjunction with Dr. 
Ogbemi 0. Omatete from the Materials and Ceramics Division at Oak Ridge National 
Laboratory. 

In this reporting period, funding for this proposal was not in place. However in 
preparation for the initiation of this program, a meeting was held at ORNL with Or. Ogbemi 
0. Omatete. The discussions centered upon the choice of two appropriate gel cast 
polymeric systems for the NMR experiments, and a discussion of the NMR technique. 
Additionally, Or. Omatete conducted detailed laboratory demonstrations of the gel cast 
technique. Work in this project will begin in the upcoming reporting period. 

Status of Milestones 

Milestones have been completed for Phase II. 

Trips/Communications/Visits 

None 
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Problems E nca u n t e re 

None. 

3.5.1.6.08 Complete NMR smaging of Q sli p-cas t bi I lets 8/1 5/91 

351.6.09 Submit initial report on correlation 
between NDE data and destructive testing. 6/ i  5/92 

3.5.1.6.1 0 Complete NMW imaging of remaining billets Deleted 
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4.0 TECHNOLOGY TRANSFER 

4 .1  TECHNOLOGY TRANSFER 

4.1.1 Technol o w  Transfer 

Techno7osy Transfer 
D. R. Johnson (Oak Ridge National Laboratory) 

Technology transfer in the Ceramic Technology Project is accomplished 

Trade Shows - A portable display describing the program has been built 

by a number of mechanisms including the following: 

and has been used at numerous national and international trade shows and 
technical meetings. 

Newsl etter - A Ceramic Technol ogy Newsl etter i s pub1 i shed regul arly 
and sent to a large distribution. 

Reports - Semiannual technical reports, which include contributions by 
all participants in the program, are published and sent to a large 
distribution. Informal bimonthly management and technical reports are 
distributed to the participants in the program. 
are required of a1 1 research and development participants. 

Open-literature reports 

Direct Assistance - Direct assistance is provided to subcontractors in 
the program via access to unique characterization and testing facilities at 
the Oak Ridge National Laboratory. 

WorkshoDs - Topical workshops are held on subjects of vital concern to 
the ceramics community, 

International Cooperation - This program is actively involved in and 
supportive o f  the cooperative work being done by researchers in West 
Germany, Sweden, the United States, and, most recently, Japan under an 
agreement with the International Energy Agency. This effort i s  ultimately 
aimed at development o f  international standards and includes physical, 
morphological , and micro-structural characterization o f  ceramic powders and 
dense ceramic bodies, and mechanical characterization of dense ceramics. 
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IEA ANNEX !I ~ a ~ a ~ ~ ~ ~ n i  
V. J. Tennery (Oak Ridga National ~ ~ ~ o r a t o ~ ~  

Obiective/scooe 

United States, Germ 
(1) information exch 
physical characteriz 
United States, a tot 
contributed their re 
complete, During 
research in two ne 
Flexural Propertie 
Characterization. The next IEA Annex I S  Executive Comlmitte 
October 6, 1993, in ~ ~ ~ j ~ ~ ~ t i ~ ~  with the ~ o ~ f ~ r ~ ~ ~ e  “Silicon 
Institute for Metals Research, 

A letter was received f 
about participatio 
subtasks. A lette 

in order to be a 

. Erauw of the Mol Laborat 

Automotive Engines from Eij 
distribution to the ~ x e ~ ~ ~ i ~ e  

ntative for Annex II in Paris, fa 

Prooosed future research 

Subtask 7 

The proposal for future ~ ~ ~ ~ t a ~ ~  7) 
structural ceramics, which had been paovid 
in detail at the IEA Executive 
Meeting (CCM) in Dearborn, 
of these countries and the European Economic Co 
and the EE6 uncertainty in Sweden, makes rapid 
difficult. Germany outlined a program including (1 
using two sets of machining parameters, ane imp 
low damage, and (2) measuring subcritical crack 
cyclic loading at room temperature to evaluate fa 

Meeting held at the Contracto 
avernber 5, 1992. The eeono 
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would include flexure and tensile strength measurements, S-N curves with 4-point flexure 
specimens, followed by calculation of the Weibull parameters, and prediction of W e ~ ~ u ~ ~  
parameters for tensile specimens from flexure results. Japan pr 
which the Japan Fine Ceramics Center and Government lndust 
Nagoya laboratories would conduct, in the first year, machining research on a selected 
siiicon nitride and a silicon carbide using a two-step grinding process for flexure bars, 

given included three sets of machining conditions, including a variation 
size for "rough'8 grinding followed by a constant condition of $00-grit fin 
Starting in the Japanese FY 1995, Japan would then join an international effort in which 
six of their laboratories participated in addition to an international exchange of sp 
ette. Sweden proposed high-temperature creep work. After this meeting, the Sw 
representative stated that Sweden would very probably participate in work involving 
studies of machining of a selected structural ceramic, similar to what is outlined above in 
the Japanese proposal. In regard to the US. proposal, which includes all of the elements 
in the German and Japanese proposals except for the slaw crack growth measurements, 
etc., in the German proposal, the consensus was that the US. proposal from ORNL. of 
September 1992 was too expensive. The committee asked V. J. Tenneay to redrafl the 
proposal so that the number of specimens was greatly reduced. The original proposal 
involved approximately 120 flexure specimens and perhaps 2Qa tensile spec 
prepared for each participating domestic laboratory. A reformulated propos 
a smaller number of specimens) was to the candidate U.S. 
(1 0 laboratories, including ORNL plus search Center, and eight industrial 
companies) [December 9, 19921. The reformulated proposal includes only 30 flexure 
specimens for each U.S. participant, an aggregate total of 60 tensile specimens for the 
entire effort, and exchange of 30 flexure specimens and billets for an additional 
30 specimens for each international participant. U.S. comments on this plan were 
requested for mid-December 1 992. After receiving confirmation from the US. participants 
that they were still in agreement with the reformulated proposal, the international 
participants were solicited as to whether their countries were willing to participate in the 
ceramic machining research as described in Version 3 (December 17, 1992). An a d 4  
tional US.  participant was added to Subtask 7 (December 23, 1992). Clarification of 
Sect. 6.0 of the research proposal for Subtask 7, regarding work proposed Po be done in 
each country with each particular strength specimen, was sent to the international 
representatives (March 16, 1993). 

ticipants and representatives from the participating countries will be held in conjunction 
with the American Ceramic Society Meeting on April 19, 1993. 

fatigue of silicon nitride using two different machining procedures for the specimen 
preparation was being proposed (Subtask 7). Br. Hollstein also stated that Dr. Seitz 
would be discussing the situation with the German vernment. A letter to Mr. Sckulz 
from Br. Seitz and Mr. Faul (March 26, 1993) re that German participants from 
industry and science in Subtashs 5 and 6 met March 15 a 16, 1993, to discuss the 
German participation in the proposals for Subtasks ? and Due to economic conditions 
in Germany and other factors, it now appears unlikely that there will be German partici- 
pation in Subtask 7. 

osed a research plan in 
Research Institute 

ed by flexure strength measurement and analysis. The machining condition example 

A p l a ~ ~ ~ n g  session to discuss the proposed Su task 7 research for the U.S. par- 

Dr. Hollstein's (Germany) letter of March 25, 1993, said that a project on cyclic 
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Or. FryMors (February 2, 1993) confirmed that Sweden was ready to participate in 
Subtask 7 as outlined In Dr. Tennery’s revised proposal of December 17, 1992. 

Mr. Ogiyama sent notification on January 20, 1993, for Mr. Terasawa, Japanese 
Executive Committee Member, that Japan is ready to participate in the latest proposal 
(Version 3)- 

Subtask 8 

A proposal for a new Subtask 8 on ceramic powder characterization was 
discussed at the IEA Annex II Executive Committee Meeting in Dearborn, Michigan, on 
November 5, 1992. The proposed future work constituted a review of current status of 
follow-on activity to Subtask 6. All four participating countries have agreed to this 
proposal, however, but the degree of involvement is different, and some of these details 
remain to be resolved. The United States, Germany, and Sweden want to pursue the 
development of secondary properties of powders, whereas Japan’s participants want to 
participate on a limited scale. A number of German participants in Subtask 6 may not 
continue in any follow-on work. The major emphasis of participants in Japan is to improve 
precision and accuracy of primary properties of powders studied in Subtask 6. The plan, 
as proposed, was approved by the Executive Committee. Further, the technical leaders 
were asked to refine and develop a consensus-based program, 

Significant progress has been made toward the development of the proposed final 
technical plan on Subtask 8. Responses from the participants show that the current level 
of participation should be accepted to proceed with the plan. The tabulation of these data 
shows that the participants in all four countries are interested in Group I I  secondary 
properties. The level of participation in Group I, though not very large, is sufficient to 
accomplish the stated goal, Le., to improve procedures so as to increase the precision of 
measurements. Currently, we are discussing with powder producers and participants to 
select four new batches of powders for Group I I  properties. These powders are silicon 
nitride, silicon carbide, alumina, and zirconia. The selection will be solely based on the 
powder’s availability in 100-kg quantity, technical factors such as the use of powders for 
energy conservation applications, and participant needs. 

Technical proaress 

Subtask 5. Flexural and Tensile Properties of Ceramics 

Presentations on the status of Subtask 5 were given at the IEA Executive 
Committee meeting in Dearborn, Michigan, on November 5, 1993, by the international 
participants. 

United States 

Analysis of the flexural strength data and tensile strength data has been 
completed. The draft report of the Subtask 5 data is being drafted. 



--I_-. G ea. M any . . . . . 

Status of German research in Subtask 5: (1) a81 tests have been performed except 
the Brazilian Disk Tests and Compression Bests; (2) fractograpinic: investigations are nearly 
finalized; (3) the first statistimi eva8uatiot-i has been pedormed; (4) an evaluation of voSurne 
effects and SaiBa?re criteria is being done; (5) a joint meeting on fiactographic assessment 
was he% OQ January 20, 1993, in Karkruhe, Germmy; and (6) the final report is expecZe 
Spring 1993. 

Currently, Garmany is workhq on the final repart far Subtask 5. 

(1) TVJG iabs, the Swedish Ceraaic Instilerbe {SCI) acid Swedish National Testing 
and FSsseasch Onstitrite (SP-.>9 have c~~rspleted “iexuie testing at temperature sf ABB, 
ESK, GNl 0, and Kyyoccra materia! Fractogsaphy analysis af their data sets is camplebe. 
(2) SCr has tested ABB and ESK material according to Pie ball-on disc methad. 
Fracfography is onyaing. (3) SCO tias tested ABB and ESK materia! at room temperature 
in tensicin according to the Ascera method. Frectography is completed. (4) Valvo 
pedermed iensi!e testir~g acc~sding to Insiran’s method during October 1 992. (5) United 
Turbirx padormed spin tests during October 1992. (6) Linkbping Technical University 
(LiTHj has cornpleted the residual stress measurements. (7) The radiagraphy equipment 
will be delivered to LiTV3 in 1994. 

Dr. Caslssm (Sweden) has sent tke  strength results af the tensile tests co 
at Voiva Fiygrnator (March I 1, 1993). ’The S ~ ~ c t ~ ~ ~ r a p l n y  an the tensile specimens 
pesfoamed at the SCl and will be ready soon. Dr. CarBsson has sent the results 4 i  
strength testing and fiactography of 50 Mgrs~era fkxure bars that were complete 
SP, which i f 1 d u c M  results of the Weibisll analysis perhssmied at the SCI (March 

Sweden is currently working on their final report for Sinbtask 5. 

Japan 

S ~ ~ ~ L R S  sf Japanese research in Subtask 5: 

(1) ‘l-he research in Japan is nearly csrnpDccls; final reparting remains to be done. 
(2) Flexam testing at room temperature and 1250°C using the JIS specimens (3(3/10) of 
the Kyscena m s t e k i  has been completed a i  all six participating labs. Fractography on 
these sets is also complete. (3j JFCC has tested 30 specimens each sf Kyocera, ABB, 
ESK, and GNi 0 matc~iai at room tcmpsratwe with ihe American Society for Testing and 
Materials spccimen (40/2Q) Fractagraphy on thew is complete. (4) GlRBN has tested 
20 spccimms of tk?s Kyocera miterial in tension ah room temperature according to the 
GBRlN method. Fiactography is complete. (5) JF@C has tested 26 specimens each of the 
Myocera materia! in tension at RT aeco;ding to their method and Instron’s method. 
Fractagraphy is complete. (6) J%@C has tested in tension at room temperature, according 
to the lwstson method, five specimens each of ABB, ESM, and GN10 materials, 
Fracto.ogia@-y is csrnpleio. 

;4 is c‘e~hc:7:’y pteparing the Subtask 5 rcpofi, 
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Subtask 6, Advanced Ceramic Powder Characterization 

Major responsibility for this subtask in the United States is at the National Institute 
of Standards and Technology (NIST), and a detailed report of progress on this subtask is 
provided in the section of this report submitted by NIST, 

During this period, the major activities were on data analysis, preparation of pre- 
liminary conclusions and recommendations, and future program planning. 

In order to prepare the preliminary conclusions and recommendations, additional 
data analysis, beyond the statistical parameters estimation, was carried out by technical 
leaders. Based on their analysis, draft statements were developed. These statements 
were compiled, edited, and a draft of preliminary conclusions and recommendations was 
developed. This draft has been circulated to the technical leaders for their input. The 
revised draft was sent to participants for their comments. The final approved version of the 
original interim report, "Procedures on Ceramic Powder Characterization," was prepared 
for publication and distribution at ORNL. It was sent to the representatives of Japan, 
Germany, Sweden, and the United States for distribution to the standard-setting repre- 
sentatives in their countries (January 25, 1993). Thirty-nine copies of the interim report, 
"Procedures on Ceramic Powders Characterization," were sent to one representative from 
each laboratory of Subtask 6 participants and contributors to the report (March 26, 1993). 
This limited release will only be to the standard-setting bodies in Germany, Japan, 
Sweden, and the United States and to the participants. The report contained disclaimers 
restricting distribution outside of these organizations at this time. 

Dearborn, Michigan, on November 5, 1992. A brief review of the results of Subtask 6 was 
presented. The accomplishments of this program in the development of a number of pro- 
cedures and supporting data were summarized, 

has been developed and sent to the technical leaders for their review. The first two 
chapters of the report, including the executive summary and introduction, have been 
drafted. The introduction chapter contains details of the objectives of Subtask 6 and 
technical details of the project such as powders, procedures development, and analysis 
protocol. The drafts of all chapters that include procedures and data (statistical analysis, 
tabulated data, and precision statements) will be sent to the technical leaders for incor- 
porating their inputs. In addition, a chapter on summary and conclusion has been drafted 
and is ready for distribution to the participants for their review and comments. 

A presentation was made at the IEA Annex II Executive Committee Meeting in 

The draft report on Subtask 6 is being prepared. The detailed table of contents 

References 

None 

Status of milestones 

Milestone 41 151 1 (Complete data analysis of research results on Mechanical 
Properties of Ceramics, Subtask 5) has been completed (November 30, 1992). 

Milestones 41 151 3 and 41 151 4 are on schedule. 
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Communications/visits/travel 

V. J. Tennery, F. M. Foust, and K. Breder attended the Annual Automotive CCM 
Meeting in Dearborn, Michigan, November 1-5, 1992, and the IEA Executive Committee 
Meeting in Dearborn, Michigan, November 5, 1992. 

Mr. Andreas Wagemann and Mr. Edgar Verlemann of the Fraunhofer lnstitut fur 
Produktionstechnologie, Aachen, Germany, visited ORNL on March 26, 1993, to discuss 
ceramic machining technology. 

Publications and presentations 

V. J. Tennery made two presentations in Dearborn, Michigan, on November 5, 
1992, entitled YEA Subtask 5, Annex II Flexure and Tensile Strength Results - United 
States, German, Swedish, and Japanese Specimens" and "IEA Annex II Proposed U.S. 
Subtask 7 Research,'8 
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Characterization of Ceramic Powders 
S .  G. Malghan, L.-S. Lum, J. F. Kelly, E. Begley and S. M. Hsu 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics in 
advanced engines depends on the development of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Improvement 
in the characterization of ceramic starting powders is a critical factor 
in achieving reliable ceramic materials for engine applications. The 
production and utilization of such powders require characterization 
methods and property standards for quality assurance. 

The objectives of the NIST program are: (1) to assist with the 
division and distribution of ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of powders; and ( 3 )  to conduct statistical assessment, 
analysis and modeling of round-robin data. This program is directed 
toward a critical assessment of powder characterization methodology and 
toward establishment of a basis for the evaluation of fine powder 
precursors for ceramic processing. This work will examine and compare 
by a variety of statistical means the various measurement methodologies 
employed in the round-robin and the correlations among the various 
parameters and characteristics evaluated. The results of the round- 
robin are expected to provide the basis for identifying measurements for 
which Standard Reference Materials are needed and to provide property 
and statistical data which will serve the development of internationally 
accepted standards. 

Technical Pronress 

During this period, we have pursued the following activities: data 
analysis of Subtask 6 project, development of a technical plan for 
follow-up Subtask 8 project, preparation of final draft report, and 
continuation of ASTM C-28.05 activities. 

Data Analysis: The data analysis activities at NIST have been directed 
to inter-method comparison and analysis of data from standard reference 
powders. Some of the data obtained from more than two methods 
constitute the following: particle size distribution by gravity 
sedimentation, light scattering and scanning electron microscopy; 
specific surface area by multi-point and single-point BET; chemical 
impurities by acid dissolution and fusion followed by digestion; and 
interface chemistry by electrokinetic and electroacoustic methods. 
Preliminary analysis has been completed by comparing data from these 
methods. In most cases, data comparison is not entirely correct, in the 
sense that the measurement principle of each method is different which 
should result in a different value. For example, in particle size 
distribution measurement by light scattering and gravity sedimentation 



principles mentioned above, one of the major assumptions is that primary 
particles have a spherical shape. Any deviation from this idealized 
shape will result in a different particle size distribution data from 
either method. mere is sufficient evidence that all powders in this 
program contain particles that are non-spherical and, in some cases, 
cylindrical or needle shape particles are found. To add to this 
complexity, none of the commercial equipment provides data on deviation 
resulting from particle non-sphericity. Therefore, for comrnercial 
powders, an agreement between the data from two different types of 
equipment is unlikely to be obtained. However, if there is an 
agreement, one can only assume that all basic assumptions of the 
measurement principles have been fulfilled. To obtain a true measure of 
particle size distribution, scanning electron microscopy was included. 
Only a small number of participants had the equipment to carry out this 
procedure. In reviewing the comments and data of participants, it is 
clear that the recommended procedure is acceptable, but requires 
additional effort in the preparation of samples for SEM examination. 
One of the steps in this procedure is to filter dilute, dispersed 
suspension over a 0.1 pm filter and place it over a stub. Subsequently, 
particles on the stub are analyzed using automated image analysis system 
on SEN, Two technical issues affecting variability in the data from SEM 
are agglomeration o f  particles on the filter, and potential loss of 
finer than 0 . 2  pm particles through 0.2 pm openings of the filter cloth. 
Hence, improvements to this procedure are being studied. 

While recognizing these drawbacks of the procedures used for 
particle size measurement, we have compared data from the three methods. 
These data reveal that repeatability and reproducibility are higher for 
light scattering data than for gravity sedimentation or SEM. In 
addition, the data from light scattering show a slightly finer size 
distribution than those from gravity sedimentation. Similar data 
analysis has been conducted for other procedures. 

Subtask 8 Planning: The plan for continuation of Subtlask 6 was 
developed by technical leaders, and was presented at the IEA Executive 
Committee Meeting in November 1992 at Dearborn, Michigan. The committee 
approved the plan pending more detailed discussion between the technical 
leaders. These discussions were primarily on equitable distribution of 
data contribution by the participants. Each participant is expected to 
put in the same effort to be eligible for receiving all the data and 
results of the program. In addition, the participants are encouraged to 
put approximately the same effort on primary and secondary properties. 
The technical leaders have been promoting these goals. 

Subsequent to the approval of a draft plan for Subtask 8 at the IEA 
Executive Committee meeting in Dearborn, MI, on November 5, 1992, we 
prepared a detailed technical plan. A review of inputs provided by 
prospective participants showed that the level of participation, as 
measured by estimates of number of hours spent for analysis of powders, 
varied over a wide range. The total number of hours required for 
analysis were calculated as follows: (total number of powders selected) 
x (number of hours per method x number of methods selected for 
analysis). One of our goals has been to achieve approximately equal 
participation by all participants to be eligible to receive all the data 
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and results of the program. To accomplish this goal, a questionnaire 
was developed and sent to participants to seek their input on an 
appropriate level of participation. The responses received so far show 
that the existing level of participation is acceptable to those who have 
lower than average level of participation. Some participants are 
requesting that the overall level of participation should be increased 
in secondary properties. Since the majority wanted to accept the 
current level of participation, the technical leaders have decided to 
proceed with it. 

Significant progress has been made towards the development of the 
proposed final technical plan on Subtask 8. Responses from the 
participants show that the current level of participation should be 
taken to proceed with the plan. The tabulation of these data show that 
the participants in all four countries are very much interested in Group 
I1 secondary properties. The level of participation in Group I,,though 
not very large, is sufficient to accomplish the stated goal, i.e., to 
improve procedures so as to increase precision of measurements. 
Currently, we are discussing with powder producers and participants to 
select four new batches of powders for Group I1 properties. These 
powders are silicon nitride, silicon carbide, alumina and zirconia. The 
selection will be solely based on the powders availability in 100 kg 
quantity, technical factors such the use sf powders for energy 
conservation applications, and participants needs. The draft of Subtask 
8 technical plan including the powder properties and powders to be 
studied, and request for procedures will be submitted to the 
participants for their review. 

Subtask 6 Report: At the Dearborn meeting, the technical leaders m e t  to 
develop a plan for the d r a f t  report. The report will consist of 
tabulated data, data analysis, figures and procedures. At this stage, 
one single volume of the report is planned. 

Following extensive discussions with technical leaders, an improved 
outline of the final draft report was developed. We plan to include 
procedures followed by the data developed by using the specific 
procedure, In the main body of the report, only summarized data and 
graphical analysis of the data will be presented, In addition, 
suggested modifications and improvements to the procedures will be 
incorporated based on data analysis. 

The detailed table of contents has been developed and sent to the 
technical leaders for their review. Since the table of content is in 
sufficient detail, the rest of the activities should proceed more 
smoothly. The first two chapters of the report on executive swnmary and 
introduction have been drafted. The chapter on introduction contains 
details of the objectives of Subtask 6 ,  technical details of the project 
such as powders, procedures development and analysis protocol, The 
drafts of all chapters that include procedures and data (statistical 
analysis, tabulated data, and precision statements) will be sent to the 
technical leaders for their review and detailed analysis. 

In addition, a chapter on summary and conclusion has been drafted 
and is ready for distribution to the participants for their review and 
comments. 
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Subtask 6 Procedure Report: The Subtask 6 participants and standards 
setting bodies in Japan, Gemany and tbe U , S .  have received a report 
containing procedures compilation. The IEA Executive Committee was 
instrumental in taking this decisLon on releiase of the Subtask 6 
procedures well before the final report. These procedures will be 
highly useful to the standards setting bodies to begin their work on the 
development o f  standards for powders characterizatkon. 

ASTM Acri-vLtiea: In the (3-28.05 activity, the following three 
procedures were submitted €or subcommittee bal. lot  : (1) particle size 
distribution by gravity sedimentation; (2) particle size distribution by 
centrifugal sedimentation; ( 3 )  methods f o r  specific surface area. Due 
to lack of participation, less than 60% voting WRS obtained. There were 
two negative votes on two procedures. These negative votes have been 
addressed and the modified procedures have been returned to ASTM for 
concurrent main and sub- committee ballots In addit i o n ,  a fourth 
procedure on specific surface area determination by BET method has been 
submitted for ballot. A meeting of the subcominittee o n  powders 
characterization has been scheduled for A p r i l  18 in Cincinnati at the 
ACerS annual meeting, 

Status of Milestones 

On target. 

Malghan, S ,  G ,  Lum, I,. , Kelly, J. Xagergren, E., and Kacker, R. N., 
"Statistical Analysis of Parameters Affecti-ne, the Measurement of 
Particle Size Distribution o f  Silicon N-Etride Powders by Sedi.graph, 
Powder Technology, 73 (1992) 275-284. 

Halghan, S .  G . ,  Wang, P. S . ,  and Hackley, V. A . ,  "Techniques €or 
Characterization of  Advanced Ceramic Powders, I' accepted f o r  pub1 in 
chemical Processing o f  Ceramics, B. Lee editor, Marcel Dekker, October 
1992" 

Technical Leaders, "Procedures on Ceramic Powdet-s Characterization- 
Interim Report,"' DOE-ORNI, to I M  participants and standards setting 
bodies in .Japan, Germany, Sweden and U,  S. January 1993. 

Communications/Visits 

S .  G .  Malghan and S .  H. Hsu attended Contractors Coordination meeting in 
Dearborn, MI to present technical papers axd participate i.n I M  
meetings. 

S .  G .  Malghan visited Coors Ceramic Company/Golden Technologies to 
discuss powders Characterization activities. 



407 

Ceramic Mechanical Property Test Method Development 
George D. Quinn (National Institute of Standards and Technology) 

Obiective/Scope 

This task is to develop mechanical test method standards in support af the 
Ceramic Technology for Advanced Heat Engines and Advanced Turbine Technology 
Applications Programs. The prime ROE contractors and subcontractors will be 
surveyed to assess their needs and capabilities. Test method development shaultl 
also consider the general USA structural ceramics community as well as fore ign  
laboratories and companies, but emphasis will be placed on the needs on the DOE 
community. 

Draft recommendations for practices or procedures shall be developed based 
upon the needs identified above and circulated within the DOE ceramics heat 
engine community for review and modification. Round robins will be conducted 2.8 
necessary, but shall be well-focussed, limited in scope and n o t  interfere w i t h  
ongoing IEA round robins. Procedures developed in this program sha l l  be 
presented as ATTAP or CTAHE "standard procedures. I' Alternatively, (and 
eventually) these will be advanced for final standardization by ASTM or by the 
U.S. Army as possible MIL STD's. 

Technical Highlights and Results 

Previous work in this project has contributed to the following completed 
standards: 
1. ASTM C-1198-91 "Dynamic Young's Modulus, Shear Modulus, and Poisson's Ratio for Advanced Ceramics by 

Sonic Resonance," by S. Gonczy, G. Quinn and J. Helfinstine. 
2. ASTM C-1161-90 "Standard Test Method for Flexural Strength of Advanced Ceramics at Ambient 

Temperature, " 
3. ASTM C-1211-92 "Standard Test Method for Flexural Strength of Advanced Ceramic at Elevated 

Temperature,'' by G. Quinn in cooperation with Mr. M. Foley, Norton; Mr. T. Richerson, Allied-Signal; 
and D r .  M. Ferber, OWL. 

4. MIL HDBK 790 "Fractography and Characterization of Fracture Origins in Advanced Structural Ceramics ," 
with J. Swab and M. Slavin, U. S. Army, MTL. 

The draft standard: "Reporting Uniaxial Strength Data and Estimati.rig 
Weibull Distribution Parameters for Advanced Ceramics," by S .  Duffy, G .  Quinn and 
C. Johnson was submitted for an ASTM Society ballot. A number of  comments were 
received during the main G 28 main committee ballot. Editorial revisions were 
made to the draft standard, but a number of substantive changes will have to w a i t .  
until the document is up for renewal or if a "revision to" ballot process is 
commenced. 

Standardization of fracture toughness testing continues. Mr. Jonathan 
Salem of NASA-Lewis has been appointed overall leader of this activity. P r o f .  
Isa Bar-on of Worcester Polytechnic Institute is acting as the C 28 - E 9 
committee liaison. This is a contentious topic since very strong preferences and 
opinions have developed over the years. Much of the work in recent years has 
focussed on fracture toughness of composites or R-curve phenomena. 

During this six month period, a comprehensive final report and a condensed 
summary report on a VANAS (Versailles Advanced Materials and Standards) round- 
robin exercise was published. Very successful results €or the IS and SEPB 
methods have spurred new initiatives to standardize these methods in AS'JCM. 



Work i n  the  present  t a s k  has concentrated on refinement of t he  con t ro l l ed  
sur face  flaw method (F ig .  1) This i s  one of  the  f i v e  candidates  f o r  an  ASTM 
f r a c t u r e  toughness standai-d ( F i g .  2 )  . Kxt-cnsive txst-ing has i n d i c a ~ c d  t h a t  a 
s l i g h t  t i l t  (1/2 degree) t o  the  indenter  o r i e n t a t i o n  can be extremely b e n e f i c i a l  
i n  causing the i n i t i a l  precrack t o  s tand  out  c l e a r l y  on a f r a c t u r e  surface.  
Superb r e s u l t s  have been obtained on a s i n t e r e d  alumina, ho t  pressed s i l i c o n  
ni t r i d e ,  s i n t e r e d  s i l i c o n  n i t r i d e ,  and s i n t e r e d  s i l i c o n  carb ide .  Work i n  October 
and November 1997 r c s u l t e d  i n  a number of reffnements t o  technique i n  the method. 

A VAMAS round robin  based on t h i s  method was s e t  up and commenced i n  Nov. 
1992 .  The round robin  is a joint :  program by NIST and by EMPA, the Swi . s s  Federal 
Research Laboratory,  Twenty four  l a b o r a t o r i e s  i n  Europe and the  United S t a t e s  
a r e  p a r t i c i p a t i n g .  In the  USA the  p a r t i c i p a n t s  are St. Gobain-Norton, NASA- 
L e w i s  I Carboriindim, N I S T ,  and Alfred I Jn ive r s i ty .  The round robin  wi.11 involve 
th ree  ma te r i a l s :  Norton ho t  pressed 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 (Swiss) 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 con ia .  
T h e  I .a t ter  two ma te r i a l s  were donated by EMPA. Each p a r t i c i p a n t  received t en  
specimens o f  each material with d e t a i l e d  ins txuc t ions  o n  procedure. I t  i s  hoped 
that the  exe rc i se  w i l l  r equ i r e  no more than 1 - 2  man weeks of e f f o r t  per  l ab  and 
t3iat r e s u l t s  w i l l  be re turned  t o  NIST by May 1 9 9 3 .  T h i s  round robin  w i l l  
i n t e r f a c e  nicc1.y w i t h  an ongoi-ng round rob in  i n  Europe conducted under the 
auspices  of  the  European S t r u c t u r a l  1nt:egrity Sseiety . The latter exerc ise  
includes chevron notch,  s i n g l e  edge precracked bean, indenta t ion  s t r eng th  and 
sing1 e edge notched beam methods on simil~ar materials, 

Work. cont inues a t  NISI' on developing hardness s tandards f o r  atlvvanced 
ceramics.  A n  i nce rna l ly  funded program i s  at tempting t:o develop t w o  "standard 
re ference  ma te r i a l s "  f o r  which the  hardness i s  c e r t i f i e d  by NTST. P a r a l l e l  t o  
t h i s  i s  an in t ens ive  review o f  t he  world s tandards f o r  Vickers and Knoop hardness 
and l abora to ry  work on examining Che techniques and e r r o r s  i n  measurements" A t  
t h e  moment, t he re  i s  widespread confusion and lack  of consis tency i n  hardness 
r e s u l t s  and procedures.  A review of the  world l i t e r a t u r e  shows t h a t  Knoop and 
Vickers hardnesses are predoiiiiaiant , Some groups use Rockwc.11 C o r  Supe r f i c i a l  
Rockwell indenta t ions  (usua l ly  the  carb ide  t o o l  makers) o r  even the  Moh's s ca l e  
( sc ra t ch  t w o  mat:erials aga ins t  each o the r )  ! 

T h e  Vickers indenter  i s  widely used i n  research  s t u d i e s  and by some 
manufacturers.  The Knoop indentxr  i s  p re fe r r ed  by many i n d u s t r i a l  concerns,  
probably due t o  the ex is tence  o f  two r e l a t e d  ASTM standards: C-730 Knoop 
Microhardness of  Glass ,  and C - 8 4 9 ,  Knoop Hardness of Ceramic W h i t e w a r e s .  The 
Knoo-p indenta t ion  c r e a t e s  a longer  indent  f o r  the  same load (see Fig.  3 )  and i s  
much less suscep t ib l e  t o  cracking.  Preliminary observat ions and f ind ings  were 
presented a t  the  C 28 meeting i n  Cocoa Beach i n  January 1993.  

Hardness t e s t i n g  i s  i n  p r i n c i p a l  very s imple,  b.it i n  practi-ce it i s  very 
senait:i.ve t o  technique. Our o r i g i n a l  i n t e n t  was t o  simply modi.fy cu r ren t  
t:er:hniques and w r i . t e  a simple s tandard f o r  advanced ceramics.  Unfortunately,  it 
w i l l  r equ i r e  a l i t t l e  more work, bu t  t he  problem should be solvable  in t he  near 
term. Figure 4 shows some o f  t he  d i f f i c u l t i e s  i n  the method. :Figure 5 
i l l u s t r a t e s  some of  the problems i n  the  s p e c i f i c a t i o n s  of  Vickers diamond 
inden te r s .  The problem with measuring the  hardness of  advatwed ceramics i s  t h a t  
the  m a t e r h l s  a r e  themselves ha rd ,  and the  indenta t ions  a r e  very srnal.1.. It i s  
diE:fi.cultl t o  g e t  a precise o r  accura te  reading of  t he  diagonal length with an 
ord inary  microscope. Operator b i a s  and technique i s  c r i - t i c a l .  Furthermore, 
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Figure 1. Schematic of the Controlled Surface Flaw (CSF) method. 

Knoop Induced Crack  

Knooo load Flaw Dept 

1.6 50. 
2.1 04 
2.6 70. 
3.5 85 

F L E X U R A ~  SAMPLE WITH KNOOP INDENTATION INDUCED FMW 



Figure 2. The candidate test methods for an ASTM fracture toughness standard 
as of May 1993. The DCB or CM-DCB specimen may be prepared as a 
separate standard. The other four  methods will be combined in one 
comprehensive standard. 

ADVANCED CERAMSCS 
FRACTURE TOUGHNESS ~ A ~ ~ l r l A ~ € ~  

CSF 
Controlled Surface Flaw 

KNOOP 

Knoop indent, remove 
indent end residual 
stress, then fracture. 

IS SENB/SEPB 
DCB Indentation Strength Single-Edge Notched Beam, 

Single-Edge Precracked Beam 

CT n 

VICKERS 

Double Cantilever Beam (DCB), 
Applied Moment (AM.)-DCB, 
or Compact Tension (CT) 

Kc depends upon the 

configuration. 
Kc,ls = q(E/H)'f8 [a$%]' Kc,nB = 3P,,,fi/2&WZ Y ( c / w )  specific loading 

Vickers indent, Fatigue precracked, mading by direct pulling 
then fracture or (CT) or DCB), 

or by applied moment Indentation or Sawcut 
Bridge Precracked (AM. )  

CN 
Chevron Notch 
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PlPlCAL DIMENSIONS 

HV or HK = 1600 (kg/mm2) 

KNOOP V1Ct<ERS 

30 pm 0 11 Pm 

95 pm 

130 pm 

spalling and cracking 

Note, for a NA of .65: (7A/2NA = 2.7 pm) (x/2NA = .Lg pm) 

Figure 3 .  A comparison of the relative sizes of Knoop and Vickers indentations 
at the same load in a ceramic with hardness of 1600 kg/mm2. 
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Indent 
Elastic 

H 

Figure 4 .  Problems in hardness testing. 
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INDENTER DETAILS 

CHISEL TIP "Offset" 

ASTM E 384 
Knoop, 1. pm max. 
Vickeis, .5 pm max. 

IS0 640 
Vickers, 1. pm max. 

DIN 51-225 
Vickers, 2. pm max.!!! 

\ 

DIN 51-225 alllows chamfered 
edges up to 1 pm wide!!! 

Figure 5. Specifications of the shape of Vickers diamond indenters vary around 
the world. One D I N  (German) standard even permits f lats  on the four 
long edges. This is bound to affect the shape of the tips in an 
imp re s s ion. 
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the uncertainty in measuring the diagonal size is magnified when computing 
hardness since the hardness depend upon the length squared. An earlier VAMAS 
round robin revealed there is very wide scatter in results. 

It has been decided that work will initially focus on a Knoop standard 
since t:hc?re are already two related ASTM standards as noted above. We are 
carefully studying the matter of the apparent shortening of the diagonal lengths 
due to the limits o f  resolution of optical microscopes as illustrated in Figure 
6 .  The 7A/2NA correction factor is mandated in the two ASTM standards C 730 and 
C 8459.  but is not uze&bv standards in the rest of the world. The difference 
i.n hardness with or without the correction factor is about 100-150 units of most 
glasses! This has led to wild confusion in the literature with respect to 
whether Che correction factor has or has not been applied. For example, older 
versions of the Schott Glass catalog list hardnesses both with and without the 
factor. The ari-ginal work which suggested the correction factor was necessary 
w a s  done in the 1 9 5 0 ' s ,  before the advent of scanning electron microscopy. We 
therefore are measuring indentations with several optical microscopes and with 
a calibrated scanning electron microscope in order to verify the effect. 

During this six month period, elements of MIL HDBK 790, "Standard Practice 
for Characterizing Fracture Origins Limiting Defects in Advanced Structural 
Ceramics'! were brought into the ASTM C-28 forum. This work is a collaborative 
undertaking with NIST and with M. Slavin and J. Swab of U. S. Army Research 
Laboratory (ARL). A li-st of flaw definitions will be introduced into the 
Characteri zatiion Subcommittee, C 28 .05 .  The definition for "fracture origin" was 
submitted for a subcommittee C 2 8 . 9 1  ballot. Two negative ballots were received 
and a revised definitions was prepared at the January 1993 Cocoa Beach meeting 
of  ASTM C28. 

In the meantime, a Eractography round robin has been organized under the 
auspices of the VAMAS collaboration. The framework for the exercise was 
developed by the US ARL in cooperation with NIST. Emphasis will be on several 
topics including: the detection and Characterization of machining damage, the 
detection and characterization of material processing related flaws, and 
fractographic techniques and analysis. The round robin will include the 
examination of photos and spectmens. The US (ARL) has prepared photos and 
specimens for distribution in May. 

A chapter on Standardization of Mechanical Properties Tests for Advanced 
Ceramics was prepared by C .  Brinkman and G .  Quinn for a book on mechanical 
properties of  ceramics being published by Marcel Dekker. A similar paper f o r  an 
ASWE conference May 1993 was written. An overview article on the status of ASTM 
committee C 2 8  was written by G .  Quinn and published in the November issue of the 
Ceramic Bulletin. 

Status of Milestones 

All milestones are on schedule. 

Conununicacions/Visits/Travel 

1. G .  Quinn attended the ASTM C 28 meeting in Cocoa Beach in Jan. 1993.  
2. M r  . Jakob Kiibler o f  the Swiss Federal Research Laboratory collaborated 
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OMlCAL RESOLWON & J M n  

The Jeast distanca separable 
by a given objective is: t -  

VlCKUaS 

both ends: X/(2NA) = .55 pm/(20.65) = 0.4 pm 

(After Matt, 1955; Brown and Ineson, 1951; and ASTM C 730 and C 849.) 

Figure 6. The limits of resolution of an optical microscope can lead to an 
underestimate of the length of diagonals in all materials. The 
problem is more pronounced in the Knoop configuration. A 3 micron 
error in a 30 micron diagonal can occur with a normal 40X objective 
w i t h  a 0.65 numerical aperture. Thio 10% underestimate in length 
will lead to a 20% error in hardness! As an example, for silicon 
nitride this means a difference in apparent hardness of 320 out of 
1600! 
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extensively in order to help set up a fracture toughness round robin 
project . 

3 .  G .  Quinn collaborated with Drs. C. Brinkman and R. McClung to prepare an 
ASME manuscript summarizing progress on mechanical property 
standardization in ASTM committee C 28. 

Problems encountered 

None. 

Publications/Presentations 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7 .  

8 .  

ASTM Standard C-1211, "Standard Test Method for Flexural Strength of 
Advanced Ceramics at Elevated Temperature, r1 ASTM Annual Book of Standards, 
Vol. 1 5 . 0 1 ,  March 1992. 
G. Quinn, "Twisting and Friction Errors in Flexure Testing," Ceramic 
Engineering and Science Proceedings," July/August, (1992) pp. 319-330. 
M I L  HDBK 790, "Fractography and Characterization of Fracture Origins in 
Advanced Structural Ceramics," 1 July, 1992.  (With M. Slavin and J ,  Swab) 
G. D .  Quinn, "High Temperature Flexure Fixture for Advanced Ceramics, 
NIST Internal Report 4864,  June 1992. 
G . D . Quinn, "Room Temperature Flexure Fixture for Advanced Ceramics, 'I 
NIST Internal Report 4877, August 1992. 
G. D. Quinn, J. Salem, I. Bar-on, K. Cho, M. Foley, and H. Fang, "Fracture 
Toughness of Advanced Ceramics at Room Temperature," J. Res. NIST, 97, 

G. Quinn, "Fracture Toughness of Advanced Ceramics at Room Temperature: A 
VAMAS Round Robin," to be publ .  Ceram. Eng. and Sci. Proc. 1993. 
G. Quinn, "ASTM Committee C - 2 8 ,  Advanced Ceramics: A Progress Report, It 

Bul. her. Ceram., S O C . ,  71 [ l o ]  (1992) pp. 1508-1510. 

(1992) pp. 579-607. 
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