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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 of Transportation Systems (OTS) in
Conservation and Renewable Energy. This project, part of the OTS’s
Materials Development Program, was developed to meet the ceramic tech-
nology requirements of the OTS’s automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE), National Aeronautics and Space Administration
{NASA), and Department of Defense (DoD) advanced heat engine programs have
provided evidence that the operation 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 1ife prediction before
industry will have a sufficient technology base from which to produce
reliable cost-effective ceramic engine components commercially.

An assessment of needs was completed, and a five-year project plan was
developed with extensive input from private industry. In July 1990, the
original plan was updated through the estimated completion of development
in 1993. The original objective of the project was to develop the
industrial technology base required for reliable ceramics for application
in advanced automotive heat engines.

During the course of the Ceramic Technology Project, remarkable
progress has been made in the development of reliable structural ceramics.
However, further work is needed to reduce the cost of ceramics to
facilitate their commercial introduction, especially in the highly cost-
sensitive automotive market. To this end, the direction of 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) to include
near-term (5-10 years) applications in conventional automobile and diesel
truck engines. To facilitate the rapid transfer of this technology to U.S.
industry, the major portion of the work is being done in the ceramic
industry, with technological support from government iaboratories, other
industrial laboratories, and universities.

A systematic approach to reducing the cost of components is
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 is 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 applications. 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:

1



0.0 Project Management and Coordination
1.0 Materials and Processing

Monolithics

Ceramic Composites

Thermal and Wear Coatings
Joining

Cost Effective Ceramic Machining
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2.0 Materials Design Methodology

2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Base and Life Prediction

Structural Qualification
Time-Dependent Behavior

Environmental Effects

Fracture Mechanics

Nondestructive Evaluation Development
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4.0 Technology Transfer
4.1 Technology Transfer
This report includes contributions from all currently active project

participants. The contributions are arranged according to the work
breakdown structure outline.



0.0 PROJECT MANAGEMENT AND COORDINATION

D. R. Johnson
0ak Ridge National Laboratory

Objective/scope

This task includes the technical management of the project in
accordance with the project plans and management plan approved by the
Department of Energy (DOE) Oak Ridge Operations Office, and the Office of
Transportation Technologies. This task includes preparation of 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 to DOE; highlights
and semiannual technical reports are provided to DOE and program
participants. In addition, the program is coordinated with interfacing
programs sponsored by other DOE offices and federal agencies, including the
National Aeronautics and Space Administration (NASA) and the Department of
Defense (DoD). This coordination is accomplished by participation in DOE
and NASA joint management meetings, annual interagency heat engine ceramics
coordination meetings, DOE contractor coordination meetings, and DOE Energy
Materials Coordinating Committee (EMaCC) meetings, as well as special
coordination meetings.






1.0 MATERIALS AND PROCESSING
INTRODUCTION

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS). It contains four subelements:
(1) Monolithics, (2) Ceramic Composites, (3) Thermal and Wear Coatings, and
(4) Joining. Ceramic research conducted within the Monolithics subelement
currently includes work activities on low cost Si;N, powder, green state
ceramic fabrication, characterization, and densification, and on 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 of the mechanical and physical properties of the
coatings. Research conducted in the Joining subelement currently includes
studies of processes to produce strong, stable joints between zirconia
ceramics and iron-base alloys. As part of an expanded effort to reduce the
cost of ceramic components, a new initiative in cost effective machining
has been started.

~ A major objective of the research in the Materials and Processing
project element is to systematically advance the understanding of 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.






1.1 MONOLITHICS

1.1.1 Silicon Carbide

High Temperature Hexoloy SX Silicon Carbide
S. K. Lau and G. V. Srinivasan (The Carborundum Company)

Introduction:

HEXOLOY®! $X 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 8iC and its typical room temperature MOR value ranges between 620-915 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.

Scope and Objective:

The approach taken for this work was to first establish a complete mechanical property
database and conduct a detailed microstructural characterization 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 $X 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 I SX-SiC Material.
Completed, details reported in previous semi-annual report.

Task 2 Objective: SiC Powder Selection.

Completed, details reported in previous semi-annual report.

Task 3 Objective: Property Optimization for Generation 1 SX-8iC

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.

Task 4 Objective: Complete Characterization of Generation IT Material,
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-G1 composition. This approach was approved by ORNL,

1 HEXOLOY is a registered trademark of The Carborundum Company



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

Powder Processing Technique: Modified Turbomilling
Sinter Temperature: ST3 (-1) to ST4 (+1)
Post-Treat Temperature: PT3 (-1) to PT4 (+1)
Post-Treat Pressure: P3 (-1) to P4 (+1)

Near theoretical densities were obtained for sintering temperature levels (0) and (+1), when
followed by any of the post-sinter treatment conditions used. However, for the lowest
sintering temperature level (-1), 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 (+1).

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-G1 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.

The strength limiting defects were again identified to be "Si rich pools" and machinin

induced surface defects up to a temperature of 1232°C. The mechanism of formation o

"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 70% 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 I
and 4. dNo 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.

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

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

Sin. Temp.jPost Temp. [Post Press. | Sint. Density | Post Density MORin ksi Toughness MPa. m_ | SCG Parameter

% % RT 1232°C RT 1232°C at 1232°C

-1 -1 -1 85 91.5 57 3.1 2.5 No SCG
-1 -1 1 85 89.9 56 3.1 2.7 No SCG
-1 1 -1 85 93.7 79 4 2.7 No SCG
-1 i 1 85 97.4 75 4 2.8 No SCG
0 0 0 95.6 99.9 119 78 4.5 3.3 No SCG
0 0 0 94.8 99.8 114 71 4.5 3.1 No SCG
1 -1 -1 g7 . 987 95 4.3 3 No SCG

1 -1 1 97 99.9 128 69 4.9 3.2 No SCG

1 1 -1 97.8 99.7 104 56 5 3.7 No SCG

1 1 1 97.8 99.8 100 55 5.2 4 No SCG
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Table 2
Task 4 MOR As Function of Temperature

MOR in Temperature, Strength
MPa (ksi) °C Limiting Defect
896 (130) 25 Yolume: "pool"”
Surface: Machining
620 (90) 1000 ’
527 (77) 1232 .
389 (56) 1370 Surface: Glass phase formation
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Figure 2. Dynamic fatigue characteristics of SX-G1.
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Problems Encosuiered:

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-~Al-O second phases forming strength limiting pools of varying sizes and shapes is the
main reason for this variability. Carborundum needs to assess the severity of this problem
before going further with the development and commercialization of SX materials,

Publications

1. Srinivasan, G.V., S.K. Lau, and R.8.Storm, "Recent Advances in Development of High
Temperature HEXOLOY 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.

2, Srinivasan, G.V., S.K. Lau, R.S. Storm, M.K. Ferber, and M.J. Jenkins, "Process
Optimization of HEXOLOY SX-SiC Towards Improved Mechanical Properties,” to
appear in the Proceedings of the International Gas Turbine Meeting, Cincinnati, OH,
June 1993.

Plan

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 Attrition Milled Silicon Nitride Powder
S. G. Malghan, P. T, Pei and D. B. Minor
(National Imstitute of Standards and Technology)

Objective/Scope

Currently, the starting materials in the manufacture of silicon
nitride ceramic components are fine powders. These fine sized powders
tend to form agglomerates due to the van der Waals attractive forces.
For improved reliability in the manufacture of ceramic components, the
agglomerates in the powders should be eliminated since they form
defects. 1In 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 1is 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 10th, 25th,
50th, 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 wvariability 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 data on specific surface area of 80 min. milled
samples. For each of the five tests, three samples were analyzed by
using the procedure recommended by IEA Subtask 6, which included 200°C
degassing prior to the measurement. All these measurements were
obtained within 48 hrs. after the milling test. These samples were
dried in a convection oven at 40°C., The data for tests 40, 41, 42, 43
and 44 are represented by circles as (Set {#1). The data represented by
triangles were obtained from these samples after approximately six weeks
of the completion of milling tests (Set #2). The same procedure was
used for surface area measurement for Set #l1 and 2. During this period,
the samples were stored in a closed bottle under the normal laboratory
environment. Figure 2 shows the same data, but presented in randomized
order under which Set #2 surface area data were obtained. These data in
Figure 1 and 2 show several trends:

- Surface area of six weeks delay samples (Set #2) was mostly
lower than those obtained within 48 hrs. of the milling
test (Set #1).

- Average of all 30 data points was 10.57 m?/g. Most of the
data fell within + or - one ¢ (standard deviation).

- Surface area of 80 min. milled powdexr decreased as milling
proceeded from tests 41 to 44, as shown by the trend-line.

- Randomized data presentation showed no trend with respect
to the order in which the tests were conducted (Figure 2).

These data demonstrated that variation in repeatability with respect
to surface area measurement is due to both milling and measurement
procedure.

A measurement factor responsible for this type of wide variation in
the surface area data could be moisture in the milled powder. To
examine this aspect, the willed samples from all five tests were heated
to 550°C and cooled samples were analyzed for surface area. These data
demonstrated a drastic improvement in the range of wvariability. The
average surface area decreased from 10.5 to 9.0 m?/g and standard
deviation was also less than 1 m?/g which is of the order of measurement
error. From these data we find that the component related to variation
in repeatability due to surface area measurement can be controlled by
treatment of the samples. However, this raises a question on
possibility of agglomerates formation at 550°C,

Next the particle size distribution data were analyzed. The data of
five tests in Figure 3 show, as expected, a log-linear decrease in the
median diameter as a Ffunction of natural log of time. Except for time
0 data, the results show statistically significant differences between
the data of milling tests for all percentiles of the distribution.
Results of the five tests represented by different symbols in Figure 4
are clearly separated for longer milling times, demonstrating the
statistical significance between tests data.

The within-mill run (test) standard deviation and between mill run
(test) standard deviations have been estimated for each of the five
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Figure 3. Response of ds;, mean particle diameter, for all data as a
function of milling time, plotted on log scale.
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Figure 4. The same data as in Figure 3, but data from each test are
presented discretely so that the differences can be observed.
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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 20 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
951 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 34 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 (ESA) measurements to
three at 32, 50, and 80 min only. The milling is carried out at 53-55%
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/cm® green density, depending on the
slurxy 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/cm®. The concentration of Daxad 34 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 34 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 34 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.
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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

On target.

Communications/Visits

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

Publications

Hackley, V. A. and Malghan, S§. G., "Application of Electroacoustiec
Analysis to Colloidal Processing of Silicon Nitride Powders," Proc. NIST
Workshop on FElectroacoustics 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
publ. in J. Materials Research, May 1992.

Malghan, S. G. and Minoxr, 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 Sintering of Silicon Nitrid
T. N. Tiegs, J. O. Kiggans, K. L. Ploetz, H. D. Kimrey, and P. A. Menchhofer
(Oak Ridge National Laboratory)

Obiective/

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.

Technical highligh

Sintered Reaction-Bonded Silicon Nitride (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.! 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 (IPA) 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-Si3Ny4 content of the compacts prior to high-temperature sintering.2 The
current samples are also nitrided with approximately 5 vol % He in the N-Hj atmosphere
to further increase the a-Si3Ny4 content in the compacts.3 Analysis indicated an increase
in a-Si3N4 content after nitridation as shown in Table 1. The increase in a-content is
believed to increase the aspect ratio of the B-Si3Ny4 grains and improve the fracture
toughness of these materials.

Table 1. Summary of results on a a-SizNy4 content of samples after irradiation.
Final compositions of samples were Si3Ng4-11.5% La03-3% Al;O3

Milling Nitridation Nitridation a-SizN4 content
Sample ID medium time (h) atmosphere (%)
TM-137F Water 20 N2-4% H) 27
TM-137] Water 25 N2-4% H»p 52
TM-140H Water 28 N2-4% Hy-5% He 57

TM-150A Isopropanol 27 N2-4% H»-5% 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 emphasized that these costs are based on purchases made by the present authors
on quantities of 20 1b (10 kg). Purchases of large quantities of these materials would be
expected to decrease the costs by 40% 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 $6/1b or less. Comparison of the raw
material costs reveals that all of the SRBSN compositions in the present study are <27%
those for either of the sintered silicon nitride (SSN) materials.

Table 2. Composition of sintered reaction-bonded silicon

nitride (SRBSN) materials
Initial Milling
Silicon Si0z Sintering aid ~ o-SigNyg liquid/ Material
Sarple Sample impurity Additive content* content forming Cost - ($/1b)
No. type (wt %) (wt %) (wt %) (wt %) method* as-sinteredt

TM-137 SRBSN <0.054 None 11.5 % Lap03 106 Water/slip- 6.42
3% Al,Oyf 8 cast

T™-139 SRBSN <0.054 None 11.5 % La0O3 5d Water/slip- 5.17
3% ALOY 8 cast

TM-141 SRBSN 0.054 1.6 11.5 % Lay03 106 Water/CIPE 6.42
3% Al,O3/8

T™M-142 SRBSN <0.052 1.6 9% Y903 10¢ IPA*+/CIP% 9.89
3% ALpOs8d

TM-145 SRBSN <0.052 None 11.5 % LayQ03 10¢ PA*+/CIP} 9.30
3% AlhOs8J

T™-150 SRBSN <0.054 1.6 11.5 % Lay03 10¢ IPA**/CIPE 6.19
3% AlyOsf'8

TM-152 SRBSN <0.054 None 11.5 % LaxOs 10¢ IPA**/CIP} 6.19
3% Al,Oy &

TM-133 ssNtt N.A.FT None 11.5% Laz03  >98¢ Water/slip- 37.26
3% AlyOzhi cast

TM-132 SSNFT NATT None 9% Y2053 >98¢ Water/slip- 41.76
3% AL03id case

* All compositions contain the same molar content of sintering additives.

#Marerial cost based on purchase price in 10-kg lots. Cost will decrease at larger quantities.
T Assumes a yield from nitridation of silicon of 58% for water milled and 62% for IPA milled materials.
$Cold isostatic pressing,

**]soprophyl alcohol.

9Elkem Metals, Co., Buffalo, N.Y.; Grade Si-HQ; 4.2-um mean particle size.

DElkem Metals, Co., Buffalo, N.Y.; Grade Metallurgical Si; 3.4-um mean particle size.
€Starck, Berlin, Germany; Grade LC-10N Si3Ng.

dStarck, Berlin, Germany, Grade S1 Si3Ny.

€Ube Industries, Japan; Grade E-10 Si3Na.

JL.a03-Molycorp, White Plains, N.Y.; Grade 5205, >99.9%.

8Al203-Reynolds, Malakoff, Tex.; Grade RC-HP DBM.

’11.3703-Motycorp, White Plains, N.Y.; Grade 5200, >99.99%.

IA1503-Ceralox, Tuccson, Ariz.; Grade P (0.5 pm).

8Y703 Molycorp, White Plains, N.Y.; Grade 5600, >99.99%.
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Densification behavior of the SRBSN and SSN materials is summarized in
Table 3. As shown, high densities were obtained with samples fired at temperatures of
1800°C 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 SisN4 powder compacts and SRBSN.14.5 Asa
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 1700°C with
microwave heating.

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

Sintering

conditions Sintered density Flexural strength
Sample Heating type ("C/h) (g/fcm3, % T.D.)  at25°C (MPa)
TM-137 (SRBSN) Conventional 1800/1 3.09, 91.3 N. D.
TM-137 (SRBSN  Microwave 1800/1 3.37, 99.9 480 £ 86
TM-139 (SRBSN) Conventional 1800/4 3.20, 95.4 N. D.
TM-139 (SRBSN) Microwave 1800/2 3.23, 96.4 415+ 54
TM-141 (SRBSN) Microwave 1800/1 3.35, 994 310+ 54
TM-142 (SRBSN) Microwave 180072 3.25, 97.7 677 £45
TM-145 (SRBSN) Microwave 1800/1 3.12, 93.7 N. D.
TM-145 (SRBSN)  Microwave 180072 3.23, 97.0 785+ 98
TM-150 (SRBSN) Microwave 1800/1 3.16, 93.6 _N.D.
TM-152 (SRBSN) Microwave 1800/2 3.34, 99.1 526+ 17
TM-133 (SSN) Microwave 1700/1 3.32, 98.3 654+ 16
TM-132 (SSN) Microwave 1700/1 3.27, 98.5 N.D

Densification was also dependent on the powder processing conditions and the
initial o-Si3Ng 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 $i0O> in these samples
that improved densification. When the same composition was processed in IPA
(TM-150), the SiO, content was diminished and densification was lower. To compensate
for the low SiO; 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 SiO, was added at a level to simulate the
SiO; content in a typical Si3Ng4 powder. The effect of the initial a-Si3Ny4 content is
shown in a comparison of TM-137 and -139, where a lower a-Si3Ng level resulted in
lower densities. The cause for this behavior is presently being examined in more detail to



24

further understand the processes involved. From an economic standpoint, it would be
desirable to lower the o-Si3N4 content since it represents a significant portion of the total
cost of these materials.

Mechanical testing was performed on selected materials that achieved high
density as shown in Table 2, and observed strength variations were attributed to several
factors. Processing in water was detrimental to the strength of the SRBSN materials.
This is illustrated by the cold isostatically pressed (CIPed) samples, where the strength
was significantly improved by using IPA during the milling step (TM-141 vs -152).
Other research has shown agglomeration of the Si during water processing, and this is
evidently affecting the strength in the water-milled materials.2 By far the most important
factor affecting the strength was the rare earth additive. By substituting Y203 for LapO3
(TM-142 vs -152), the strength increased from ~525 to ~675 MPa even though the
density was lower.

The highest mean ambient temperature strength was 785 MPa. This strength is
higher than for similar SRBSN materials processed at temperatures <1800°C by con-
ventional heating.6 The highest strength materials contained Y203-Al203 and used the
lower purity silicon. It is known that the lower purity results in a higher o-Si3N4 content
in the samples after nitridation but before the sintering step. Generally, the samples with
the low-purity silicon had ~70% a-phase content after nitridation as compared to <50%
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-B transformation and
improved properties. However, the lower purity powders are expected to have lower-
high temperature properties due to the less refractory nature of the intergranular phases.
Flexural testing at elevated temperatures showed appreciable strength decrease at tem-
peratures above 1000°C (see Fig. 1). The sample containing Y203-Al203 and using the
high-purity Si (TM-142) showed good strength retention up to 1000°C.
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. Fig. 1. Flexural strength of sintered reaction-bonded silicon
nitride and sintered silicon nitride material as a function of temperature.
Samples TM-133 and -137 were nominally Si3N4-11.5% La303-3% Al0;s.
Samples TM-142 and -145 were nominally Si3N4-9% Y203-3% AlLO;3.
TM-137, -142, and -145 were reaction-bonded and sintered at 1800°C for
1 to 2 h. TM-133 were fabricated from high-purity materials and sintered
at 1700°C for 1 h. All samples were heated in the microwave.
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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 parts 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 green 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, Al203, and Y203, to give a final composition for the TM-145 samples after
nitriding and sintering of Si3N4 - 9 wt % Y203~ 3 wt % Al203. The powders were first
turbomilled in IPA, 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/cm? to give green densities of 1.59 10 1.62 g/em?3.
The SRBSN discs, which were approximately 70 mm diam by 15 mm 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 mm 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(a)] bisque-fired 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.” In setup 2 [see Fig. 2(b)], 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-fired 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 N2-4% H2-5% He at
~0.1 MPa (16 psia) with additional N2 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 pre-sintered test pieces were
stacked on BN plates inside a graphite crucible and heated to 1450°C in flowing nitrogen
in 34 h. The samples were then cooled and covered with Si3N4 packing powder and
heated in flowing nitrogen at 5°C/min to 1800°C. Note that, in this conventional
process, two steps were required, because earlier studies showed that parts 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. Locations 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 arrangement (PF) and (b) close-packed-mixed (CPM)
arrangement.

the Archimedes method. Samples from various experiments were machined into bend
bar specimens with nominal dimensions of 3 X 4 x 50 mm. Flexural strength testing was
done in four-point bending with inner and outer spans of 20 and 40 mm, respectively.
Diamond machining was used to remove 1.25 mm of the surface layer of the six
rectangular projections on complex SRBSN parts that were processed by either con-
ventional or microwave heating. Fracture toughness and hardness of these parts were
determined by indentation using a 10-kg load. Two indentations were made on each
specimen and the results averaged.

The first attempt at processing of multiple SRBSN samples by microwave heating
involved the PF arrangement. Inspection of samples from the different areas of this
heating arrangement indicated unequal heating. The "picket" samples of the insulation
arrangement showed extreme warping and slumping. Samples around the edges of each
BN plate (edge samples) exhibited slight amounts of unequal sintering with one of the
dimensions more fully sintered than the other. Samples completely surrounded by other
samples (interior samples) were uniformly sintered. A com-parison of the densities
obtained for these groups of samples is shown in Table 4. The average density of the
picket samples was significantly lower than the average for all samples. The average
density of the edge samples was higher than the picket group but lower than the interior
group of samples, which had the highest densities overall. It appears that there was a
temperature gradient from the center (high) to the outer edge of the crucible (flow). Thus
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Table 4. Densities of sintered reaction-based silicon nitride
samples processed by microwave heating using
the "picket fence"” arrangement

Sample Densit Density Standarrd

group (g/em?) (% T.D.) deviation
Picket samples 3.14 94.0 0.021
Edge samples 3.17 95.0 0.017
Interior samples 3.18 95.2 0.021
Average 3.17 94.9 0.024

the PF arrangement did not adequately supply enongh heat to the outer samples in the
package for equal processing. The highest density achieved was only 95.2% TD, which
was lower than desired.

The second attempt at processing multiple SRBSN samples by microwave heating
involved the CPM arrangement. Since dense SRBSN samples were placed completely
around the perimeter of the untreated samples and no pickets were used, there was one
sample type, interior. However, in this experiment, data for the five sample layers were
also compared. All the samples from all five sample layers were uniform in appearance.
The average densities for the samples of individual layers were calculated and the
standard deviations of the densitics within each layer determined (Table 5). In general,
the average densities of individual layers increased slightly from the top layer to the
bottom layer with higher densities on the bottom. Flexural strengths were then obtained
from each sample, and the average strengths for each layer were determined (Table 5).
The average flexural strengths followed the trend of the densities and also increased from
the top to bottom of the package. Both the densities and strengths of all the samples were
comparatively high for this type of SRBSN. However, there appeared to be a temperature
gradient from the top of the sample package to the bottom.

To evaluate more fully the results of the CPM microwave heating setup, a
conventional processing experiment was performed. As indicated in the experimental
procedure, two separate furnace cycles with different sample packing were necessary;
therefore, an exact comparison to the microwave results was difficult to make. The
sintered SRBSN samples were uniforim in appearance; however, both the densities and
strengths of all five sample layers were lower than the CPM microwave samples (see
Table 5). It was interesting that the densities and strengths were also higher for the
bottom layer in this conventional treatment as was the case with the microwave pro-
cessing. However, the standard deviation for both the densities and the strengths for the
five layers, as well as the average of all samples was lower for the conventional pro-
cessing than the microwave processing. Thus, overall, the CPM microwave arrangement
worked quite well and resulted in SRBSN material of high quality. However, work needs
to be done to further improve the heating uniformity,

The next question addressed in this study was whether microwave heating could
be used to process complex shapes, especially parts with multiple sharp edges (possible
low absorption), close gaps between sections of a part (possible arcing), and both thick
and thin sections (non-uniform properties). A non-functional part having areas of six
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Table 5. Density and flexural strength valses for sintered reaction-bonded silicon
nitride samples processed in the close-pack-mixed arrangement using
microwave heating or conventional heating

Microwave Cenvesntional
Sample Densi Strengih D@nsi? Strength
group (gfom?) (MPa) (g/cm?) MPa)
Layer 1 3.128 = 0.001 660 + 39 3.188 1+ 6.005 565+ 66
Layer 2 3.227 + 0.006 619 £ 53 3.188 &+ 0.001 446 174
Layer 3 3.226 1 0.005 638 1+ 64 3.187 £ 0.002 502 £ 37
Layer 4 3.245 £ 0.004 724 1 54 3,188+ 0.004 463 +32
Layer § 3.243 £ 0.00¢6 714 £ 87 3.197 + 0.006 534 + 32
Average 3.232 4£: 0.012 671172 3.19 + 0.005 487 + 60

*Each layer consisted of four samples. Two flexure bars were machined per
sample.

different thicknesses with varying gaps between the raised arcas was made from bisque-
fired material (see Fig. 3). The surface layer was removed and the sections polished
prior to testing for hardness and indent toughness.

The microwave- and conventionally fired comoplex SRBSN parts reached densities
of §7.14 and 96.78% TD, respectively. The conventional piece had a small amount of
moilten silicon on its suiface despite doubling the time at nitridation temperatures. A
summary of the hardness and toughness values for each section of the complex piece is
given in Tabie 6. There does not appear 1o be a correlation between thickness of the
sections and the hardness and toughness values obtained for cither sample. All sections
of the microwave-processed part exhibited significantly higher hardness and toughness
values than for the part processed by conventional process, although there was only a
small difference in the final densities of the two parts. More importantly, the standard
deviations of the hardness and toughness from different sections of the parts were
comparable for the microwave- and conventicnally processed paris. Thus, it appears that
microwave heating can be used 0 process complex paris having areas of varying
thicknesses without significant variations in ihe properties. Other compiex shapes have
been produced to further verify these observations (see Fig. 4).

In conjunction with the effori on upscaling the process, a study was conduncted to
map the heating uniformity of the present microwave cavity, since this will influence our
ability to heat large numbers of parts in a contoilad fashion. The initial data revealed
some non-uniform heating across the area occupied by the samples, Consequenily, some
modifications are being made to the furnace. These include adding another microwave
port into the cavity, incorporating a deflector plate into the system to direct more of the
incoming energy at the mode stirrer, and modifying the table in the cavity to allow
microwaves to pass through it. Changes to heating uniformity will be reporied later.
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Conventiona!l Processing Microwave Processing

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) (GPa) (MPaVm) (GPa) (MPavm)
A 0.825 13.90 6.56 12.30 5.59
B 0.585 14.40 6.39 12.30 5.17
C 0.410 14.10 6.23 12.80 5.80
D 0.355 13.80 6.19 12.80 5.55
E 0.315 14.60 6.29 12.60 5.48
F 0.280 14.10 6.30 12.80 5.43
Average 14.13 6.32 12.58 5.50
Std. Dev. 0.38 0.21 0.31 0.23

Final processing conditions 1800°C for 1.5 h.
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Fig. 4. Variety of complex shapes of sintered
reaction-bonded silicon nitride produced with
microwave heating.

Cooperative Research and Development Agreements (CRADAS) - Three
CRADAs are being performed in the area of microwave processing of silicon nitride.

The first CRADA is with Garrett Ceramic Components/Allied-Signal and involves
annealing of specimens of silicon nitride with high additive contents (>5%). Composi-
tions include AS-44, GN-10, and AS-700. A second CRADA with Norion also involves
annealing of silicon nitride in the microwave but with additive contents less than 5%.
Most of the work was invelved with NT-154 with a range of a-phase contents. Norton
was also involved in the third CRADA where reaction-bonded silicon nitride was
fabricated in the microwave. The results were directly compared to materials fabricated
by conventional heating.

Annealing of Norton Silicon Nitride - Analyses of the anncaling studies with
Norton have been completed. The materials used were encapsulated hot-isostatically-
pressed silicon nitride containing 4 wt % Y303 as the sintering additive. The formulation
is commercially known as NT-154 and was fabricaied by St. Gobain/Norton Industrial
Ceramics. The as-fabricated materials contained cither about 25 or 12% residual a-SizNy

phase and were >99% dense. The samples were in the form of tiles approximately 10 X
55 x 100 mm.

After annealing, the specimens were machined ino bars nominaily 3 X 4 x
50 mm. Flexural strength testing was performed at ambient temperature and 1370°C in
four-point bending with inner and outer spans of 20 and 40 mu, vespectively. Dynamic
fatigue testing was done in flexure with the same dimensional parameters as for the
strength measurements. However, stressing rates varied from 0.001 to 37 MPa/s, and the
samples were tested until failure occurred. This type of testing is an indicator of
resistance o slow crack growth.

Heating of the specimens in the microwave cavity revealed poor coupling of the
Si3Ng-4% Y703 at temperatures below ~1200°C. At ~1550°C, a decrease in power
requirements is indicative of a dielectric relaxation of the materials. This temperature
corresponds to the eutectic temperature of the intergranular glass phase and the formation
of liquid. Similar observations have been made previously for other silicon nitride

materials.8-!1 A second thermocouple placed in the insulation powder indicates the
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surrounding powder bed did not heat significantly, and most of the power was used in
heating the samples.

Crystallization of Si3N4-Y203 materials results in the formation of a Y5i207
grain boundary phase that has several polymorphs stable at different temperatures as
shown below.12 Volume changes accompany these phase changes.

1225°C 1445°C 1535°C
o >B >y > 9

A few consistent trends were observed for grain boundary phase crystallization
during microwave annealing. As shown in Table 7, no - or 3-Y25i307 were observed in
any of the samples. At temperatures >1650°C, a-Y28i207 was predominantly present
indicating that crystailization occurred during cooldown. These samples also had
generally low a-Si3Ny contents indicating a-to-8 SizN4 transformation took place during
annealing. For temperatures between 1400 and 1560°C, the v Y»Si2O7 was pre-
dominantly present, and generally high a-Si3Ny4 contents were observed. Crystallization,
in these cases, probably took place during microwave annealing with no further o-to-8
Si3Ny transformation taking place.

As indicated in Table 7, continued a-to-f§ Si3Ny4 transformation was observed as
low as 1650°C, especially when it was coupled with long anneal times (10 h). At higher
temperatures, a/B transformations occurred in much shorter times. Only minor grain
coarsening was observed for the high-temperature anneals (>1700°C), but no enhanced
elongation of the B-Si3N4 grains was found.

The high-temperature 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-8i3N4 content in the specimens (see Fig. 6). The residual
a-SizN4 may be indicative of a finer average grain size for these specimens and not an
inherent higher strength for the alpha-phase materials.

The effect of microwave annealing on fracture toughness is shown in Fig. 7.
Compared to conventional annealing at 1400°C, with a baseline Kjc=5.1 MPavm, in-
creases in fracture toughness were observed for microwave annealing between temp
temperatures of 1200 and 1650°C. The decrease in fracture toughness for the highest
temperature anneal is believed due to the minor amount of grain coarsening that took
place in this sample.

The dynamic fatigue testing at 1370°C showed increased failure stress (and hence
longer times to failure) at the lowest stressing rates (0.001 MPa/s) as indicated in Fig. 8.
The conventional annealed materials have a dynamic fatigue failure stress of ~340 MPa.
The present results indicate that improvements in the failure stress can be obtained by
annealing between 1400 to 1550°C for >5 h. These temperatures are just below the
eutectic temperature for the intergranular glass phase where optimum crystallization
should take place.

While there were some observed property improvements, they were not so
dramatic to justify abandoning conventional over microwave heating. The Si3N4-4%
Y203 materials used in the study were developed for elevated temperature use and
already possess excellent high-temperature strength, fatigue resistance, and creep
properties. This is due to the very refractory nature of the grain boundary phases and the
small quantity of secondary phase present. However, microwave annealing of these
materials may be necessary in applications where the maximum in fracture toughness and
fatigue resistance is required and thus justifies its use.

Norton SRBSN - Additional samples of Norton reaction-bonded silicon nitride
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.
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Table 7. Summary of results of phase analyses of
microwave-annealed silicon nitride

Anneal Residual

temperature Anneal time a-Si3N4 Y,8i,07
Sample O (h) content (%) phase
MW-14 1738 0.5 0 alpha
MW-24 1507 6.7 25 gamma
MW-342 1650 53 21 alpha
MW-42 1738 1.4 7 alpha
MW-54 1650 10 0 alpha
MW-62 1773 6.7 0 gamma
MW-74 1562 1.4 21 gamma
MW-82 1400 5 3 gamma
MW-93 1738/1507 0.5/5 3 alpha
MW-104 1650 5.3 23 ---
MW-11a8 1500 5.3 19 gamma
MW-11b2 1500 53 6 gamma
MW-120 1400 5 12 gamma
MW-130 1200 5 12 gamma

700
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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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Status of Milestones
Milestone 112405 has been completed. The results are shown in this report.

Travel by T. N. Tiegs from November 1-4, 1992, to San Francisco, Calif. to atiend 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. to attend
the Fall Meeting of the Materials Research Society and present a paper entitled "Sintered
Reaction-Bonded Silicon Nitride by Microwave Heating."

Travel by T. N. Tiegs from January 11-15, 1993, to Cocoa Beach, Fla., 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."

] En T

The microwave furnace was not in operation for approximately 5 weeks due to computer
malfunctions in the control system.
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Publications

T. N. Tiegs, I. O. Kiggans, and K. L. Ploctz, , "Sintered Reaction-Bonded Silicon Nitride
by Microwave Heating” 1o be published in Mater. Res. Sec. Proc.

T. N. Tiegs, J. O. Kiggans, and K. L. Plogtz, "Application of Microwave Heating for
Fabrication of Silicon Niwride Ceramics” to be published in Ceramm. and Eng. Sci. Proc.

T. N. Tiegs and J. O. Kiggans, "Microwave Processing of Silicon Nitride for Advanced
Gas Turbine Applications” to be published in the Proceedings of the ASME Gas Turbine
Conference to be held in Cincinnad, Ohio on May 24-27, 1993.

J. O. Kiggans, T. N. Tiegs, H. D. Kimrey, and C. E. Holecombe, "Processing of Complex
Sintered Reaction Bonded Silicon Nitride Parts by Microwave Heating,” to be published
in Ceramic Transactions, Microwaves: Theory and Application in Mazerials Processing
II, American Ceramic Society, Westerville, Ohio.

T. N. Tiegs, K. L. Ploetz, J. O. Kiggans, and R. L. Yeckley, "Crystallization of Grain
Boundary Phases in Silicon Nitride with Low Additive Contenis by Microwave
Annealing” to be published in Ceramic Transactions, Microwaves: Theory and
Application in Materials FProcessing I, American Ceramic Society, Westerville, Ohio.
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Development of Microwave Processing of Silicon Nitride Components for Advanced Heat
Engine Applications Reaction Bonded and Sintered Reaction Bonded Silicon Nitride
C. A. Willkens (Norton)

Obijective/Scope

Microwave processing offers potential advantages, such as decreased nitriding and sintering
times, nitriding of larger cross-sections and unique microstructures, as compared to traditional
sintering techniques. This 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 and/or sintered silicon nitride will be directly compared against same ot
materials traditionally "fired" at NRDC.

Technical Progress

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 same lot set was nitrided traditionally and
sent to ORNL for comparison testing with the Microwave nitrided samples. Properties are being
determined on the as-nitrided 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

Cost Effective Sintering of Silicon Nitride Ceramics (SilJ-C)
D. E. Wittmer (Assaciate Professor, Southern lllinois University
at Carbondale, Carbondale, IL 62901

Obijective/Scope

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

Technical Highlights

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

Task 1. Refine Economic Model and Design for Chosen
Fumace Configuration.

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 840 and 880 while
the batch furnaces are labelled 242436 and 242448. In all cases, it was
predicted that sintering of small or large cam-roller followers in belt furnaces is
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.

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

Work has continued on determining the physical property data for the
compositions previously sintered in the beit furnace, in addition to more recent
compositions containing reduced amounts of sintering aids. All of the
compositions successfully sintered in the belt furnace have had four-point
flexural strength and fracture toughness measured (given in Table 1). An image
analyzer with digital imaging 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 more accurate fracture toughness determination. A system similar
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Figure 1. Projected cost for sintering large cam-roller followers in graphite and
tungsten belt fumaces as a function of production volume.
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Figure 2. Projected cost for sintering large cam-roller followers in graphite and
tungsten batch fumaces as a function of production volume.
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to the one used will be procured for use in all future measurements.

During this reporting period additional Si;N, formulations, using UBE
E-10 Si,N, powder were processed by turbomilling and pressure casting
technigues described previously. The formulations were A2Y6, A2Y8 with
wt.% pB-Si;M, seed, and A4Y6 with 5 wt.% [B-Si,N, seed. Due to the
previously successful belt sintering of the A2Y8 compositions, the A2Y6
formulation was added fo the composition matrix, in order to determine the
feasibility of continuously sintering a Si,N, formulation with only 8% sintering
additives. The A2Y8 and A4Y6 formulations with & wt.% B-Si;,N, seed added
were included to complete the data set for seeded vs. unseeded compositions.
The data generated will be used in comparing compositions sintered in the
overpressure furnace with those pressureless sintering in the Centorr Mode! 6-
BF belt furnace.

Also, during this reporting period, work was initiated to determine the
effect of using graphite and/or SiC setters with BN coatings as suitable
materials for the sintering some selected Si,N, compositions in the belt furnace.
The SiC setter plates cracked down the middle during a break-in run, while
parts sintered in the graphite boat with BN setter plate warped and discolored.
The surface discoloration is thought due to a reaction with the C vapor present
in the boat, while the warpage may be due to this reaction or differences in
emissivity between graphite and the previous Mo boats. Additional sintering
runs are planned in graphite boats at lower temperatures to try to minimize
reactions.

Task 3. Continue Evaluation of Low Cost Si;N, Powders.

This task was initiated through the use of 3 commercially available Si;N,
powders as part of Task 2. These 3 Si,N, powders have a range of purity and
cost, with the LC-10 being the lower cost and purity and Ube E-10 being the
higher in cost and purity. Another source of low purity and cost Si;N, (ASN-
34) from Performance Ceramics, Peninsuia, OH was evaluated. The results for
these various powders are shown in Table |. Some of the highest room
temperature flexural strengths were obtained from these lower cost powders.
During the next phase of this subcontract, evaluation will continue and will
include powders when they become available from Dow Chemical Company.
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Table |. Sintering Conditions and Physical Property Results for
Compositions Sintered in the Centorr Mcde! 6-BF Belt Furnace
Sintering
Conditions MOR K K
Comp. % TD (MPa) (MPa- (MPa-
Temp | Time m’) m’)
(oc)p (min) Cook Chan-
& tikul
Lawn et al.
A4Y6 1700 60 99.9 870-926 55 6.5
£-10
AAY6 1700 60 96 917-1021 7.9 8.7
LC-10
A4YG 1725 g0 98.8 778-938 57 6.2
L.C-12
A2Y8 1750 90 100 926-1036 10.3 7.3
E£-10 1700 90 99.0 1004-1118 9.6 7.1
30 94 .4 850-1051 7.1 6.2
1625 30 93.7 880 7.4 6.5
A2ia8 1750 90 98.5 683-866 7.9 6.7
£-10 1725 90 89.0 896-995 8.0 6.8
AdYela7? 1725 90 98.1 755-965 6.5 6.0
E-10 1700 90 99.0 0962-982 8.3 6.9
1625 80 98.3 907-1041 8.0 6.6
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Table 1. Sintering Conditions and Physical Property Results for
Compositions Sintered in the Centorr Model 6-BF Belt Furnace
(Continued)

Sintering
Conditions MOR K. K
Comp. % TD (MPa) {MPa- {MPa-
Temp | Time m* m”)
(oc) (min) Cook Chan-
& tikul
Lawn et al.
A4Y13 1625 90 99.5 869 7.2 6.5
LC-10
A4Y13 1700 90 99.8 879-1059 8.1 6.5
ASN-34 1675 90 100 980-1166 7.2 58
A4Y13 1725 90 99.8 784-1121 12.9 6.5
E-10 1700 30 99.6 1016-1042 8.1 6.3
1625 80 99.6 896-942 12.5 6.1
A4Y13 1725 90 99.5 870-954 13.3 6.4
E-10 1700 30 99.3 870-1042 7.2 7.0
5% Seed 1675 90 99.7 894-1121 -
1625 90 99.3 894-1017 12.7 6.5
. LC-10 and LC-12 Si;N, powders were purchased from Hermann C.

Starck, W. Germany
. 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,
Peninsula, OH
. Y,0, and La,0, (high purity grades) powders were gratis samples from

Molycorp, Inc.,White Plains, NY
. ALO, (HPA-0.5 AF grade) powder was a gratis sample from
Ceralox Corp., Tuscon, AZ
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Status of Milesiones

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

2. Continue Evaluation of Siniering Parameters On Schedule
on Properties of Selected Si;N, Compositions

3. Continue tvaiuation of Low Cost Si;N, Powders On Schedule

Communications/Visits/ Travel

D.E. Wittmer to Annual Cocoa Beach Conference to present paper based on
work performed as part of this coniract.

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

Problems Encounterad

Faulty isopress pump delayed processing.

Publications

D.E. Wittmer, J.J. Conover, V.A. Knapp, and C.W. Miller, Jr , "Economic
Comparison of Continuous and Batch Sintering of Si;N, * accepted for
Publication as feature in the June 1993 issus of the American Ceramic Society

Bulietin.

Presentations

D.E. Wittmer, J.J. Conover, V.A. Knapp, and C.W. Miller, Jr., "Economic
Comparison of Continuous and Batch Sintering of Si;N, ", presented at the
Annual ACS Meeting April 18-23, 1283 in Cincinnati, OH.

D.E. Wittmer, J.J. Conover, T. Paulson and C.W. Miller, Jr., "Self-Rainforcad
Si;N, Sintered in a Controlled Atmosphere Belt Furnace," presented at the 17th
CCAC, Cocoa Beach, FL Jan. 10-15, 1993.
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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)

QBJECTIVE/SCOPE

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 sinterable 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 quaiity,
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-m1/,.

The intent of the program is to facilitate a domestic supply of powder produced by
a process which, at market maturity, sells for approximately $10/ib (1992 dollars).

JECHNICAL PROGRESS
TASK | Reference Process Flowsheet and Cost Estimate

The objectives of Task | are: synthesis of 3 kg of powder in a pre-piiot 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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prepare the precursor complex for the reaction stage. The reaction stage is
simply a reactor with simple feed and feed take-off porting. Once reacted, the
"crude” powder is removed and the excess carbon utilized in the reaction is
removed via a controlled oxidation step in a calciner. The silicon nitride is then
put through a mild milling stage tc break up weak agglomerates. The material is
then packaged and stored until ready for shipment.

Task 1.2 Preliminary Economics

The estimate, based on current experience, is a price/volume relationship for
powder manufactured in various sized facilities. At high volumes, the price is
expected to be in the $10-15/lb. (1892 dollars). The estimate of the powder costs
in the existing facility which is representative of low volume, unoptimized unit
operations, is typical of research-like costs for a newly developed process..

JECHNICAL PROGRESS
Task 1.3 Powder Synthesis

The powder synthesis work conducted in Task 1.3 has been conducted at an
intermediate scale (0.5 to 1.0 kg lots) using Reactor Configuration #2. Using this
approach, the characteristics of the powder were varied in a controlled manner.
Sufficient quantities for part fabrication and mechanical property evaluations were
produced. Initial efforts in Task 1.3 concerned optimizing the characteristics of
the carbothermal powder with respect to sinterability. In the first two months the
feed composition, reaction temperature, and reaction time were varied to
determine their effect on product quality. After the optimal synthesis conditions
were determined using an iterative set of statistically designed experiments;
subsequent experimentation focused on making 6 kg (3 kg for MMES, 2 kg for
Task 3, and 1 kg retainer) of powder for the May 93 deliverables.

Through the first 6 months of the contract, 83 reactor runs were completed using
a total of 58 kg of raw material feed. Of the material produced, 8 lots averaging
1.0 kg were selected and supplied to Task 3 characterization and evaluaticn.
The production of the 6 kg of powder for the May 1293 deliverable has been
completed and the powder is now being evaluated. A preliminary
characterization of this powder is summarized in Table 1. Future efforts will be
geared towards optimization of yield, phase chemistry, morphology, and carbon
removal conditions.

TASK Il

The objectives of this task are: the development of a characterization plan for
both powder and parts, the analysis of all synthesized powder, the development
of powder processing (greenware) and sintering procedures and lastly, the
fabrication of MOR bars for mechanical testing.
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Table 1. Approximate characteristics of the SizN4 powder made in Task 1.3 to
meet the May 93 deliverables.

.0 kg for May 93 Contract Goals

Oxygen Conient (Wi%) |2.2 T <2.5

Carbon Content (wt%) 0.4 <0.6

Al (ppm) <50 <1300

Fe (ppm) 20 <2000

Ca (ppm) /70 <1000

sSurtace Area (m2/qg) 11 510 20

di0 (um) 0.3 -

d50 {(um) 0.7 0.1-0.8

do0 (um) 2.1 -

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 wi.% 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 areas? 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 B. This powder is
sub-micron in size and has an equiaxed particle morphology.

Task 3.2 Powder Sinterability

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

2 prior to the mild milling post-processing step.



Table 2
Characteristics of five different lots of carbothermal silicon nitride powder
produced in Task 1.3 using reactor configuration #2.
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Program
% A B 0] D E E Goals
[ Oxygen (wt.%)-Leco 211 [1.78 [1.94 [2.07 [2.44 [2.46 |<2.5 |
arbon (wt.%)-Leco /1 1030 J0.53 [0.48 ]0.40 ]0.43 |<0.6
Al (ppm)-XRF 176 230 125 nm <20 <50 <1300
Fe (ppm) 123 |98 145 |" 31 18 <2000
Ca (ppm) 90 (87 66 . /0 67 <1000
Na (ppm) nm nm nm " nm nm <10
M prﬁr " LU " " " 1 <5f
K iogﬁL " ' v " i <5 <10
Cl (ppm) 11 19 <10 |" i <10 <100
S (ppm) nm nm <10 |7 N <20 <100
urtace Area (m2/g) 8.7 8.0 116 [115 (101 [10.9 [5-20
wt.% Alpha SizNg >95 [>95 [>95 [>95 >95 [>95 [>90
‘Ave. Part. Size (um) nm nm nm nm nm 0.78 ]0.1-0.8

nm - not measured. Analyses in progress.

18KU

5. B2KX

| [
[l oD

Figure 1. Scanning electron micrograph of carbothermal powder B.
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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.%. 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 sinterability of the carbothermal powders with
respect to commerciali{ available silicon nitride powders, the densification
behaviors of a di-imideP and direct metal® powder are also shown in Figure 3.1
The results show that Powder C, which has a residual carbon content less than

b Ube Industries, SNE10.
€ Denka, P21C
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Figure 3. The effect of surface area on the sinterability of carbothermai silicon
nitride powders. Specimens were partially sintered at elevated temperature to
examine the relative rates of densification.

0.6 wi.% and a surface area of 11.6 m2/g, exhibited a sinterability similar to the
direct metal powder and slightly less than the di-imide powder. It is anticipated
that further optimization of the carbothermal powder, such as the paricle size
distrijbutions should increase the sinterability to a level comparable to the di-imide
powder.

Task 3.3 Sintering Ald Optimization

Statistically designed experiments are currently underway to develop an optimum
sintering formulation that can pressureless sinter the carbothermal silicon nitride
powder to greater than 98% of theoretical density. Two sintering formulations are
currently being evaluated: a Dow proprietary sintering formulation (total glass
content 7.5 volume%) and a generic Y203-Al203 sintering formulation (total glass
content 11.5 volume %). Table 3 summarizes preliminary densification results
using near optimum compositions for the proprietary and generic formulations.
Using sintering cycles that were developed primarily for a commercial di-imide
powder®, powders A, B, C and E were sintered to densities of 97.1%, 98.9%,
98.6% and 96.5%, respectively with the proprietary sintering formulation.
Powders B and C were sintered to 98.1% and 97.6% of theoretical density using
a > wl.% Y203-5 wt.% AlxOg3 formulation. These preliminary results indicate that



51

Table 3.
Densification results for carbothermal silicon nitride powders sintered with a
proprietary sintering aid formulation and a generic Y203-Al20O3 formulation.

Dow 5 wi.% Y203
Proprietary Formulation |5 wt.% AloO3
Powder Formulation
A 97.1 nm
98.9 98.1
C 98.6 97.6
t 96.5 nm

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 weil above the goal of the contract
(>98% 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 15-minute exposure to water. Powders B-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 during milling. For
comparison, the natural pH of a commercially available di-imide® and direct
metalc powder have been evaluated to be 8.9 and 4.0, respectively.! 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-
imide? (26 um/cm) and direct metalc (95 um/cm) powders.1 All suspensions were
stable over the 24 hour period with no apparent sedimentation.

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 SiaN4 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 powder® is also shown in
Figure 4 for comparison.! 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
pH. 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
carbothermal powder, the average room temperature strength, Weibull modulus
and fracture toughness were measured. The results of this evaluation are
summatized in Table 4, in comparison to the contract goals. The average room
temperature strengths of the specimens made from powders A and B were 600 *
115 MPa and 510 + 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 carbothermal
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 + 0.2, 6.8 + 0.2 and 7.3 + 0.2 MPa-m1/2, respectively.

STATUS OF MILESTONES

All milestones on schedule.

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

Powder A |PowderB |PowderC |Goals

Strength (MPa) 600 510 795+ 45 > 800

Weibull Modulus™ |- - 18" > 19

Kic - 7.4+02 6.81+0.2 731202 > 5.0

(MPa-m1/2)

* based upon 27 specimens.
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COMMUNICATIONS/VISITS/TRAVEL

Ray Johnson, Susan Winslow, and Sonny Rogers, of the Ceramic Technology
Program at the Oak Ridge National Laboratory, and Bob Schulz of the
Department of Energy (Washington, D.C.), visited the Dow Chemical Company in
December, 1992 to attend the kick-off meeting.

C.L. Conner visited Garrett Ceramics (El Sugundo, CA) to begin assessing the
forthcoming interaction and collaboration on Dow generated powder. April, 1993.

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

PROBLEMS ENCOUNTERED

None to-date.
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Cost Effective Process Silicon Nitride Engine Components
Garry Garvey (Golden Technologies Company, Inc.)

Objective/Scope:

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 4-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.
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Approach;

The experimental plan is based on an iterative design in which silicon metal powder
and other raw materials are characterized (task 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 different manufacturers for each component. Ceramic raw material lots will be
characterized with respect to particle size distribution, surface area, LOI, heterogeneous
and homogeneous 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 and levels required to facilitate milling, spray drying, forming and the
achievement of reliable product properties.

Task II: "Material processing”. The point of departure of this task will be to replicate
the technology licensed form Eaton Corporation. Once this facet has been completed,
Coors/GTC 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
improvement. 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 (XRD) and toughness will be determined for selected
batches. All testing will be designed to obtain statistically significant results.

Milestone Schedule:

¢ 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 geal 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)

SAMPL STRENGTH

Target Properties 75

UPB 94.1

UPC 87.2

GTC-530-71A-81 87.0 15.7 100 kg
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Three full scale attrition mill runs were completed. The milled powder was
characterized and processed into sintered parts. Quantitative microstructural
analysis indicated similar results to bench scale experiments confirming the
scalability of the process. Batch sizes were 210# of slip producing 130# of dry body
per run. (WBS-2.1.1) (03/31/93)

The fast fracture strength of SRBSN has been evaluated at temperature up to 1125°C.
SRBSN sample retained 90% of their strength up to 950°C. (WBS-3.1.2) (03/31/93)

A seven component dry pressing binder system has been developed. Bench top
pressing yields have been improved from 40 to 95%. Debindering and sintered
properties have been proven to be satisfactory with this new composition. Final
compositional adjustients will be made once the automatic press is operational.
(WBS-2.1.3) (03/31/93)

We have implemented a program to characterize property gradients in sintered
parts. While many samples are homogenous due to a combination of processing
parameters, many exhibit anisotropy. Anisotropy generally results from non-
optimal thermal processing. Several experiments have been performed by
perturbing preferred operating conditions resulting in low density products
and/or thermo-decomposition of silicon nitride resulting in increased silicon and
porosity. Optimal thermal processing parameters have been identified which
produce homogeneously low silicon and 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 exhibiting acicular morphology. Typical aspect
ratios of 8:1 were found. (WBS-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 silicon nitride. A standard
refractory material was selected. (WB5-2.1.5) (02/01/93)

A series of experiments were performed 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 particle size, surface area and oxygen content were
determined. (WBS-1.2) (02/01/93)

A series of experiments consisting of fifteen continuous sintering runs have been
performed. Maximum temperatures, time at temperature and thermal profiles of the
three zone furnace were varied. These experiments indicated that silicon nitride can
be rapidly sintered in a continuous furnace to 99% density. (WBS-2.1.4) (01/15/93)
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* Anexperiment 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 found 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. (WBS-2.1.1) (01/01/93)

* An extensive Rheological Matrix Experiment has been performed. The effects of
thirty-two different additives on Rheology have been evaluated. Each dispersant,
binder, lubricant and electrolyte were evaluated at least four different levels and six
different shear rates. Matrix effects 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)

* 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
Absorption (%) 0.1
True porosity (%) 3.0
Hardness (Vickers @ 1 kg) (kg/mm?2) 1450
Toughness (15B) 6.0

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

Improved Processing

V. K. Pujari, D. M. Tracey, M. R. Foley, A. K. Garg, N.l. Paille,
P. J. Pelletier, L.C. Sales, C. A. Willkens, R. L. Yeckiey (Norton Company)

Objective/scope

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

- The use of silicon nitride - 4% yttria composition which is

consolidated by glass encapsulated HIP’ing.

- The generation of baseline data from an initial process route

involving injection molding.

- Fabrication of tensile test bars by colloidal techniques -

injection molding and colloidal consolidation.

- Identification of {critical) flaw populations through NDE and

fractographic analysis.

- Correlation of measured tensile strength with flaw populations

and process parameters.

- Minimization of these flaws through innovative improvements

in process methods and controls.

The quantitative program goals are: 1) mean RT tensile strength of
900 MPa and Weibull modulus of 20, 2) mean 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 highlights

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

Stage | involved the establishment of baseline forming data using
injection molding and colloidal consoclidation 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 manufacturability. The progress from these
baseline process iterations to the current is summarized in Figure 1a.
Mean tensile strength has been effectively doubled, with the current level
of NCX-5102 mean strength at 1 GPa. Tensile strengths at the 1 GPa
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 plotted in Figure 1a. The enhancement in
strength realized in this program has been achieved by affecting a fivefold
reduction in average flaw size (from 250 to 50um) and significantly
reducing flaw frequency, as summarized in radiography data, Figure 1b.
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Figure 1: Chronology of Process Improvement
Stage 11l Room Temperature Tensile Strength Database

The tensile test database from the Stage |1l 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 (13um) in HIP’ed/machined NCX-5102
revealing crack branching and material fracture.

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

Figure 2: LDP Detection of Machining Related Cracks
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In the statistical analysis discussed below, the surface amorphous
flaws and the volume microstructura!l flaws were considered to comprise a
set of intrinsic flaws, since they randomiy occur within the standard
processing cycle. On the other hand, the machining damage and inclusion
flaws were classified ag being extrinsic flawa, since they are subject to
control by means unrelated to tiie silicon nitride process per se,

The database includes & total of 320 valid tensile tests, The 320
strength daia are presented in a cumulative probability of failure piot using
standard Weibuil coordinates in Figure 3. The data range froin 540 to
12837 MPa and have a mean value of 297 MPa. The nonlinear character of
the distribution with muitipie infiections suggesis that a 2-paramster
Weibuil fit of this data {5, =1038 Mi*a, m=10.4) would be Inappropriate and
that the multimodai nature of the data should be represented using
competing risk analysis.
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Figure 3: Cummuiative Probability of Failure Plot of Stage 1l Data

The multimodai analysis was pursuad by considering the group of
320 strength data as being composed of two seis, with one set (n=170)
representing sirengths of intrinsic defecis and the other (n=150)
representing strengihs of extrinsic defects, Figure 4. Competing risk
analysis reveals that the extrinsic strengih data dominate the nonlinear
low strength tail of the overall distribution, 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 different character which is well represented by
a 3-parameter Weibull mode! with 2 threshold siress of 6865 MPa, a scale
value of 444 MPa and a shape value of 3.82. The intrinsic strengih data
are plotted in Figure 5 along with this 3-parameter modsl and also with a
2-parameter fit which ciearly is a poor representation of the data. The line
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to the left of the data represents the program target material having a

mean tensile strength of 900 MPa and a 2-parameter Weibull modulus of
20.
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Figure 4: Competing Risk Weibull Plot: Intrinsic vs. Extrinsic
Failure Origins
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64

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

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

Target | Weibull 2 | Weijbull 3
parameter | Parameter
R99 735 766 802
R999 655 639 741
R9999 583 533 707
R99999 520 444 689
RO99999 | 463 370 678

Elevated Temperature Tensile Test Data

The potential of reaching the program’s elevated temperature
mechanical property targets was demonstrated during Stage !l using a
specialized SOP. Fast fracture strengths at 1370°C were found to range
from 425 to 520 MPa with a mean of 477 MPa in 5 tests. Stress rupture
lives at 1230°C equaled or exceeded 100 hours at 250, 300 and 350 MPa
in separate tests, although not all tests at 350 MPa survived 100 hours.

It was found that processing conditions for optimum room
temperature properties differed from the above SOP. The 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. On this basis, the Stage Hll optimization focused on SOP
which favored room temperature characterization of NCX-5102.

Fifteen Stage lil samples were tested to fast fracture at 1370°C.

The mean strength was 396 MPa, with a range 344-452 MPa. Ten Stage
Il 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 Il and Stage |l tests are shown in Figure 6 in a plot of
applied stress vs. failure time.

Large Cross Section Specimen Strength Data

The general applicability of the optimized process beyond NSF
tensile rods was demonstrated by fabricating and testing 50 mm diameter,
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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 resuits 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 517 MPa for room temperature and 1370°C,
respectively.
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Figure 6:  Tensile Stress Rupture Data at 1230°C in Air for Stage
Il and Stage lll Specimens
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Status of milestones

Milestone #114110 - Submit camera ready fina! report - rescheduled to
June 30, 1993. Submission of final report draft to MMES scheduled for
April 30, 1993,

Publications/presentations

1. "Development of Improved Processing and Evaluation Methods for
High Reliability Structural Ceramics” was presented by V.K. Pujari at
the Ceramic, Power Metal and Composite Manufacturing
Symposium, Worcester Polytechnic Institute, Worcester, MA,
October 21, 1982.

2. "Processing Methodology for the Production of Reliable High
Strength Silicon Nitride" was presenied by V.K. Pujari at the
Automotive Technology COM, Dearborn, M, November 4, 1992.

3. "Process Conirol Methods in the Consolidation of Highly
Concentrated Suspensions” by V.K. Pujari, L.C. Sales and N.I.
Paille was presentsd by L.C. Sales as a poster paper at the MRS
Fall Meeting, Boston, MA, November 30, 1992.

4. "High Strength Silicon Nitride Produgtion Through Advanced
Processing”, by D.M. Tracey et.al, presanied at the MRS Fall
Meeting, Silicon Nitride Ceramics Symposium, Boston, MA,
December 2, 1992.

5. "Silicon Nitride Tensile Strength Daizsbase from CTP Processing for
Reliability Project,” by M.R. Foley et.al; presented at ASTM
Symposium on Life Prediction Methodologies and Data for Ceramic
Materials in Advanced Technoelogy Application - A Basis for
g’_rrandards, Cocoa Beach, FL, January 12, 1993, to appear ASTM

P 1201.

6. "Ceramic Process Monitoring and Control by NDE Techniques”,
presented by V.K. Pujari at the ASNT’s 1993 Spring Conference and
Second Annual Research Symposium, Nashville, TN, March 31,
1993.

7. “Processing Methods for High Reliability Silicon Nitride Heat Engine
Componenis", by V.X. Pujari and D.M. Tracey to be presented at
ASME Turbo Expo - Land, Sea & Air, Cincinnati, Ohic, May 24-27,
1993, manuscript submitted for Proceedings, January 6, 1993.

Problems encountered

None.
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Improved Processing

S. D. Nunn, 0. O. Omatete, C. A. Wails, N. Ball,
and K. L. Ploetz (Oak Ridge Naticnal Laboratory)

Objective/scope

The objective of this task is to determine and develop the reliability of selected

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

Technical highlights

Silicon Nitride Gelcasting

Work is continuing on silicon nitride compaositions prepared using two of the new
gelcasting systems that are being evaluated as iower-toxicity replacements for
acrylamide. The two systems are: methacrylamide monomer (MAM) with
polyethylene glycol dimethacrylate (PEG DMA) crosslinking agent and MAM with
methylene bisacrylamide (MBAM) crosslinker. The compositions are being evaluated
for maximum solids loading, viscosity, and deairing characteristics. The gel system
monomer-to-crosslinker ratio, catalyst addition, and accelerator level are being studied
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 1o 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 rupture bars for 4-point bend
test strength measurements. The other mold will be used to cast button-head tensile
test rods.

Anaother processing approach that is being evaluated is low-pressure injection
molding. An injection molder and flat plate mold have been 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 tank (to prevent premature
gelation) and to provide mold heating capability to allow gelling in place. ltis
believed that this system may demonstrate gelcasting in a production-type
environment.

Samples of gelcast silicon nitride containing & wt. % Y,Q, and 2 wi. % Al,Q,, 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 9:1 ratio. The average room-
temperature 4-point bend strength of this material was 673 + 76 MPa. The fracture
toughness was about 7 MPaym. Scanning electron microscopy (SEM) examination of
the fracture surfaces revealed a relatively fine-grained microstructure (grain diameter
0.5 to 1.0 um) 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 Y,0,/2 Al,O, batch was made using the old standard premix "C" formulation
(acrylamide/MBAM 23:1). This batch was used 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 possibility of trapping or entraining air
bubbles during the casting procedure. A photograph of the mold and examples of
parts that were successfully 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 6:1. The viscosity of the turbomilled slurry was

Fig. 1. Fracture surface of gelcast UBE E-10 silicon
nitride containing 6 wt % Y,0, and 2 wt % Al,O, fired in a
two-step gas-pressure sintering process for 2 h at 1850°C
and 100 psi nitrogen followed 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.



71

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 mPass (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 gelied tensile
rod, but further improvement will be required both in gel strength and in fixturing to
support the tensile rods during drying to compietely eliminate distortion.

To evaluate the consistency of strength values that may be obtained using the
gelcasting process, another 6 Y,0,/2 ALO, silicon nitride batch was prepared using
the MAM/PEG 3:1 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 39%. Twenty 4-point bend test bars were
fabricated and broken at room temperature. The average strength was 622 + 49 MPa.
The Weibull modulus was about 15, indicating excellent uniformity in the strength.

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 600°C, 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 alcoho! 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 15% 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 couid be obtained at 80°C using a 7:1 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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Fig. 3. The measured viscosity versus
shear rate and shear stress versus shear rate
relationships for a turbomilled methacrylamide
monomer/methylene bisacrylamide 6:1 gel-
asting slurry of 6 Y,0,/2 ALO, silicon nitride
containing 45 vol % solids.
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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 um 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 (9:1 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.

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 mNem) 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 m® (~ 19 ft°) 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 % alumina cylinders were gelcast in the three
systems. Both the pure gels and the alumina green paris were dried at controlied
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/min. The flue
gas was passed into a UTI-100 quadrapole mass spectrometer for gas analysis.
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Fig. 4. Fracture surface of 4-point bend test specimen
of gelcast RC-HP DBM Al,Q, 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 ge! 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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Fig. 7. Pyrolysis products of the pure methacrylamide monomer/
polyethylene glycol dimethacrylate gel sample. Digits on curves indicate
the mass of the detected species.
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Fig. 8. Pyrolysis products of the alumina green body which was
gelcast in the methacrylamide monomer/polyethylene glycol dimethacrylate
system. Digits on curves indicate the mass of the detected species.
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nydrocarbon species are eluted. In the region above 450°C, there is combustion in
addition to decomposition as both water and carbon dioxide are eluted and show
peaks, in addition to the hydrocarbon species peaks.

Figure 8, which typifies the data for the green parts, falls into two parts, below and
above 150°C. Below 160°C, only water which was retained in the incompletely dried
green body is eluted, and the peak is at 100°C. Above 150°C, the multiple decompo-
sition peak temperatures were nearly the same for all of the species {with the major
decomposition peak at ~340°C) indicating that decomposition and combustion
occur concurrently. There is usually a sharp, large species-12 peak. This is not pure
carbon but 2 measure of other hydrocaroons (and even carbon monoxide) that con-
tain carbon and were not specifically being monitored.

Garrett Cooperative Research and Development Agreement (CRADA)

As a follow-on to the previous CRADA between ORNL and Garrett Ceramic
Coemponents (GCC), work on the gelcasting of silicon nitride components is
continuing under an extension of the CRADA. Research under the previous
agreement demonstrated the feasibility of using gelcasting to produce
complex-shaped components {automotive turbocharger rotors) using GCC’s GN-10
Si,N, composition. Mechanical property testing showed that gelcast Si,N, could be
produced that had mechanical properties comparable to GCC’s slipcast Si;N,. Under
the new agreement, ORNL is incorporating one of the new gelcasting chemical
systems that has improved environmental, safety, and health ratings. (Previous work
was done in the acrylamide system. The acrylamide monomer has a high toxicity
rating.) Work focuses on 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 acrylamide system.

The 200-mi batches were prepared with approximately 45 vol % 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 fror 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 compaosition with 0.09 vol % AP and 0.09 vol % TEMED.

A large gelcasting batch (1500 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 turbomill. The resulting slurry was very fluid and deaired
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well under vacuum. Addition of the AP and TEMED to the deaired siurry 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 accelerator 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-mi batch of GN-10 in MAM/PEG was prepared to reevaluate the initi-
ator and accelerator levels that would be required in the turbemilled batches. From a
series of samples tested at 45°C, it was found that 0.02 vol % AP and 0.01 vol %
TEMED additions resulted in the best gel.

Having determined the additions needed to obtain a good gel with the turbomilled
batch, a new baich 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 % GN-10 composition in a
MAM/PEG (3:1) solution was prepared. The baich 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. | and Iil) 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 rotor molds (provided by GCC) are being prepared
for casting. A special casting setup has been designed 1o 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.
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Processing Science for Reliable Structural Ceramics Based on Silicon Nitride
F. F. Lange and D. S. Pearson (University of California)

Objective/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 pH
changes on the rheological properties of dispersions, the kinetics of pressure
filtration, and the mechanical properties and microstructure of the resulting
bodies will be compared to each other and to existing models of interparticle
forces (i.e. , DLVO theory).

Technical Progress.

Two approaches were taken to improve the processability of silicon nitride
slurries. Both methods attempt to produce short range repulsive potentials
between particles, i.e., make coagulated slurries. It has been demonstrated 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.

The first approach is to change the surface chemistry of the silicon
nitride to mimic alumina which is known to coagulate. Silicon nitride
powder can be coated in two metheds. 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 spontanecusly 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.
Although we can change the isoelectric point of the coated silicon nitride
from pH 5.5 to pH 9, i.e. the same as alumina (see figure 1), 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 pH 9. This is contrary to the
prediction of DLVO 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.
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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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Figure 2 Viscosity of precipitated powder
slurries at pH 4 unless noted.
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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
NH4Cl 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 addition of ammonium citrate to silicon nitride slurries coagulates
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, i.e.,
the short range repulsive potentials developed do not persist during packing.

As alluded to earlier, yield stress measurements seem to be the most
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
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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 M 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.

Communications/Visits/Travel
None.

Problems Encountered

None.

Publications.

None.
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showing a decrease in yield stress with increasing salt. All
slurries are at pH 3 except OM at pH 9.
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1.2 CERAMIC COMPOSITES

1.2.2 Silicon Nitride Matrix

Optimization of Silicon_Nitride Ceramics
K. J. Lee, W. W. Yao and T. Y. Tien (The University of Michigan)

Obiective/Scope

To develop processing methods to optimize strength, toughness and
creep resistance of monolithic silicon nitride ceramics. Silicon nitride
ceramics with fiber-like B-SigN4 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 of the fiber like 3-SigN4 grains
and the composition and nature of the grain boundary phase(s). The major
goal of this project is to develop monolithic silicon nitride ceramics with
optimum mechanical properties.

Technical Progress;

Previous results indicated that strength and toughness depend on the

size and aspect ratio of the B-SigN4 grains. This investigation contains two
part: 1) Effect of chemistry of the sintering aid used on the morphology of the

B-SigNy4 grains and 2) The effect of starting powder on the morphology of the
B-SigN4 grains.

Sintering additives selected for this study was MgQO, CaO and Y203
and any combination of 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 different powders have the same B-SigN4 content (5%) but
with different particle sizes. Compositions were prepared and sintered. Grain
size measurement will be performed in the next period.

Status of Milestones

On schedule
Communications/Visit/T'ravel
None

Problems Encounter

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

Objective/Scope

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 B-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.

Glass forming compositions in the system Y,Si,ALMg/N,O were selected
for this study. Compositions investigated for previous reports were in the
compatibility triangle Si13N4, cordierite, N-phase. N phase has a
composition 2S8i2N20: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 Highlights

The glasses were synthesized from the starting powders, Al203, 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 1650°C, 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 1200°C 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:

o= 2 o Xj 1
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where Xj is the mole fraction of the constituent and ¢ is the empirically
determined thermal expansion coefficient.

Using previously reported ai values for MgO, Al203 and Si02, ai values

for Si3N4 and Y203 and AIN were determined. The o values are listed in

Table I. Figure 1 shows the calculated and measured values for a wide
range of Y-Mg-S5i-Al-O-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 (°C) =826 + 9.07 (Wt % Si3Ng) 2

Status of Milestones
On schedule

Communications/Visits/Travel
None

Problems Encountered
None

Publications
None



TABLE I

This study

Si02 3.8

AO3 3.1
Y203 16.0

MgO 6.0

Si3Ng -50

AIN - L5

** Takahashi SrO

CaO
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Takahashil Appen2
3.8
3.1
%%k
6.0 6.0
16
14.5

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

Thermal Expansion Coeff (calculated)

Loehmann data after Loehmann, R.E. J. Am. Cer. Soc 62 491-4 1974

Figure 1

Thermal Expansion of Oxynitride Glasses
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Reaction Sintering of a'/8' SIAION Ceramics
K. Houser and T. Y. Tien (University of Michigan)

Objective/Scope

The objective of this project is to develop processing techniques to obtain silicon
nitride ceramics with a controlled grain morphology for optimum mechanical
properties at room temperature as well as at high temperatures. Silicon nitride
ceramics exhibit high fracture strengths and high fracture toughness when the
microstructure contains fiber-like p'-SiAION grains. Obtaining these fiber-like p'-
SiAION 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
S1,ALY/N,O system.

Background:

This project will be working with compositions from the o' + ' SIAION region on
the o'-SiAION plane in the 5i, Al, Y/N, O system. The o' plane is defined by the
equation Y /35i12-(m+n)Alm+nOnN16-n and is illustrated in Figure 1. The B’ phase
is a subtituional solid solution where the (Si-N) is replaced by (Al-O). The o'
phase is a stuffed derivative of the o-5i3N4 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-5i3N4 to $'-S51AION and o'~
SiAION 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 SizNg 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 '-SiAION grains and the o'-
S51AlON grains will be performed.
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Representation of the Y-SiAION system
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Figure 1: The o'-SiAION plane
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Technical Highlights:

The initial compositions used in this study followed the Si3N4-Y203:9AIN join in
the 5i,Al,Y/N,O system. (See Figure 2) In order to obtain the composition
Ym/35112-(m+n)Alm+nOnN16-n where m=0.3, n=0.15, amounts of SizNy, Al>Os3,
AlN, and Y203 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 (XRD)
showed two phases present--both o' and p' SiAION. 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 AIN and
Al203 increased. (See Figure 2.) The compositions were gas pressure sintered
under the same conditions as listed above. XRD results showed that both o' + p'

SiAION were formed. The densities of the samples however, were still less than
3.00 g/cm3.

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 1900°C in 10 atm of N> 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 o' and B’ phases were present. The sample fired at
1600°C for 2 hours also showed traces of o-S5i3Ny. This signifies that the o to B
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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Y-S1AION Compositions
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Sintering Conditions: 1900°C/2hrs/10atm N2

Composition Phases Density, gicm3
A m=0.30, n=0.15 o+’ < 3.00
B m=0.40, n=0.20 of +f’ <3.00
C m=0.30, n=0.50 of +§ < 3.00
D m=0.30, n=0.75 of +§’ < 3.00
E m=0.30, n=1.25 o +§ < 3.00
F m=0.30, n=1.75 o +f <3.00

Figure 2
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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)

Obijective/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 25°C* 900 MPa (130 ksi)
Modulus of Rupture at 12000C* 630 MPa ( 90 ksi)
Modulus of Rupture at 14000C* 490 MPa ( 70 ksi)
Stress Rupture at 1000°C# 630 MPa ( 90 ksi)
Stress Rupture at 12000C## 490 MPa ( 70 ksi)
Weibull Modulus+ 20

Fracture Toughness, K. at room temperature** 10 MPa.m1/2
Maximum Use Temperature 1400°C

The technical effort is divided into two stages. The first stage shall be a refinement
stage (Tasks 1 and 2) and shall focus on the effects and interactions of the chemical
composition and thermal processing variables on microstructure, mechanical behavior, and
oxidation resistance. In parallel, the effects of green processing on the required amount of
sintering aids, room temperature strength, Weibull statistics, and critical flaws shall be
assessed. The goal for this stage shall be to identify conditions which improve the baseline

*  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 Si,N, with optimized microstructure and properties which meet or exceed the property
goals and on the establishment of composition-processing-property correlation. In
addition, a simulated engine component shall be fabricated in order to demonstrate process
feasibility.

The technical effort was initiated in February 1992. In accordance with the
program schedule, Task 1 - Composition and Process Development was completed end of
September 1992 (Milestone 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 - Maternial 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 |, 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/cm®) and a very small strength
loss (<~10%) after the 1000°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 1400°C/100 h oxidation. Composition 4 shows
better surface quality and less weight gain after the 1400°C/100 hour oxidation.



Table 1. Property Data for Task 2 Compositions

Composition No. Fast Fracture Strength (MPa) Residual Strength Toughness
(MPa) / Indentation | (MPa-m'?)
Load (kg)
RT 1000°C 1400°C
1 0.67W;* 847 +£39 | 702 £6 612+21 | 650/1 8.5
033W," | (17) 3) 3) 386/10
M, 310/30
ditto, Crystailized 870 +35
(10)
2 0.80W, 847 47 | 751 £34 578 +£13 651/ 1 8.6"
0.33W,_, (30) (2) (5) 381/ 10 8.5%
M, 312/30
ditto, Crystallized 830 +44 585 £37
(15) 6]
3 0.80W, 702+46 500+£36 477+£31 410/ 10 8.7*
0.0W, (17 2) 3) 314/30
M,
4 0.80W, 84148 | 683 534451 [ 750/ 1 85"
0.33W,, (10) ¢)) 3) 394/ 10
