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CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT
FOR APRIL 1991 THROUGH SEPTEMBER 1991

SUMMARY

The Ceramic Technology Project was 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 technology requirements of the
0TS’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 life 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. 1In July 1990 the
original plan was updated through the estimated completion of development
in 1993. The objective of the project is to develop the industrial
technology base required for reliable ceramics for application in advanced
automotive heat engines. The project approach includes determining the
mechanisms controlling reliability, improving processes for fabricating
existing ceramics, developing new materials with increased reliability, and
testing these materials in simulated engine environments to confirm relia-
bility. Although this is a generic materials project, the focus is on the
structural ceramics for advanced gas turbine and diesel engines, ceramic
bearings and attachments, and ceramic coatings for thermal barrier and wear
applications in these engines. This advanced materials technology is being
developed in parallel and close coordination with the ongoing DOE and
industry proof-of-concept engine development programs. 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 laboratories, other industrial laboratories, and
universities.

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:



0.0 Management and Coordination
1.0 Materials and Processing

1.1 Monolithics

1.2 Ceramic Composites

1.3 Thermal and Wear Coatings
1.4 Joining

2.0 Materials Design Methodology

2.1 Modeling
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

WWwwww
T WMN —

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
Oak 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 Field 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
bimonthly DOE and NASA joint management meetings, annual interagency heat
engine ceramics coordination meetings, DOE contractor coordination
meetings, and DOE Energy Materials Coordinating Committee (EMaCC) meetings,
as well as special coordination meetings.
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1.0 MATERIALS AND PROCESSING
INTRODUCTION

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS). It contains four 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 green state ceramic fabrication,
characterization, and densification and on structural, 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 lTimited 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.

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
K. Chia and G. V. Srinivasan (The Carborundum Company)

Introduction

Hexoloy® SA (a registered trademark of The Carborundum Company) silicon
carbide, a pressureless sintered a-SiC, has shown excellent oxidation,
corrosion, erosion and wear resistance. Its toughness and strength
retention at elevated temperatures up to 1500°C in air also has been
demonstrated. Powder availability, price competitiveness, and net shape
forming capability make this SiC an attractive candidate for many
structural applications. However, relatively low strength, primarily due
to its lTow toughness, still represent limitations for some applications
involving higher stresses, such as gasifier rotors in advanced gas
turbine engines.

Approaches to enhance the fracture toughness and strength through the
modification of microstructure and fracture characteristics of the
material by the incorporation of appropriate sintering additives and
variation of processing conditions have been considered. It is based on
these philosophies that Carborundum had recently developed an improved
SiC material, namely Hexoloy SX.

Hexoloy SX has been demonstrated to posses higher toughness and strength
than Hexoloy SA. Its toughness is about 50% to 100% higher than that of
SA and its typical room temperature MOR value ranges between 620-915 MPa
(90-133 ksi). However, from the preliminary data available, it is found
that Hexoloy SX retains only about 50%-70% of its room temperature
strength at 1232°C. Although the reasons for this decrease are not fully
established, it is believed that the high temperature mechanical
properties can be improved via proper optimization of composition, powder
selection and processing conditions.

Objective/scope

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




The three major objectives for the current program are as follows: (1)
to establish property database and conduct detailed characterization for
the current best SX material, (2) to improve the processing conditions of
that material via a designed experimental method, and (3) to develop a
second generation SX material with superior high temperature properties.
To achieve these objectives, the work is split into six tasks:

Task Objective Duration
1 Complete Characterization of First April '91-Dec. 91
Generation SX
2 Selection of Powder Source Aug. ‘91-0Oct. 91

Property Optimization of First Generation SX Nov. ’91-April ’92
4a  Property Optimization of Second Generation May ‘92-Aug. 92
SX

4b Complete Characterization of Second Sep. ’92-Nov. ’92
Generation SX

5 Develop Improved Dispersion Technique April '91-Oct. ’91

From previous internal work at Carborundum, a particular composition of
Hexoloy SX, SX-Gl, with 2 wt% total additive, has shown excellent MOR
strengths. Preliminary evaluation of its creep and dynamic fatigue
resistance has also been encouraging. SX-Gl has therefore been chosen as
the composition for the work to be conducted in Tasks 1, 2, 3, and 5 of
this contract.

Technical highlights

- Three of the six SiC powder sources yielded densities in excess of 99%
T.D. after over-pressure treatment.

- Powder with very high surface area was obtained by Turbomilling and
the compacted green bodies yielded excellent green densities (66%).

- An unexpectedly low MOR strength problem was encountered in Task 1.
This problem was corrected using in-house resources. Higher strength
was obtained after modification of the sintering cycle.

- A revised schedule has been submitted.
- A1l tasks are on schedule per the revised plan.

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

In this task, a complete mechanical and microstructural characterization is
being conducted. Mechanical characterization includes MOR, tensile
strength, and Kj. determinations at room and elevated temperatures; stress
rupture, dynamic fatigue, and creep measurements at elevated temperatures.
Microstructural characterization includes x-ray diffraction, quantitative
image analysis, optical, scanning electron and Auger microscopies.

To prepare samples for such characterizations, two twenty pound batches of
SiC powder from source A were mixed with sintering additives and spray



dried into soft flowable powder agglomerates. The powder was compacted
into 63.5 mm square plates and subsequently isostatically pressed. The
plates were pressureless sintered to a density of 3.09 gm/cc and then
over-pressure treated to a density of 3.21 gm/cc, a value very close to the
theoretical density of 3.217 gm/cc calculated by the rule of mixtures
method.

These plates were cut into Mil Std B’ MOR bars and tested at room
temperature. A mean MOR of only 586 MPa (85 ksi) was obtained. This MOR
value was substantially lower than mean MOR values of 758-917 MPa (110-133
ksi) obtained on samples with the same composition fabricated before
program startup (Table 1). At this point work on Task 1 was temporarily
put on hold until this problem could be corrected.

Fractography revealed that larger than usual volumetric flaws associated
with pools of second phase were the predominant fracture origins. Work
~carried out under an internally funded program traced this problem to
process variables. The original sintering temperature was determined to be
slightly beyond the acceptable process window. This was further compounded
by a scale-up effect related to sintering atmosphere. When these variables
were adjusted, MOR testing of 75 test bars from three mixes gave average
MORs in the 793-896 MPa range (113-130 ksi), consistent with the original
data obtained before program startup (Table 2). As a result, work on Task
1 was resumed in August. A revised program schedule was submitted and has
been approved.

Additional mixes were then prepared. New plates were sintered using the
modified sintering conditions. About 200 Mil Std B’ size bars were
fabricated. Fifty rods of 23 mm in diameter and 210 mm in length were also
sintered for tensile bar specimens. It was found that a slightly different
sintering cycle had to be used to accommodate for the increased volume.

The rods were then over-pressure treated to a density of >3.21 gm/cc.

These rods have been sent to an outside vendor for machining into "ORNL
Buttonhead" Tensile samples.

The machined MOR bars are being tested for MOR, Kjc, stress rupture, and
dynamic fatigue. Tension tests are expected to commence in the beginning
of November at HTML/ORNL.

Task 2 Objective: SiC Powder Selection.

SX-G1 mixes were made with SiC powders from 5 additional sources (B, C, D,
E and F) with various particle size distributions and oxygen contents. The
sintering and over-pressure treatment conditions were the same as those
used in Task 1. Before the sintering experiments, particle size
distribution (HORIBA) and surface area analysis (BET) were determined for
all these SiC powders. The density values obtained along with the particle
size and surface area data are summarized in Table 3. The plates made with
SiC powders A, C, and F densified to >94% T.D. after pressureless sintering
and >99% T.D. after over-pressure treatment. The plates made with SiC
powder from source D did not densify adequately even after over-pressure
treatment. The plates from other two powder sources yielded only moderate
densities. Although all of these powders have a mean particle size of
about 0.45 pm, their surface areas vary from 8.2 to 32.0 mz/gm. It appears
from these data that the densification is greatly influenced by surface
area. However, powder chemistry may also play a role. The densified
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Table 1.

Room temperature MOR for SX-Gl SiC

Task 1 Results 6/91 1/1990 Results 9/1990 Results
Density, gm/cc 3.21 3.21 3.21
Mean MOR, ksi 85 120 133
(586 MPa) (827 MPa) (917 MPa)
No Samples 20 12 10
MOR Range, ksi 50-107 85-143 101-155
(345-738 MPa) (586-986 MPa) (696-1069 MPa)

Table 2. Room temperature strength for new Task 1 SX-Gl
samples sintered at modified schedule
Mix 1 2 3
Density, gm/cc 3.21 3.21 3.21
Mean MOR, ksi 120 130 113
(827 MPa) (896 MPa) (779 MPa)
No Samples 10 20 15
MOR Range, ksi 86-156 101-146 63-140
(593-1076 MPa) (696-1007 MPa) (434-965 MPa)

Table 3. Sinterability results for various SiC powders

Density™
Median
SiC Powder | Surface Particle | % Particles | Pressureless | Overpressure

Source Area Size <1 pm Sintered Treated
pm gm/cc gm/cc

A 17.1 0.45 99.3 3.088 3.210

B 9.3 0.45 78.1 2.937 3.063

o 16.3 0.44 92.2 3.024 3.185

D : & 0.43 82.0 2.937 3.082

E 8.2 0.48 70.9 25525 2.779

F 32.0 0.44 99.9 3.120 3.210

*7.D. from rule of mixtures = 3.217 gm/cc.
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plates have been sent for machining into Mil Std bars for MOR and Kj.
evaluations. A best powder will then be selected based on densification
and mechanical property results as well as powder availability and
manufacturing considerations.

Task 5 Objective: Development of an Improved Dispersion Process.

There are three approaches being studied in parallel to improve mixing and
dispersion. The first one is the use of nitrate and alkoxide chemical
precursors as sintering aids. Three batches of mixes (mix la, 1b and 1c)
were prepared with total additive levels of 2.0 w/o, 2.5 w/o and 3.0 w/o,
respectively.

The second approach is to use preground fine powders as sintering
additives. A1l the sintering aids are preground with a laboratory
attrition mill to a size around 0.5 um. Three batches of SX mixes were
prepared with total additive levels of 2.0 w/o, 2.5 w/o, and 3.0 w/o (mix
2a, 2b and 2c), respectively.

Unexpectedly Tow levels of sintering aid retention were found in the mixes
formed from both of these routes. The amount of second phase present in
the final microstructures was only about one-half the amount expected. As
a result, the two mixes with 2.0 w/o starting sintering aids were difficult
to sinter (Table 4). Nevertheless, mixes with 3.0 w/o starting sintering
aids reached full density after post-treatment.

Table 4. Densities for SX-Gl mixes with chemical
precursors and preground additions

Sintered Post-Treated Theoretical
Mix # Additive Density Density Density
Level gm/cc gm/cc (rule of mixture)

la 2.0 w/o 2.287 2.332 3.225

1b 2.5 w/o 2.924 3.039 3.231

1c 3.0 w/o 3.081 3.226 3.234

2a 2.0 w/o 23180 2.449 3.217

2b 2.5 w/o 3.073 3.213 3.222

2¢c 3.0 w/o 3.154 3.223 2.223

The microstructures and second phases distribution of these samples are
being examined. Mechanical properties will then be evaluated.

The third approach is the use of a powerful Turbomilling technique to grind
both SiC and additive powders down to the submicron size range. Four
grinding trials with SiC grinding media were conducted at Southern I1linois
University by Prof. Wittmer with the SX-Gl composition mix. The BET
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surface area of these four Turbom111ed mixes after 2 to 4 hours of milling
ranged from 18.6 m /g to 22.8 m /g compared to 15.0 m /g for the standard
Gl mixes.

The densities of pressure filtered green pucks from these mixes were much
higher than those from standard SX-Gl mixes, ranging from 2.04 to 2.24
gm/cc compared to 1.61 gm/cc. Densification studies are in progress.
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Improved Processing of Ceramic Composites
D. E. Wittmer (Associate Professor, Southern lllinois University
at Carbondale, Carbondale, IL 62901)

Objective/Scope

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

Technical Progress

Phase Il is divided into 4 major tasks:

Task 1. Beneficiation of SiC whiskers.

Task 2. Development of aspect ratio reduction parameters.
Task 3. Dispersion Trials and B-Si;N, Seed Development
Task 4. Final Report

Task 1. Beneficiation of SiC whiskers

Task 1 was completed ahead of schedule as reported previously.

Task 2. Development of aspect ratio reduction parameters.

Task 2 was completed as reported in the previous semi-annual
report.

Task 3. Dispersion Trials and B-Si,N, Seed Development

Dispersion Trials

This part of Task 3 was completed during this reporting period.

The effect of pH on the relative floc size and the effect of temperature on
the viscosity of Si;N, slurries, prepared from three commercial Si;N,
powders were investigated.

Figure 1 shows the effect of solids loading on the relative floc size
as a function of pH for Stark LC-128X SijN, slurries. Relative floc size was
determined by calibration of the Lasentec Scanning Laser Microscope
using 10 um latex spheres. These results show that increasing the solids
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loading reduces the relative floc size and increases the flocculation range
to somewhat slightly higher pH.
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Figure 1.  Effect of solids loading on the relative
floc size as a function of pH for
Starck LC-12SX Si,;N,

At the 5 wt.% solids loading, the slurry is well dispersed up to a
pH of slightly greater than 6; illustrated by the relative floc size of about
1 um. Between the pH’s of 6 and 8 the slurry becomes flocculated, with a
relative floc size of about 10 u. Above a pH of slightly greater than 8, the
slurry is once again well dispersed.

Increasing the solids loading is seen to reduce the relative floc size
in the pH range of 6 to 8 to about 5 um for the 10 wt.% solids loading and
about 3 um for the 15 wt.% solids loading. Also, the flocculated range for
both higher solids loading is extended to slightly higher pH.

As mentioned in previous bimonthly and semiannual progress
reports, the temperature of the cooling water used for the turbomill was
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noticed to have a significant effect on the viscosity of Si;N, slurries, during
turbomilling and subsequent processing. Since the turbomill is cooled with
the available building cold water, the temperature of the cooling water will
vary with the season. In the winter months it has been recorded to be as
low as 13°C and in the summer as high as 39°C.

To determine the effect of temperature on the viscosity of three
commercial Si;N, powders (Starck LC-10N and LC-12SX, and Ube E-10),
well-dispersed slurries containing 45 vol.% Si;N, of each powder were
prepared with a light-duty homogenizer, using water at 25°C and
ammonium hydroxide for pH control (x10). The viscosity of each slurry
was measured with a rotary viscometer equipped with a circulating cup
attached to a refrigerated cooling supply. At each temperature, the slurry
was allowed to equilibrate for 15 min. prior to the viscosity measurement.
The viscosity of each slurry was initially determined at 25°C and then
cooled to 5°C. The temperature was then increased in ~20° intervals up
to 55°C, after which it was then decreased back to 5°C, in order to
observe any hysteresis behavior.

As seen in Fig. 2, the slurry containing the Starck LC-10N Si;N,
exhibits a strong viscosity vs. temperature hysteresis behavior. It is
believed that the powder surface charge is affected by the solubility of
surface ions. It is suspected that as the temperature is increase the floc
size also increases and results in the higher viscosity. As the temperature
is lowered, the flocs do not spontaneously disperse and the viscosity
remains higher than that initially measured.

The hysteresis behavior is not as pronounced for the Starck
LC-12SX, with only very small changes in viscosity as a function of
temperature. This is most likely do to a difference in the surface charge
on the LC-12SX compared with the LC-10N; the floc size and viscosity for
the same solids loading are initially quite different. It might be that slurries
made from LC-12SX with higher solids loadings would behave similar to
the LC-10N.

The Ube E-10 Si;N, slurry showed no hysteresis behavior for
viscosity as a function of temperature. The observed behavior is similar to
that of water in that the viscosity decreased with increased temperature.
This behavior may be the result of the higher surface purity for the Ube
powder, compared with the Starck powders, giving a much lower viscosity
for this solids loading. It may be that as higher solids loading, slurries
made from Ube E-10 may also show some hysteresis behavior. This
should be a goal of further research.
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Figure 2. Effect of temperature on viscosity of 45 vol.%
slurries made from 3 commercially available
Si;N, powders.

B-Si,N, Seed Development

During this reporting period, additional B-Si,N, seed was produced
by the addition of 2% Y,0O, to Ube E-10 Si;N, with subsequent processing,
as described in the previous semiannual report. The B-Si;N, produced by
thermal treatment is shown in Fig. 3 and the seed produced by
turbomilling is shown in Fig. 4. It can be seen from these figures that the
initial elongated B-Si;N, is reduced to a fine particulate "seed" by
turbomilling.
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Development of Self-Reinforced Si,N, with Reduced
Sintering Aids

A2YB-Si;,N, was produced, with and without the addition of 5 and
10 wt.% B-Si;N, seed, by turbomilling and pressure casting.

A2Y6-Si;N, Matrix

For the A2Y6-Si;N, matrix (no B-Si;N, seeds), the raw materials
were batched in the appropriate amounts for a 0.5 kg lot and processed in
the turbomill, containing 2 kg of the YTZ milling media and 500 cc distilled
water. After the turbomill was loaded, the pH was adjusted to about 10 by
the addition of ammonium hydroxide. Following turbomilling for 1 h at
1200 r.p.m., the resulting slurry was discharged through a 60/200 mesh
screen stack. The slurry was then pressure cast (using N, gas gradually
increased from 700 Pa (5 psig) up to 14.5 KPa (40 psig)) into green discs
7.6 cm in diameter by = 2.2 cm thick, using a commercial filter press. The
discs from filter pressing were then dried under vacuum at 100°C for 24 h.
Following drying, the discs were isopressed at 310 MPa to obtain a green
density of about 60-65% of theoretical. The pressure cast discs were then
sintered at 1880°C for 4 h at 300 psig N,. Following sintering the discs
were cut into standard test bars and flexural strength and fracture
toughness (controlled flaw) were measured. Standard XRD was also used
to determine the phases present following sintering.

The baseline A2Y6-Si,;N, matrix sintered to >99% of theoretical
density at 1880°C for 4 h under 300 psig N, overpressure. Based on 4
test bars each, the 4-pt flexural strength was 925-1025 MPa and the
fracture toughness was 8-10 MPa-m”. XRD results indicated complete
conversion to B-Si;N,. The microstructure of the etched A2Y6 matrix
showed a small amount of uniformly distributed porosity about 6 um in
diameter, some fine grained material, and some elongated B-Si;N,
approximately 1-2 um in diameter by 4-6 um long. The microstructure
given in Fig. 5 is characteristic of the sintered A2Y6 matrix after polishing
and thermal etching.

A2Y6-Si N, with 5 wt.% B-Si,N, Seed

A similar procedure was used for the addition of the B-Si;N, seed to
the baseline A2Y6-Si;N, matrix. After turbomilling the baseline composition
for 2 h, the appropriate amount of 8-Si;N, was added to obtain a 5 or 10
wt.% addition. Turbomilling was then continued for an additional 30 min.
to disperse the seed. The resulting slurry was then pressure cast, dried
and isopressed for the same conditions as the baseline composition
without B seed.



Figure 5. SEM photomicrograph of etched A2Y6-Si,N, after
sintering, showing elongated B-Si;N, grains.

The seeded A2Y6 also sintered to >99% of theoretical density at
1880°C for 4 h under 300 psig N, overpressure. Based on 4 test bars
each, the 4-pt flexural strength was 750-950 MPa and the fracture
toughness was 10-13 MPa-m”. As with the matrix, XRD results indicated
that the seeded composition completely converted to B-Si;N,. The
microstructure of the seeded Si;N, (Fig. 6) showed a small amount of
uniformly distributed porosity about 6 um in diameter, however there was
much less fine grained material, and a greater amount of elongated
B-Si;N, than observed in the baseline A2Y6-Si;N, matrix. Also, the B-Si;N,
appears to be larger in diameter (2-3 um) and slightly longer (6-8 um) for
the seeded A2Y6-Si;N,. The reduction in the fine grained material would
be expected to lower the flexural strength, while the increased volume of
the elongated B phase would likely increase the toughness, as was
observed. Based on these limited results, it appears that 8 seeding of
Si;N, compositions is a means of altering the sintered microstructure to
increase the fracture toughness.

Work is continuing on this task to increase the database and
produce more statistically valid data. Additional materials have been
prepared and are presently being machined into test bars.



Figure 6. SEM photomicrograph of thermally etched
sintered A2Y6-Si;N, containing 5 wt. B-Si,N,
seed, showing enhanced growth of B-phase.

Status of Milestones

1.

2

Run Beneficiation Trials and Report in Bimonthly

Run Aspect Ratio Reduction Trials and Report
in Bimonthly

Run Matrix Dispersion Trials and Report
in Bimonthly

Develop B-Si,N, Seed and Report in
Bimonthly

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

Rough Draft of Final Report to Contract Monitor

Completed

Completed
Completed
Completed
On Schedule

New Target

On Schedule
New Target
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1.1.2 Silicon Nitride

Sintered Silicon Nitride
J. Mangels (Ceradyne Inc.)
G.E.Gazza (Army Materials Technology Laboratory)

Objective/Scope

The program is currently conducted on contract to Ceradyne Inc.
with support from AMTL. The contract has the overall objective of
developing scale-up processing conditions for a silicon nitride material
having the general composition 85.8m/o Si,N,-4.73m/o Y,0,-9.47m/o
Si0.-1.0m/o Mo.C and characterizing the properties of %his composition
witﬁ the goal 8f producing complex components for testing in related
heat engine programs. The first task of the program will concentrate on
processing studies and data base generation while the second task will
focus on producing and characterizing engine components.

Technical Progress

Matrix 4 billets 4" x 4" x 1/2" in size were isopressed from the
Matrix 4 powders (with O and 1 mol% Mo,C) to be used for mechanical
testing of the material after sintering. A processing temperature of
1850C for 5 hours was chosen for both compositions based on results from
previous runs. A total of four sintering runs were conducted, MTL 23-26.
MTL run 23 was performed on half billets in two different packing
powders (with O and 2% SiO, additions) in order to establish which of
the packing powders should“be used as well as to verify the
sinterability of larger samples. Since samples of both compositions
sintered to density only in 0% SiO2 packing powder (Table I), it was
chosen for all the remaining runs.

Densities: Full size billets sintered in MTL runs 24-26 all reached
density irrespective of composition. Billet densities for mix 6 were
3.258 = 0.003 g/cu.cm and for mix 7, 3.278 = 0.006 g/cu.cm. About 50% of
the billets experienced shrinkage induced cracking that originated from
the billet edges and extended radially into the billet for up to
approximately 1/2 in. Cracks were observed on samples of both
compositions. It is believed that this problem could be overcome by
slowing down the heating rate in the last 100C temperature range and by
changing the way the parts are loaded in the sintering furnace.

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

Samples were found to contain Y Sizo (card #22-1103) as a second
phase irrespective of which composition was used. Molybdenum carbide or
silicides were not detectable on XRD.

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

Hardness and Toughness: Material from runs MTL 23-26 had hardnesses in

the 1380 kg/sqg.mm range (Table I). These values are lower than in

previous Matrix sintering runs. Toughness values remained in the range
1/2

of 5.5-8.0 MPam .
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Characterization of Matrix 4 Test Bars

Billets with dimensions 3.3" x 3.3" x 0.52" were processed using
the Matrix 4 conditions and then were machined into MOR bars at Bomas
Maching Spec. Inc., Somerville, MA. Billet compositions with and
without Mo,C were processed and identified as Mix 7 and Mix 6,
respectiveiy. The characterization results are summarized in Table II.
The density, hardness, fracture toughness, and phase composition are all
consistent with the values obtained in the Matrix 4 processing
experiments. '

Mix 6 (without Mo,C) contained a uniform distribution of 18-25
micron size pores, whiie Mix 7 had porosity ranging up to 30-40 microns.
The pores in Mix 7 composition appeared to have a metallic phase
associated with them. SEM analysis indicated that this phase was MoSi..

The modulus of rupture was determined for these materials using the
MIL-STD-1942B design. The results are summarized in Table III for Mix 6
and Table IV for Mix 7 along with an analysis of the fracture origins.
The mean strength of both compositions, 468 MPa for Mix 6 and 437 MPa
for Mix 7, was lower than the program goal. In addition, the Weibull
Modulus, 3.2 for Mix 6 and 6.3 for Mix 7, was also low.

An analysis of the fracture origins indicated that the problems
could be attributed to three causes:

(1) Incomplete mixing of the additives into the Si_N, powder
resulted in large pores which were shown to be deficient in sintering
aditives.

(2) Contamination of the Si,N, mix with silicon during the
spray drying process resulting iR inclusions of silicon.

(3) Large pores associated with the M02C conversion to,MoSi2
in Mix 7 during sintering.

It was concluded that the remaining material characterization, scheduled
for these materials, be deferred pending the results of an additional
set of processing experiments.

Matrix 5 Processing Experiments

The starting material for Matrix 5 will be silicon powder rather
than Si N, powder. The specimens will be processed according to the
sintered-feaction bonded Si,N, process. This processing change will:

(1) Eliminate the potegtial for cross contamination.

(2) Result in a more uniform distribution of sintering additives.

Matrix 5-Sintering: Matrix 5 samples were sintered at 1850C, 1875C, and
1950C. The densities and weight losses from these are summarized in
Table V. Near theoretical densities were obtained at 1875C using new
packing powder. In general, higher densities were obtained in samples
that did not contain Mo, C additions. Additionally, greater density
variations were observea between runs performed under the same
conditions than with prior materials.

Samples containing 1 mol% Mo C were found to have porosity larger

than 10 um in all areas of tﬁe sample. The Mo, -free samples had a
3/16" thick surface region which was virtually“pore free. The center of
these samples had some isolated 10-30 um sized pores.

All samples contained Y (sio )3

or M0812 were detected gﬁGgamplés with Mo, additions.

O as a second phase. M02C
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Established Milestones

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

July 1991

(B) Fabricate, inspect, and make components available for engine testing
in a gas turbine ceramic component development/evaluation program.
July 1992

Program Status

The need to perform another processing matrix has put the program
approximately six months behind schedule. Use of the sintered-reaction
bonded approach or a modified slip-casting process being developed at
MTL may improve the quality of the sintered product.

TABLE I. Characterization of sintered samples of mix 6 (0% Mozc)
and mix 7 (1m/o M02C) for run MTL 23

Temperature-1850C time-5 hrs.
Packing powders: (1) 0% SiO (2) 2% sio
parts: rods and half pillet? crucible: graphite
Parts mix 6 mix 7
packing powd. (1) (2) (1) (2)
wt. loss (%)
half-billet 1.600 0.400 2.100 1.300
rod 1.000 0.700 2.600 2.200 |,
density
half billet 31257 3.119 3.286 3.068
rod 312259 3.230 3.294 Si27 1
% Theor. 0.999 0.957 0.999 0.933
1.000 0.991 1.001 0.994
Phase compos.
half billet a-stle7 a-Y251207
Hardness 1388 1373
(kg/sq.mm)
Tough s
(MPamT?E) 5.5 7.6
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Table II. Characterization of Mix 6 and Mix 7 MOR Bars.

Density
Bars
Billets

Hardness
HVS

Fracture Toughness

Phase Composition

Optical Microstructure

Table III.

Bar #

VWO WND

Summary Statistics
Mean Strength
Std. Dev.
Char. Strength
M

M.O.R. (ksi)

Mix 6 Mix 7
(0% MOZC) (1% MOZC)
3.262 gjcc 3.274 g/cc
\3.258 g/cc 3.276 g/cc
2 2
1480 kg/mm 1400-1500 kg/mm

-]
5.3=5.8 MPam° 5.3-6.8 MPam

beta-Si N4 beta—Si3N4

no secoRd phase Y. Si,0
M% C2 *
Mogi2

18-25 um pores 30-40 um pores

Room Temperature Strength of Mix 6 Composition

Failure Origin

58.1 inclusion (Si)
44.5 pore
37.8 pore
54.2 pore
39.2 '

331 pore
2157

84.8

26.8

69.9

77.4

66.2

73.4 pore
89.2

86.3 pore

60.9 ksi
19.9 ksi
67.9 ksi
3.2
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Table IV. Room Temperature Strength of Mix 7 Composition.

Bar # M.O.R. (ksi) Failure Origin
1 61.2 pore
2 53.5 pore
3 611852
4 62.4 pore
5 $7.0 inclusion (Si)
6 56.6 pore
7 70.8 pore
8 44.0 pore
9 32.4

10 69.9
11 76.8
12 59.1 pore
153 66.6
14 54.9
15 62.3
Summary Statistics
Mean Strength 59.2 ksi
Std. Dev. 10.5 ksi
Char. Strength 63.4 ksi
M Do &)

Table V. Results from Matrix 5 Sintering Experiments.

Temperature (C) _ggzg(m/o) Density Wt.Loss (%)
(g/cc) (% theor.)
1850 O 2.98 91.3 S/
1850 1 2.92 88.7 5.3
1875 o 2.98-3.27 91-100 518
1875 1 2.99-3.24 909982 7.4
1950 o 2} o abdl 95.4 7.0

1950 1 3105 92.5 10.0
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Microwave Sintering of Silicon Nitride
T. N. Tiegs, J. 0. Kiggans, and P. A. Menchhofer
(0ak Ridge National Laboratory)

Objective/scope

The objective of this research element is to identify those aspects of
microwave processing of silicon nitride that might (1) accelerate densifi-
cation, (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 ap-
proach 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 highlights

Microstructure development

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

To determine the effects of the initial microstructure on the changes
that occur during microwave annealing, a series of samples have been fab-
ricated by hot-pressing, machining into modulus of rupture (MOR) bars, and
microwave annealing at 1400°C for 20 h. The series represents a wide range
of intergranular phase chemistry, crystallinity, starting B-phase content
and grain size as shown in Table 1. The MOR bars have been polished, and
fracture toughness measurements are in progress.

Table 1. Samples fabricated for determining influence of initial
microstructure on effect of microwave thermal annealing

Hot-press . B-SizN
Additive composition conditions (3e¥s13y) contéﬁ%

(°C/h) i (%)

6% Y,05-2% Al1,0; 1725/1 99.8 75
1800/1.5 100 100

1800/3 100 100

8% La,05-2% A1,0; 1725/1 98.2 100
1800/1.5 100 100

1800/3 100 100

6% Y,05-2% Sr0 1725/1 98.0 75
1800/1.5 100 97

1800/3 100 100

4% Y,04 1800/1.5 98.6 92
1800/3 99.5 98
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In addition to these annealing tests, rods of two commercial silicon
nitrides have been annealed and will be fabricated into tensile specimens
for creep testing. Rods of SNW-1000 (GTE-Wesgo, Belmont, California) were
annealed at 1400 and 1500°C for 20 h. These samples will be tested at
North Carolina A&T University and the results compared to previous data on
as-fabricated materials. Rods of PY6 (GTE Laboratories, Waltham,
Massachusetts) were annealed at 1500°C for 20 h and will be tested at ORNL.
Again, the results will be compared to previous data on as-fabricated
materials.

Sintering

Microwave heating of silicon nitride-based materials occurs predomi-
nantly via power absorption by the sintering additives and/or the inter-
granular phases. In the case of dense materials, the heat is readily
transferred to the surrounding matrix because of the high thermal
conductivity.1 With powder compacts, however, the heat transfer is domi-
nated by convection and radiant transfer mechanisms within the compact and,
consequently, is very slow. Problems with non-uniform heating can occur
due to imperfect sintering aid distribution, inhomogeneities in the powder
compact (such as green density or agglomerates), and also variations in the
microwave power field. At low additive contents, these effects are the
most critical. They can Tead to a sequence of localized thermal runaways
or "hot spots," which cause differential sintering and shrinkage and,
finally, sample cracking. To minimize or prevent this series of events,
one can (1) increase the additive content or (2) increase the microwave
frequency. In previous studies, we observed improved heating of powder
compacts with additions of Si, SiC, and SiAION particulates. The silicon
additions were nitrided to silicon nitride in processing and prior to
sintering. Increasing the sintering additive contents (using Y,0; and
A1,0;) also exhibited improved heating and densification. By increasing
the microwave frequency from 2.45 to 28 GHz, increases in heating uni-
formity and sintering behavior, as compared to samples heated by conven-
tional techniques, were observed. However, since the 2.45-GHz microwave
furnaces are readily available on a commercial basis and represent better
potential for near-term application, it is of greater interest to emphasize
this frequency.

In the Tast reporting period, numerous attempts were made to sinter
Si;N,-6% Y,05-1.5% A1,0; compositions at 1750 to 1850°C in the 2.45-GHz
furnace w1tﬁ very little success. Poor coupling behavior, because of the
low additive content, led to severe cracking problems and decreased
densification. Presintering of the samples in a conventional furnace to
about 70% density to increase the thermal conductivity decreased the
cracking problem, but densification was still in the range of 80 to 90%

T. D. This is only slightly higher than densities achieved in a conven-
tional furnace and not sufficient to obtain good mechanical property
measurements. Higher temperatures are required to densify a composition of
this type, and it is evident that without a gas overpressure of nitrogen
in the microwave, we will be Tlimited to compositions with relatively high
additive contents.

Consequently, to obtain specimens for the milestone involving compari-
son of mechanical properties between microwave- and conventional-sintered
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silicon nitride, samples of Si;N,-12% Y,05-4% A1,0; were fabricated and
densified. Those results, shown in Table 2, indicated good densification
was obtained with uniform densities > 95% T. D. Also shown are results on
the SisN,-6% Y,0;-1.5% A1,0; composition microwave sintered at 1800°C.
Those samples had high weight losses (> 5%) and did not show significant
improvement over the samples sintered at the lower temperatures. Replacing
the Y,0; with La,0;, which is less refractory of a composition, produced
materials that could be microwave sintered to high densities at 1800°C.
A11 of the specimens that achieved high densities were machined into MOR
bars for mechanical testing. We also attempted to study the effects of
microwave sintering at high ramp rates with the Si;N,-12% Y,05-4% Al,0;
composition samples. While the densities achieved were comparable %o the
samples heated at the slower rates, these samples were badly cracked and
were not suitable for mechanical property testing.

Table 2. Summary of results on sintering of silicon nitride compositions
by conventional and microwave heating

. . Conventional Microwave densities
S1ntgr}ng densities (g/cms, % T. D.)
conditions (g/cm®, % T. D.)

(*C/min) 1750/60 1700/30 1700/60 1750/60 1800/60
6% Y,0,- 2.46, 75.5 - e 2.57, 78.8  2.68, 82.2
1.5% Al,0,

12% Y,05- 3.25, 97.0 3.27, 97.6  3.33, 99.4 - -

4% A1.04 :

12% Y,0,- % 3.21, 95.8  3.29, 98.2 - 2
4% A150;2
6% Y,0,- - - 3.26, 97.3 - -

2% AlLd;-

10% S
8% La,0;- 2.56, 76.9 - - 2.81, 84.4  3.22, 96.7
2% A1.0,

9Heating rate from 1400°C to sintering temperature was 20°C/min; heating rate for all
other runs was 5°C/min in same temperature range.

Comparisons of conventional and microwave sintering also showed in-
creased weight losses for the latter case (Fig. 1). This behavior is
believed due to the manner in which heat is absorbed by the silicon nitride
materials. Conventionally, weight losses are associated with Si0 volatili-
zation f{gm the intergranular phases and decomposition of the silicon
nitride.“” It has long been recognized that packing of silicon nitride
was necessary guring sintering to reduce weight Tosses and achieve good
densification.” These powder beds decompose to "create" a protective
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ORNL-DWG 91-9735

B Conventional
Microwave

-

Weight Loss (%)
N

.
6% Y203 12% Y203
2% AI203 4% AI203

Additive Content (wt.%)

Fig. 1. Comparison of weight losses during
sintering .of silicon nitrides with different additives.
Samples sintered at 1750°C for 1 h; microwave heating
at 2.45 GHz.

environment. In the microwave, the samples are the hottest part of the
system, and typically there is a steep thermal gradient existing from the
samples outward through the insulation. In this arrangement, the packing
powder bed does not decompose sufficiently to form a protective atmosphere
around the samples to prevent material volatilization. Thus, packing
arrangements and powder bed compositions appear to be of critical impor-
tance in the case of microwave sintering and will be an area of continued
study. Accelerated weight losses may also be driven by any enhanced dif-
fusion that may occur in the microwave field. Greater than conventional
weight Tosses have been observed in microwave annealing of dense silicon
nitrides where it was highly dependent on the Si0, content of the packing
powder.” This behavior was attributable to enhanced diffusion of Si-0
species within the intergranular phases.

The specimens that achieved densities > 90% T. D. were tested for
fracture toughness and flexural strength (Table 3). Of particular interest
was the fracture toughness because of previous results showing increased
grain growth by microwave sintering and the interest in in-situ toughening
of silicon nitrides.
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Table 3. Summary of results on mechanical properties of
microwave sintered silicon nitride materials
Sintering :
Additive Sintering  temperature/ Sitanw FLoms . FRRchyes
composition method time iy i : rﬁﬂg %:g pest
(°C/min) (g/cm”, % T. D.) (MPa) (MPa/m)
6% Y,05-2% Microwave 1750/60 3.13, 93.3 588 + 53 6.4
A1,0,-2% Sic? 28 GHz
6% Y,05-2% Microwave 1750/60 2.97, 91.0 743 t 60 6.7
A1,0,-2% TiN? 28 GHz
12% Y,05-4% Microwave 1750/60 3.13, 91.0 651 t 102 6.5
A1,04 28 GHz
12% Y,05-4% Microwave 1750/60 3.20, 95.6 657 t 114 6.7
A1,0,-2% Sic? 28 GHz
12% Y,05-4% Microwave 1750/60 3.15, 93.1 544 t 64 ¢ ol
A1,0,-2% Tic? 28 GHz
12% Y,05-4% Microwave 1750/60 3.27, 96.6 639 + 129 --
A1,05-2% TiN? 28 GHz
12% Y,05-4% Microwave 1750/60 3.22, 95.7 664 + 91 6.6
A1,05-2% Sic? 2.45 GHz
12% Y,05-4% Microwave 1750/60 3.15, 93.1 708 + 13 6.7
A1,0,-2% Tic? 2.45 GHz
12% Y,05-4% Microwave 1750/60 3.25, 96.1 823 t 66 --
A1,05-2% TiN2 2.45 GHz
12% Y,05-4% Microwave 1700/60 3.27, 97.6 - 6.6
A1,0, 2.45 GHz
12% 1?03‘4% Microwave 1700/60 3.30, 98.5 == 6.5
A1,0, 2.45 GHz
12% Y,05-4% Microwave 1700/60 3.30, 98.4 -- 6.9
A1,04 2.45 GHz
12% Y,05-4% Conventional 1700/60 3.29, 98.1 -- 6.3
A1,04
12% Y,05-4% Microwave 1700/60 3.24, 96.8 -- 7.1
A1,0,-2% Sib 2.45 GHz
12% Y,05-4% Conventional 1700/60 3.24,:96.7 ~- 6.5
A1,0,-2% Sib
9% Y,05-3% Microwave 1700/60 3.27, 98.5 == 6.8
A1,0,0 2.45 GHz
9% Y,05-3% Conventional 1700/60 3.21, 96.7 -- 6.4
A1,0,°
11% La,05-3% Microwave 1700/60 3.32, 98.3 -- 6.9
A1,0,0 2.45 GHz

asamples were fabricated by vibromilling, drying, and isopressing.
bSamp]es were fabricated by turbomilling, pressure-casting, and drying.
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As shown in Table 3, the strength is mainly dependent on the density
of the samples achieved during sintering. Only marginal differences in
mechanical properties were observed between the conventionally and
microwave-sintered materials. Comparisons of the fracture toughness re-
vealed that the microwave-sintered materials consistently exhibited
slightly increased toughness over the conventionally heated materials.

This is believed to be a direct result of the increase in grain size in the
microwave-sintered samples.

Sintering in silicon nitride materials occurs by a number of distinct
steps. Initially, Tiquid phase formation occurs by the reaction between
the sintering additives and the silica on the surface of the silicon
nitride particles. This typically takes place in the temperature range
from 1200 to 1600°C. Initial densification begins via particle rearrange-
ment aided by the 1iquid phase and capillary action. Further densification
takes place by a solution-diffusion-reprecipitation process whereby a-Si;N,
is transformed into #-Si;N,. The formation of the liquid phase and part1-
cle rearrangement are processes that should not be affected whether the
thermal energy is supplied through microwave or conventional heating.
Consequently, densification should proceed in the same manner and at the
same rate for both heating methods. But the solution-diffusion-
reprecipitation process should be very dependent. It has been previously
reported that microwave heating increases diffusional processes. Thus, the
improvement in densification and increased grain size during microwave
heating are a result of increased diffusion through the liquid phase during
the e-to-f-Si 3N, transformation. 1In the compositions with high additive
contents, shr1 1age by particle rearrangement is the major densification
process. Therefore, the sintered densities are not significantly different
between the microwave and conventionally heated samples. However, in-
creased grain growth during microwave heating results in the slightly im-
proved fracture toughness. An optimization of the microwave sintering
method may involve sintering to high density followed by a grain growth
cycle and then an intergranular phase crystallization step. Samples to
explore this possibility have been fabricated and fired. Evaluation of
these materials is in progress.
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Status of milestones

Milestone 112404 - Draft report on "Mechanical Properties of
Microwave-Sintered Silicon Nitride" was completed.

Publications

"Fabrication of Silicon Nitride Ceramics by Microwave Heating" by
T. N. Tiegs and J. 0. Kiggans, to be published in Proceedings of the 4th
International Symposium on Ceramic Materials and Components For Engines,
Swedish Ceramic Society.

"Sintered Silicon Nitride Ceramics Using Microwave Heating" by
T. N. Tiegs, J. 0. Kiggans, and P. A. Menchhofer, to be published in
Proceedings of the European Ceramic Society Second Conference. -
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Characterization of Attrition Milled Silicon Nitride Powder
S. G. Malghan and D. B. Minor (National Institute 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 van der Waals attractive forces. For
improved reliability in the manufacture of ceramic components, the
agglomerates in the powders should be eliminated since they form
defects. In addition, the powders should have an appropriate range of
size distribution and specific surface area for achieving a near-
theoretical density of the ceramic after densification. These factors
necessitate the use of powder milling as one of the major powder
processing unit operations. Therefore, milling of powders is an
integral unit operation in the manufacture of silicon nitride components
for advanced energy applications. The production and use of these
powders require the wuse 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 attrition mills.

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

Technical Progress

During this period three major tasks were addressed: 1) testing of
the milling kinetics model, ESTIMILL, 2) completion of milling tests
with 3.0 mm media, 3) comparison of milling results 2.0 and 3.0 mm
diameter media.

Testing of Milling Kinetics Model. The linear, size discretized, model
for breakage kinetics is obtained by dividing the particulate assembly
being milled into "n" narrow size intervals (x;, X;4+1), where i =1, 2,
----, n. Then a mass balance for the material in the i-th size interval

at time t yields, for i =1, 2, ---, n:
d[Hm, (t) i=1

dt jml
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In this equation, m; (t) is the mass fraction of material in the i-th
size interval and H is the total mass of material being milled. §,,
the size-discretized breakage rate function for the i-th size interval,
denotes the fractional rate at which the material is milled out of the
i-th size interval and b,;, the size-discretized breakage function,
represents the fraction of the primary breakage product of material in
the j-th size interval which appears in the i-th size interval. The set
of n simultaneous differential equations in eq. 1 are represented by a
matrix equation and an analytical solution is obtained. A detailed
discussion of the model and a computer program is published by the
University of Utah Comminution Center (UCC). Presently, we are
collaborating with Prof. Rajamani at the UCC in the development and
usage of this program for silicon nitride powder milling.

This model was developed in early 60's. However, since 1980's the
University of Utah has taken this model and developed a computer program
that has been utilized for numerous applications. Our current task is
to modify and test the program for simulation of silicon nitride powder
milling in a high energy agitation ball mill.

The model testing was primarily directed towards estimation of the model
parameters -- breakage rate function (S;) and breakage distribution
function (B;;). After certain modifications, the model has been
successfully estimating the parameters. The input data are the feed and
product size distributions at various milling times. The model utilizes
these data to provide functional forms of breakage rate and breakage
distribution functions. Subsequently, these functions are expected to
fully describe the size distribution of milled products at various
milling conditions. The best estimates of S; and B;; for the milling of
this silicon nitride powder with 2.0 mm media area:

and

d, 17.1867
S; = 0.0144

d

d; b2 d; $3
bij - ¢ R = + (1-44) -
d3+1 c1;]+1

where
¢, = 0.5096, ¢, = 0.4111, and ¢; = 0.6430

Using these parameters, we have attempted to simulate size distribution
of milled powders under a variety of conditions. These trials have been
very successful.

Milling with 3.0 mm Media. Milling tests with 3.0 mm media were
completed and samples have been analyzed for specific surface area, and
particle size distribution. As expected, the milling rate decreased
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significantly with the 3.0 mm media, compared to that with the 2.0 mm
media. The primary counteracting factors that come into play in
changing the media size from 2.0 mm to 3.0 mm are:

1. Larger size media exert higher impact force during compression
of the particles by the media.

2. Larger size media decrease the total number of spherical balls
available per unit volume. The number of balls per ml
decreases from 125 to 37 (under dynamic loading) when the
media diameter decreases from 3.0 mm to 2.0 mm.

The higher impact force of larger media is more suitable for breakage
of larger size particles. From the data of tests conducted in this
series, it is evident that the particle size of SNE-03 powder is not
large enough to require the impact force of 3.0 mm media.

Some examples of the milling rate comparison are shown in Figures 1 and
2. The rate of increase of specific surface area as a function of
milling time is much slower with the 3.0 mm media. In fact, even after
milling for 160 min. with the 3.0 mm media, the surface area has
increased only to 6.2 m?/g. Similarly, the ds, of these powders shows
very little decrease with the 3.0 mm media. Some interesting features
of these data are: 1) product size continues to decrease though slowly,
with the 3.0 mm media; 2) product size appears to reach a plateau after
milling for an hour with the 2.00 mm media. These factors indicate the
need for utilizing an optimum size media for obtaining enhanced milling
kinetics.

Further analysis of the milling kinetics data of 2.0 and 3.0 mm diameter
media shows that similar forces are active at a given combination of
milling parameters. As shown in Table 1, at high slurry density, high
rotor speed and low feed rate, both media produce a powder of the

highest specific surface area. On the other hand, at low slurry
density, low rotor speed and high feed rate, the specific surface area
of powder is one of the lowest for both media sizes. Particle size

distributions as measured by ds, are consistent with the specific
surface area measurements. This type of behavior of this milling system
is an indication that no significant changes in the size reduction
mechanisms were prevalent under these milling conditions when using 2.0
vs 3.0 mm diameter media.
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Table 1. Comparison of Specific Surface Area and of SNE-3 Silicon
Nitride Powder Milled for 160 min. Using Specified Milling

Parameters
Media Slurry Rotor Feed Surface dsg ,
Diam,, mm Density.%iv/v Speed, rpm Rate, mL/min Area, mZZg _um
2.0 44.0 2800 240 11.1 0.77
3.0 44.0 2800 240 6.2 0.94
2.0 34.0 2000 480 4.9 0.85
3.0 34.0 2000 480 4.4 1.07

Another aspect of the milling media size is slow kinetics of
deagglomeration and size reduction when using 3.0 mm media. Since one
of the major advantages of this milling system is its ability to perform
both deagglomeration and size reduction, it is necessary to evaluate the
impact of media size on the resulting size distribution. The results of
tests carried out with 3.0 mm diameter media showed that the rate of
deagglomeration decreased significantly. As shown in Figure 2, the use
of 2.0 mm media resulted in a significant decrease in d5;, in the first
20 min. or 60 min. milling period. This shift in the ds, during the
initial milling period is considered to be due to deagglomeration,
rather than size reduction by intraparticle fracture. This conclusion
is supported by the determination of d;, and micrographs obtained by
scanning electron microscopy. The particle size distributions obtained
by using 3.0 mm media showed no significant changes in the initial 20
min. In addition, the comparison of specific surface area show that a
significant increase was achieved in the first 20 min. by using the 2.0
mm media. In relative terms, the specific surface area increased by 43%
with 2.0 mm media vs 19% with the 3.0 mm media, after milling for 20
min. Similar increments were achieved after 60 min. milling. Once
again, these results provide a clear direction towards the use of
smaller diameter media in order to achieve high rate of deagglomeration
or size reduction.

Status of Milestones

Milestone 5 was postponed to next page due to expanded experimental
design in the current phase.

Publication

None
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Scalability Demonstration Program for Silicon
Nitride by the Sullivan Process
Thomas Milton Sullivan (Sullivan Mining Corporation)

Objective/Scope

This work involves scale-up of the Sullivan™ Process for

silicon nitride with the delivery of over 864 net shape flexural
bars and other test samples for evaluation by the High Temperature
Materials Laboratory at Oak Ridge National Laboratory. Both a low
temperature and a high temperature silicon nitride shall be
produced and characterized. Data on process optimization and
system economics are establishing the operating parameters for a

larger Sullivan™ Process system.

Technical Progress
Task 1 - Demonstrate Preliminary Scalability

1.1 Assemble Four-Inch System - Complete.

1.2 Polymerization - Clorosilanes are polymerized prior to
supercritical fluid processing to remove reaction
byproducts using less expensive equipment than relatively
expensive supercritical fluid processing equipment.
Glass lined reactors such as those manufactured by
DeDetrich and others are commonly used to polymerize
chlorosilanes. Reactor manufacturers rent the use of
reactors and related equipment for test purposes. Rental
of equipment needed to complete this task has been
repeatedly delayed due to scheduling conflicts. This
activity will proceed as soon as laboratory time can be
contracted.

1.3 Net Shaping - Mass production ceramic components 1like
ceramic roller cam followers, are sold at very low prices
requiring centerless finishing methods. Methods capable

of finishing several parts per second are required.
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Ceramic blanks must be made in the tens of millions per
year with precise dimensions. Roller internal dimensions
must be made so that ID is parallel to the OD within
0.025 mm. Roller ends must be perpendicular within
0.025 mm. Unless this 1level of precision can be
achieved, parts must be chucked, a process too slow and
expensive for mass production.

Rollers were produced with parallelism and

perpendicularity measuring within the + 0.025 mm
specified tolerance using a Talyrond 150 made by Rank
Taylor Hobson Inc. Larger unit volumes will prove mass
production capability the Sullivan™ process with respect
to precision.
MOR Bar Casting - MOR bars have been cast in multiple
cavity molds. Casting in multiple cavity molds involves
several aspects of the process technology that are
difficult to accurately predict. Material flow in molds
becomes difficult to control as part density increases.
Iteration was needed to develop multiple cavity molds
with channels and gates in the correct 1locations to
simultaneously cast several parts with consistent density
and dimensions. Bar to bar uniformity is deemed more
important for this task than material properties.

Bars now accurately replicate mold dimensions and
features. As expected, post supercritical fluid
processed part density is increasing as the process is
iterated using a statistical design of experiments matrix
and greater control of the entire process is exerted.

Multiple cavity casting activity is essentially
complete with respect to flexural bar shapes. Material
properties and microstructure will be improved in Task 3.
Estimate Economics - Process economics were estimated
based on operating experience with the 4" Process Systen.

Built at a cost of $269,518, the 4" supercritical
fluid processing system is capable of producing 1,556.8kg
in a 252 day year. The cost of supercritical fluid
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processing (not including overhead) can be obtained by
dividing the depreciation (five years) by the amount of
material produced, since maintenance cost is negligible.
Energy and raw materials are included in overhead and
materials respectively.

Ceramic components are heat treated in a furnace at
high temperature by an outside vendor. Furnace work
costs $750 per run on a toll basis. This is considerably
higher than the pro rata cost of owning and operating a
furnace of similar size. Dividing the cost of a furnace
run by the material fired gives the furnace cost per
kilogram of material produced.

Only one person is needed to operate the system.
Amortizing the cost of direct labor over the total amount
of material produced gives the cost of labor.

Materials are selected from a group of inexpensive
silicon containing liquid chemicals and ammonia. Though
prices fluctuate, available silicon in silanes generally
costs $2.20 to $3.31 per kilogram. Yield factors raise
the cost of raw materials per kilogram of product to
$8.82/kg.

The cost of material produced in the 4" Process
System, not including finishing, therefore is:

4" Process System

Heat Treatment

Direct labor

Materials

$269,518 cost + 5 yr depreciation period + 1,556.8kg/yr $34.62/kg

$750/run x 63 runs + 1,556.8kg/yr 30.35

$50,000/man-yr + 1,556.8kg/yr 32191°2
8.82
43.34

Overhead @ 120%

TOTAL COST



Task 2
21

42

Composition for High Temperature Properties

Modify Composition - Low additive levels and acicular
shaped grains will improve performance of the material at
high temperature.

Complete elimination of additives was attempted.
Silicon nitride bonded weakly. Iterations did not show
promise, so this approach was abandoned in favor of low
additive levels.

Acicular grain shapes can be formed at high
temperatures or by changing process chemistry at low
temperature. Test specimens of silicon nitride were
reacted and extracted in the supercritical fluid process
system prior to firing at temperatures up to 1820°C.
Acicular grains measuring less than one micron in
diameter and more than twenty microns in length were
formed in a part with an amorphous exterior. Grain
orientation 1is apparently influenced by material
porosity. Grains tend to grow into pores.

Forming acicular grains at 1low temperature by
chemical reaction has the advantage of reducing porosity
while orienting grain axes.

2.2 MOR Bar Casting - Work continues on casting technique to

Task 3
3l

achieve a preferred axial orientation for grains,
however, MOR bar casting for high temperature properties
is essentially complete.

Process Optimization

Low-Temp Microstructure Refinement - Work continues on
improving material properties prior to high temperature
firing. Recent improvements in understanding the
function of catalysts has steadily increased post-
supercritical fluid processing density. More work is
nevertheless required.

Heat Cycle Acicular Microstructure - Progress to date
indicates that an all liquid approach is more conducive
to acicular grain shaping than heat cycle grain shaping.
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Work is currently directed at unidirectional acicular

grain orientation.

Milestones

Critical milestones are on schedule.

Publicati

A paper, titled Ceramic Metal Forming Tools, was

presented to the Society of Manufacturing Engineers on June 5,
1991.

Thomas Sullivan addressed the Motor Vehicle

Manufacturer’s Association of the United States on June 27 and

the annual Contractor’s Coordination Meeting on October 29,
1991..
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1.1.4 Processing of Monolithics

Improved Processing

V. K. Pujari, D. M. Tracey, N. D. Corbin, M. R. Foley, A. K. Garg,
N. |. Paille, P. J. Pelletier, L.C. Sales, R. H. van de Merwe,

C. A. Willkens, R. L. Yeckley (Norton Company)

OBJECTIVE/SCOPE

The goals of the program are to develop and demonstrate significant
improvements in processing methods, process controls, and
nondestructive evaluation (NDE) which can be commercially implemented
to produce high-reliability silicon nitride components for advanced heat
engine applications at temperatures to 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 PROGRESS

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

Efforts were focused towards process optimization utilizing factorial
designed experiments, testing of NSF bars derived from these experiments
and application of NDE in process control and monitoring:
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NSF bars were fabricated in a set of experiments (iterations)
utilizing key process variables in a planned and systematic manner.
HIP’ed tensile bars from each experiment were tested to establish
mean tensile strengths and Weibull moduli. Data from each iteration
serve to establish a response surface. Several experimental
conditions were identified which show potential for meeting or
exceeding ultimate program target properties of 900 MPa (tensile
strength) and Weibull modulus of 20.

Fracture toughness (K,.) of the material was identified to be a key
process control parameter. HIP process conditions were found to
significantly influence the fracture toughness. Based upon these
experiments, control limits for K, were established (6.0 - 6.4
MPavm).

An instrumented multistation casting apparatus was designed, built
and successfully tested for reproducibly fabricating NSF bars.
Special features of this apparatus include i) closed loop operation,
ii) in-line ultrasonication and filtration and iii) continuous monitoring
of pressure tank slurry level.

The potential for in-situ monitoring and control of the casting
process utilizing ultrasonics (UT) was successfully demonstrated.
UT signal amplitude and time of flight in a through transmission
mode were recorded. Highest value of the amplitude and the lowest
value of the time of flight were found to coincide with completion of
the casting process.

TASK 1 MATERIAL SELECTION AND CHARACTERIZATION

Materials at each stage of processing are being analyzed according

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

TASK 2 MATERIALS PROCESSING AND PROCESS CONTROL

i)

Process Control

Table 1 provides a summary of the effort to date, and lists the
control variables being examined together with a subset of the
performance measures. For each batch a sufficient number of NSF
bars were cast and HIP’ed to measure the effect of a particular
variable on process yield and mechanical properties. Shaded areas
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in the body of the table indicate either work-in-progress or work
planned for the immediate future. Each of the performance
measures provides a goodness criterion relative to the specific unit
operation, and is not a cumulative measure of yield from the initial
unit operation of the process.
Based upon total process yield, the following variables and
their levels have been fixed to define SOP:
Surfactant S1 Casting Pressure Profile P2
Solids Loading % HI Pre-HIP preparation PH1
Binder System BO
HIP and machining conditions having potential for yielding
final program property objectives have been identified:

HIP Fixturing None
HIP Settings Non Standard
Machining Procedure C

Experiments are currently underway to examine Post-HIP and
Post-Machining treatment conditions.

1: Stage |l Control Variables/ Performance Measures
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Powder Processing

Eight ~29kg batches (C015-C025) were prepared for colloidal
consolidation studies. X-ray diffraction of the starting powder shows
very little variation in alpha phase from lot-to-lot. The in-coming
Ube EO3 and EO5 are almost 100% alpha and the E10 is ~97%
alpha silicon nitride. There has been significant variation in particle
size, surface area and oxygen content from lot-to-lot. In most cases
milling conditions have been adjusted to bring properties within
specifications, Figure 1.

A statistical quality control software package has been
implemented with the ability of providing programmed indication of
Out-of Control (OOC) conditions (SQCpack/Plus, PQ Systems, Inc.,
Dayton, Ohio). Control charts for oxygen, surface area, average
particle size and yttria level have been transferred to the new
system. Control limits (+30) and specifications have been
established for the milled powder properties.

Microfocus X-ray examination has proven several instances of
metallic inclusions in the in-coming silicon nitride powder (20-30
um). Inclusions are not found after the milling process, which
includes both magnetic separation and filtration. From Batch O
tensile rod testing, several metallic failure origins were observed,
which is atypical of past performance where inclusion failure were
almost nonexistent. The origins were up to 100 um in size and in
several cases undetected in the dense rod by microfocus X-ray.
SEM showed the 100 um regions to be composed of scattered fine
(<5um) grains of an iron alloy, probably iron silicide. These were
individually below the limits of microfocus X-ray. A likely source of
the contamination was identified downstream of milling, and has
been removed from the system.

Surfactant system S2 resulted in similar milling efficiency (by
particle size distribution) and oxygen content as the baseline
surfactant system, S1, but yielded a significantly higher (25%)
surface area. This may be due to insensitivity of the Sedigraph
5100 in the less than 0.2 micron range. Other particle size
distribution analysis techniques are being studied.
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Figure 1:  Particle Size (D50) Before and After Milling
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Colloidal Consolidation

a)

b)

Slip Formulation

The milled and concentrated batches described in the
previous section were conditioned following the established
SOP. This includes sonication with an ultrasonic horn for five
minutes, followed by deairing in vacuum (60 mm of Hg). In
addition, the slip was characterized for agglomerate
population using an agglomerator gage. Approximately ten
samples per casting batch were examined to ascertain the
agglomerate population in the slip. Typically, agglomerates in
the size range 20-25 um have been observed in milled
batches (CO17 through CO22) prepared for casting.

A study to determine the effects of type of surfactants
on suspension stability (aging), rheology, agglomerate
formation and casting behavior was also completed. The
control surfactant being utilized currently for the aqueous
milling (S1) and an alternate (S2) shown to have potential for
minimizing agglomerate formation were evaluated.

Specimens cast from milled batches CO16 and CO17
(surfactant S2) showed higher green density and superior
green microstructure when compared to specimens from S1
slurries. The green state fracture surfaces were found to be
uniform and smooth (flat) as compared to that derived from S1
slip. This may suggest that the agglomerate size may be
further reduced using surfactant S2.

However, as described in the next section, the casting
behavior of this slip was found to be less reproducible. The
cast NSF bars from this slip were found to be less flexible
(higher elastic modulus) and hence showed cracking due to
shrinkage in the mold. Various binders and pH modifications
were evaluated with minimal success to improve the
deformation (viscoelastic) behavior of the cast bodies. Based
upon the study no further work on surfactant S2 will be
pursued.

Tensile Bar Casting

Large scale NSF bar casting iterations N through R
were performed to evaluate the effects of the key slip
variables (i.e. surfactant type and solids loading) and the
applied casting pressure profiles. For these iterations, the
aqueous milled suspensions prepared from the established
standard process utilizing surfactants S1 and S2 were used.
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In each iteration, greater than 70 NSF tensile bars were cast,
dried, degassed and HIP’ed, machined, radiographed and
tensile tested.

During the casting of NSF bars, some difficulty was
encountered in establishing the necessary time for completion
of the casting process. In some cases, overcasting resulted
in shrinkage related cracking at the buttonhead radius. These
forming defects are possible failure origins during tensile
testing, so that an improved casting regulator is being
implemented to alleviate this problem.

Three casting batches designated T, U and V were also
prepared this period using milled batches CO19, CO21 and
CO022, respectively. NSF bars in all three iterations were cast
using identical mold design which involves two gates at each
end of the bar with a portion of the filtration surface sealed to
prevent casting from that region. However, for iterations U
and V the sealed portion of the plaster mold was replaced by
a non-porous plastic. This modification resulted in
considerable improvement in the casting process
reproducibility.

For each of the above iterations, a specific pressure
profile was used during casting. The profile was defined
through a separate set of experiments which established the
relationship between pressure level and casting rate as a
function of time.

For Q.C. purposes, a set of discs (pucks) were also
cast from each milled batch using the prescribed
pressure/time profile, SOP.

c) Instrumented Casting Equipment

A new casting machine has been designed and built
and is currently being brought on line. This unit has the
capability of casting two, four, or six tensile rods
simultaneously. Provisions have been made to control the
pressure in either a manual or fully automated mode. In
addition, it is now possible to load the system directly from a
holding tank and to deair and deagglomerate the slurry
directly on the casting machine.

iv) Hot Isostatic Pressing

Using an alternative loading procedure, the HIP capacity has
effectively been doubled. This alternative loading procedure does
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not use fixtures. The HIP procedures (with and without fixtures)
were compared with tensile rods from the same batch (batch N).
Green density gradients were minimal in these rods, eliminating this
as a factor during the HIP process. Improved TIR (less bending)
and density uniformity without fixtures was found, as can be seen in
the data of Table 2 for batch N.

A total of six HIP runs have been completed with the new
procedure. Table 2 summarizes the results and it is apparent that in
all cases excellent TIR and density values were achieved.

Table 2: HIP Data for Iterations N-R

Mill Cast HIP

Batch Batch Condition Fixture TIR Density
Co13 N Standard Yes .0320 3.1786

Standard No .0200 3.2111
Co14 o Standard No .0216 3.2192

Standard No .0222 3.2203
Co15 P Standard No .0315 3.2200
co1é Standard No .0230 3.2228
Co17 R Standard No .0380 3.2236

Improved tensile rod yields from a HIP loading procedure
without fixtures has been consistently demonstrated (Figure 2).
Typically less than 10% of the bars in a HIP run are rejected.
Rejection is based upon density (<99.5% TD) and axial warpage
(>0.060"). Low density bars are thought to result from non-uniform
conditions in the HIP. Warpage has been found to result from
density variations in the green state. Casting controls are being
incorporated to address this issue. As mentioned in section iii, by
incorporating programmed pressure profile during casting, density
gradients have been minimized to acceptable levels.

HIP experiments were conducted to establish how
microstructure, toughness and strength depend on HIP temperature,
time and pressure. Toughness data for 2 temperature levels and 3
cycle times are given in Figure 3. Corresponding flexure strength
data are plotted in Figure 4.
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Pressure was found to have insignificant effect on fracture
toughness and an expected minor effect on grain size.
Nevertheless, it is critical to achieving full density.

Three standard HIP runs conducted for Batch V showed
toughness averages of 5.73, 5.85 and 6.51 MPavm. The
experimental data suggests that this run-to-run toughness variation
is caused by unscheduled temperature variations within the unit.
Control thermocouples are apparently not performing the necessary
power regulation. '

The goal of further HIP development is reduced run-to-run
HIP toughness variability. HIP heating element and power
consumption monitoring will be evaluated as methods to meet this
goal. In addition, various temperature soaks will be evaluated to
establish the potential of toughness increase to the 6.5-7.0 MPavm
range.

Two experimental designs are underway to investigate
property-microstructure relationships. One design characterizes the
dependence of grain growth on soak temperature and time. The
second design investigates the effect of modification to the HIP
pressure-temperature profile on microstructure and properties.
Preliminary results (shown in Table 3) demonstrate that changes in
the soak pressure and pressure profile can improve strength and
toughness of NCX5102 material. All mechanical property
measurements were made on MOR bars cut from HIP’ed tiles. The
modified pressure-temperature profile experiment was conducted in
the smaller research HIP. The modified cycle did not yield a similar
toughness increase in the larger HIP, as seen in Table 3. However,
the toughness of the modified cycle was higher than the standard
cycle. Additional work is planned to reproduce the toughness
increases observed in the smaller research HIP.

Table 3: Effect of Modified Temperature-Pressure HIP Cycle on
Properties.
Process Milled Standard HIP Cycle Modified (Low Pressure)
Condition Batch HIP Cycle
HIP Type Strength Toughness Strength Toughness
(MPa) (MPa m'?) (MPa) (MPa m'?)
Small Hip Cc020 857 (126) | 6.0 1050 (162) | 6.7 (0.15)
Large Hip Cc020 - 5.82 - 6.21
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DEVELOPMENT AND APPLICATION OF NDE

i) Microfocus Radiography Technique Developments

a)

b)

c)

Density Gradients

A sintered Si,N, step wedge was made with steps that
vary in thickness by 1% to simulate density gradients. The
thickness of the wedge is approximately that of the gage
section of a HIP’ed tensile rod. The wedge has 7 steps and
its thickness varies from .2345 to .2500 inches. The step
wedge was examined using film radiography and all steps
were clearly seen as shown in Figure 5. This step wedge will
be used in the future as a tool to quantify density gradients.

Agglomerate Detection Study

An investigation into the detection sensitivity of
agglomerates in green and HIP’ed NSF bars was conducted
during the reporting period. It has been previously
established that agglomerates in powder or slip have the
radiographic appearance of high density regions.
Agglomerates of Si;N, powder were produced in sizes from 50
to 400 um and samples were taped to the surface of an 11
mm diameter green NSF bar. Agglomerates 100 um and
larger were easily detected through the 11 mm diameter.
Smaller samples could not be taped without crumbling so that
agglomerates from a new batch calcined at higher
temperature will be tested.

Simulated dense agglomerates were produced by
crushing a HIP’ed NCX-5102 billet sample. The pieces were
sized from 50 - 400 um and as in the green testing, samples
were taped to a dense NSF bar. In this case, the gage
diameter is 6 mm and agglomerates as small as 65 um were
readily detected. X-ray conditions for improved detectability
are being evaluated.

Characterizing X-ray Beam

Several experiments were conducted in order to study
variations in the intensity of the x-ray beam. In order to
quantify density gradients in cast specimens, there is a need
to know when density variation indications are intrinsic to the
sample and not due to scatter or non-uniformity of the x-ray
beam. Indirectly, the intensity of the x-ray was measured
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over the width of beam and variations up to 15% were
discovered.

Two approaches have been pursued to dampen the
variations in the beam intensity. Pb diaphragms were tested
and found to reduce the beam intensity difference to 7%.
Presently, we are in the process of manufacturing tungsten
targets with different angles in order to improve the gray level
uniformity.

Shadow Formations in Microfocus Radiography

Shadow formations have been observed on magnified x-
ray film images. The shadows occur on the edge of test
objects and are seen as an increase in film density. It has
been determined that these shadows are due to secondary
radiation produced internally in the tube head. At this point,
several types of filter material have been evaluated for beam
hardening and the reduciion of internal scatter. One filter was
found which absorbed the internal scatter and nearly
eliminated the edge burnout on cylindrical samples which
vastly improves the detection capabilities. We are now in the
process of making modifications to our tubehead to prevent
the formation of secondary radiation.

Microfocus X-ray of lterations

MFX examination of various type specimens from powder to

final machined NSF bars is being utilized to monitor/control the

quality of the various processing steps. MFX is also being used for
identification of strength impairing flaws in test-ready bars for
correlation with fractographic data and development of a failure
prediction capability.

a)

MFX of Colloidal Suspensions

New batches of recently made slip have been
radiographed for the presence of inclusions and
agglomerates. No agglomerates over 100 um were detected.
An alternate technique utilizing a "Hegman Gage" is also
being utilized to evaluate the size of the agglomerates in the
suspension. For batch S, agglomerates less than 25um were
measured using this technique. In order to monitor the aging
effect on the slip, agglomerate frequency and size are
monitored several times a day.
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MFX Examination for Process Control

The improvement in processing over the course of the
program can be plotted in terms of flaw population data
versus iteration. Figure 6 provides plots of average flaw size
and number of flaws per sample for iteration #1 through #5.
The flaws include pores, inclusions and agglomerates
detected in the gage length volume. The plots indicate
dramatic improvement in both size and frequency,
corresponding to strength improvements discussed under
Task 4. Another illustration of process improvement is
provided in Figure 7 which plots the percentage of bars which
have defects detectable by MFX. Iteration #5 is seen to have
only 39% of its samples with flaws above detectability limits,
down from a high of 88% for iteration #2.

Detection of Strength Impairing Flaws

NSF bars from iterations #'s 3, 4, and 5 (batches N, O,
P) were examined both in the green and HIP’ed conditions
during the reporting period. The green examination was
performed at 4X magnitude, while the HIP’ed bars were
examined at 5X. In total, 13 iteration #3, 38 iteration #4 and
23 iteration #5 bars were examined. A variety of flaws were
found in the gage section of the bars, including pores,
agglomerates and inclusions. Approximately 50% of the bars
showed no flaw indications and, as Figure 6 suggests, there
was roughly one flaw averaging 75 um in each of the samples
which had indications.

MFX and liquid dye penetrant flaw indications have
been interpreted relative to fractographic flaw data from
iteration #3 and #4 samples. A total of 29 specimens which
fractured in the gage section were among the 51 specimens
examined prior to mechanical testing. Sixteen (16) of these
29 NDE evaluations resulted with no flaw detected.
Fractographic analysis suggests that the majority of these
specimens failed from machining damage. However, there
were two volume inclusion failures among this group (100 um
and 165 pum). Refinements in digitized image enhancement
are being pursued to increase the probability of detection of
such flaws.

The balance of the 29 specimens (i.e. 13 bars) did have
NDE indications and these can be compared to the failure
origins suggested by SEM fractography. The comparison
shows cases of notable agreement, cases where the NDE
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indications did not correspond to the failure origin and, cases
where the NDE data favorably supplements incomplete
fractographic conclusions. The analysis of the data is being
pursued with the goal of validating the interpretations for an
eventual strength prediction capability.
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Ultrasonics (PAD) - In-Situ Monitoring of Casting

The potential for in-situ monitoring and control of the casting
process was evaluated at Precision Acoustic Devices, Inc. Near net
shape buttonhead tensile bar molds were equipped with 1.5 MHz
transducers at each end of the mold cavity, positioned to be flush
with the eventual end surfaces of the tensile bars. Plaster of Paris
molds were used in the work. The transducers were fixtured in the
mold to assure positive contact with the cast body throughout the
casting process.

The ultrasonics experiment involved a pressurized suspension
to simulate the iteration casting operation. The casting process was
monitored by recording the time history of both the amplitude and
velocity (time of flight) of the ultrasonic signal passing from one end
of the mold to the other.

As shown in Figure 8, the amplitude of the UT signal
increases, whereas the time of flight decreases as the casting
proceeds. This is expected because as the cast layers build up on
the mold surface, the conductance of the cast body increases. At
the completion of the casting process, as marked in Figure 8, the
amplitude and time flight reach their maximum and minimum values,
respectively. Beyond this point the cast body begins to dry and
hence the UT signal drops sharply. This point thus defines the
completion of the casting process. It is anticipated that this
procedure will be utilized to advantage for on-line monitoring and
control of the casting process.
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NMR Spectroscopy (ANL) - Slurry Characterization

A comprehensive study was conducted for Batch C024 water
milled silicon nitride slurry for a period of 24 days following the
concentration of the milled batch. The investigation was focused at
establishing the cause-effect relationship involving slurry behavior
and certain basic slurry parameters. Measurements of viscosity,
pH, centrifuged sediment packing density, and hard agglomerate
size were made (at Norton Company) daily for the first 5 days, and
then at one week intervals. Simultaneously, NMR spin-lattice or
longitudinal relaxation time (T1) and spin-spin or transverse
relaxation time (T2) measurements were conducted at Argonne
National Laboratory.

The viscosity (Brookfield, @30 RPM) of the slurry remained at
22 cp during the aging. Largest agglomerate size as measured by a
Hegman gage was relatively constant at 25um. The slurry pH was
found to increase from an initial value of 9.8 to final value of 10.4,
and the packing density of the sediment (obtained by centrifuging
the slurry for 30 min at ~ 1000 g) was found to increase from ~ 57
vol% to 60.5 vol% during the 24-day aging period, Figure 9.

The changes in the proton NMR longitudinal and transverse
relaxation times are given as a function of aging time in Figure 10.
In general, a reduction in the T1 value is observed with increasing
aging time. During the initial stages, the T1 demonstrates
oscillatory behavior. It subsequently stabilizes at ~ 680 ms after 13
days of aging. The decrease in T1 parallels the increase in the
centrifuged sediment density. This suggests that dynamic chemical
processes govern aging of the slip initially, reaching an equilibrium
state in about two weeks. A general increase in the T2 values is
seen, which parallels the increase in pH of the slurry. The proton
exchange rate between the water molecules decreases with pH,
causing an increase in the proton T2 values.

The T1 and T2 values of pure water are about 1500 ms. The
lower T1 values observed for the slurry indicate that the water
molecules have restricted motion, presumably because they are tied
up with the surface of colloidal silicon nitride particles. The T2
values are much shorter than T1 because of chemical exchange.
Reductions observed in T1 indicate more "ordering" of the water
molecules as the slurry undergoes an aging process.

The previous bimonthly report discussed equilibrium of C019
slurry at ~ 11 days. The investigation of C024 suggests equilibrium
at ~ 14 days. The T1-T2 studies are being continued for a total of
52 days aging. A more definitive interpretation of the data should
be possible at the completion of the study.
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Computed Tomography (Argonne National Laboratory)

During the reporting period, density variations within green
NSF tensile bars and disc (puck) samples have been evaluated to
establish effects of different mold designs (NSF bars) and casting
pressure profiles (discs).

A comparison of mold designs was completed on a pair of
pressure cast NSF bars. One of the bars was cast using 100%
filtration surface of the plaster mold, while the other had a portion of
the mold surface sealed. The 10 mm diameter gage sections of the
two specimens were imaged using identical x-ray CT parameters.
Four slices (each 1.06 mm thick) were reconstructed with a
tomographic image size of 256 x 256 pixels. The results are
represented in line profiles of the image intensity across two
diameters at 90° to each other, Figure 11. The profiles display raw
pixel grey level data. While smoothing would aid interpretation,
there nonetheless is a significant distinguishing characteristic of the
two CT scans apparent in these raw data, and it involves the
intensity at the center of the profiles (bar centerline). This location
is a point of low density for the 100% filtration case, while it is a
point of high density for the partial filtration case. These results
suggest the possibility that the mechanism of cracking during drying
of as-cast bars in the 100% filtration case involves the low density
core indicated by the data.

Casting pressure profile trials have involved disc samples
(hockey puck shape) using a range of pressures and mold materials.
CT specimens have been obtained from the discs by diametrically
sectioning thin slivers (5 or 8 mm wide) from them. Results from a
CT evaluation of a specimen cast at ambient pressure to a bulk
density of 2.00 g/cc in a plaster mold are given in Figure 12. The
puck diameter and thickness were 76 mm and 11 mm respectively
for this case. The sliver specimen was cut 5 mm wide and was
mounted so that the density gradient (puck axial direction) was
vertical.

Ten tomographic slices were reconstructed over the 11 mm
height of the specimen, with each representing one-tenth of the
height. Image intensity data for each slice are presented in Figure
12 from top to bottom. The data were obtained by averaging pixel
intensities over the center 1 mm? area of each slice. The results
indicate a 15% variation in density (gray level) through the puck
thickness, with lowest density at the mold surface (bottom). These
data combined with those of other cases form a basis for defining
pressure profiles for density gradient control.
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Figure 11:
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TASK 4: PROPERTY TESTING AND MICROSTRUCTURAL
EVALUATION

i) Machining Surface Finish Related Buttonhead Failure

Previous reports have discussed forming issues which have
contributed to buttonhead failures during tensile testing. A
significant number of these failures have persisted, even after
resolution of the forming issues that caused critical flaws in the
buttonhead radius region. Profilometer measurements were taken
at the buttonhead radius (BHR) of a large number of specimens of
iteration #3 and #4 to establish whether poor surface finish was the
source of the problem. The results clearly show that surface finish
was the major cause of the problem.

The finding which implicates BHR surface finish was a
serendipitous outcome of the machining requalification study which
concluded during the reporting period. This study was initiated
independent of the buttonhead failure problem and was pursued to
obtain an update concerning cost, quality and delivery of NSF bars
from different machine shops.

The average finish specification (R,) at the gage and BHR is
16 pin (0.41um). The three shops involved in the study routinely
met and exceeded this requirement in the gage length, with R,
values of 5-7unin. The finish of the BHR varied significantly both
above and below the spec and this provided the basis for correlating
buttonhead failure to finish.

The overall average BHR surface finish of NSF specimens
which failed at the BHR was found to be 20 pin. The average for
non-BHR failure was 15 pin. Table 4 gives the average R,
measured at the BHR of specimens machined at three shops,
designated as vendors A, B and C. Also listed are the percentages
of specimens from each vendor which failed at the BHR. Vendor A
finished to an average R, of 19.2 nin with a resulting 51% BHR
failures. Vendor C supplied bars with an average R, equal to 9.7
uin. and this resulted in only 4% BHR failures (1 of 24). The R,
results from vendor B averaged 13.1 pin. which is within
specifications, but nonetheless 33% of the specimens failed at the
BHR. The data clearly shows that a more stringent surface finish
specification is required for the high strength materials being
processed in this program.
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Table 4: Buttonhead Radius Surface Finish - Failure Data

BUTTONHEAD
AVERAGE R, FAILURES n
VENDOR microinches %
A 19.2 +/- 2.2 51 38
B 13.1 +/- 3.0 33 18
C 9.7 +/- 2.4 4 24

Iteration N Tensile Data and Fractography

A set of 18 NSF tensile bars were tested for room temperature
fast fracture strength. These were machined prior to the resolution
of the surface finish problem, using procedures A and B, so that
there was a high incidence of buttonhead failures (11 of 18). The 7
successful gage length fractures demonstrated exceptionally high
strength levels. The data ranged from 818-1056 MPa with a mean
strength of 920 MPa and Weibull modulus of 13.

The individual test and fractography data for these RT
specimens and four high temperature specimens are given in Table
5. The fractography data show that machining damage is a major
factor in the failure events. Three of the specimens failed from the
effects of machining damage in combination with a surface pore or
agglomerate, Figures 13a, b. A surface scratch normal to the
tensile direction was the failure origin of specimen N-G, Figure 14.
This damage may have been inflicted during the rough grinding operation.

There was one volume failure in the set of seven room
temperature fast fracture tests. Specimen N-B failed due to a 30 um
agglomerate in the gage section, Figure 15. Two elevated
temperature (1370°C) fast fracture tests were conducted in this
iteration. In one case, specimen N-M, failure originated from one of
the numerous (2-20 um surface length) machining pullouts that
marred the surface of this specimen, Figure 16. The second 1370°C
test was conducted on a specimen without noticeable machining
defects. Its failure origin was not evident from fractographic
evaluation. The 1370°C strength levels were 395 and 397 MPa,
which are approximately 80% of the end of program target value of
500 MPa.

Two 1230°C stress rupture tests were conducted. The first
test was run at an applied stress level of 250 MPa. Specimen N-J
failed after 2 hours and the origin was traced to a surface machining
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groove and subsequent slow crack growth, Figure 17. The second
test was run at a reduced stress of 200 MPa but survived only 0.8
hours due to failure from a 165 um Fe/Y rich volume inclusion,
Figure 18.

Table 5: Iteration 3 Tensile Test Data

i)

Fast Applied Stress Flaw Origin
Specimen | Temp. Fracture | Stress Rupture
Test Strength | (MPa) Life Location Type Size
(MPa) (hrs) (um)
N-65 RT 898 - - S M/A 45
N-B RT 939 - - Vv A 30
N-G RT 879 - - S Scratch 100
N-K RT 946 - - S M/A/P 50
N-22 RT 818 - - S M/A/P 30
N-P RT 1056 - - S M 20
N-F RT 902 - - S unknown -
N-M 1370°C 395 - - S pullout 20
N-R 1370°C 397 - - S unknown -
N-J 1230°C - 250 2 S M/SCG -
N-O 1230°C - 200 0.8 Y I(FefY) 165
M = machining groove A = agglomerate P = pore/porosity
SCG = slow crack growth | = inclusion S = surface
V = volume

Iteration 4 (Batch O) Tensile Data and Fractography

The machining requalification study described above was
conducted in part with specimens from iteration #4 and, as has been
discussed, a large number of BHR failures were encountered.
Nineteen (19) of 32 room temperature NSF fast fracture tests were
successful gage length failures. In spite of excellent surface finish
(R, = 5-7 nin), SEM fractography suggests that the majority of these
gage failures initiated from machining defects, ranging from 5 um
wide axial grinding marks to >750 um transverse scratches, Figures
19a, b, c. A small percentage of the failure origins involved
inclusions ranging in size from 20 to 135 um, Figures 20a, b, c. In
many instances, the SEM images provide incomplete detail on the
character of the failure precursors, because of shattering of the
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Figure 13a: Secondary Electron Image (SEI) of the failure origin of
specimen N-65 (0,=898MPa) fractured at RT showing
machining marks and agglomerate at the surface.
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Figure 13b: Skl of the failure origin of specimen N-22 fractured at
RT (0,=818 MPa) showing a machining mark associated

with an agglomerate/or a pore.
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Figure 14: SEI of the failure origin of specimen N-G fractured at
RT (0,=879MPa) showing a severe scratch normal to
the longitudinal axis of the specimen

#0027

Figure 15: SEI of the failure origin of specimen N-B fractured at
RT (0,=939 MPa) showing a ~30 um diameter
agglomerate.
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Figure 16: SEI of the machined surface and failure origin of
specimen N-M fractured at 1370°C (0,=395MPa)
showing pullouts from machining of sizes 2-20 pm.
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Figure 17: SEI of the failure origin of specimen N-J fractured at
1230°C during stress rupture showing a machining mark
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Figure 18: Back scattered Electron Image (BEI) of the failure origin
of specimen N-O fractured at 1230°C during stress
rupture showing an iron/yttrium rich inclusion.
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failure origin or one of a variety of other reasons. Axial grinding
marks, for example, are dominant features in a number of
fractographs, even though they would seem to be unlikely
precursors due to their benign orientation. Synergistic effects
involving other subsurface flaws are probable causes of failure.
Fracture mechanics is being employed to provide critical flaw size
predictions which serve to guide the fractograph interpretations.

The tensile test and fractography data are summarized in
Table 6. The room temperature fast fracture strength ranged from
586 to 950 MPa and averaged 789 MPa, with a characteristic
strength of 839 MPa and Weibull modulus of 8.5. The fact that the
specimens were machined at three sites suggests that a more
definitive statistical analysis should separate the data into subsets.
Considering the fact that two HIP runs were used in the iteration,
four distinct subsets can be identified.

One of the iteration subsets (designated IV) involves the 8
specimens listed in Table 6 which were machined by vendor C.
Statistical analysis indicates that the strength data of this subset are
unprecedented in terms of the Weibull modulus measure of
reliability: the analysis indicates a Weibull modulus of 28.1 with a
characteristic strength of 904 MPa (mean strength of 889 MPa).

The surface finish comparisons conducted in the machining
study indicated no statistically significant surface finish difference in
the gage length region of specimens machined by vendors A, B and
C. Nonetheless, the strength data for subset |V is so outstanding
that the machining method employed by vendor C (roughing as well
as finish grinding) will be incorporated as SOP in further iterations.
Vendor C provided the best quality BHR surface finish in addition to
the superior gage length grinding and as a result it will be
recommended as primary program vendor, contingent upon
contractual agreement.

Elevated temperature tests in this iteration involved four
1370°C fast fracture tests and one 1230°C stress rupture test, Table
6. The fast fracture strengths ranged from 140 MPa (slow crack
growth from a machining defect) to 457 MPa (failure from a 100 um
volume Fe inclusion).

One stress rupture test was conducted on specimen O-58
using an initial applied stress to 200 MPa, holding at temperature
for 24 hours, increasing the stress to 250 MPa, holding for 24 hours
and then increasing to 300 MPa, with the intention of maintaining
this stress level to failure. The specimen failed during the increase
to 300 MPa. SEM fractography suggests that the failure origin was
a surface defect/inclusion with a Fe, yttria, glass composition.
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Table 6: Iteration 4 Tensile Test Data

Failure Origin
Fast Stress | Machine
Specimen Test Fracture | Applied Rupture Shop
Temp. Strength Stress Life Location Type Size
(MPa) (MPa) (hrs) (um)
0-5 RT 787 - - v I (Fe,Cr,Ni) 135 A
0-19 RT 685 - - S M/ (Fe) 20 A
0-21 RT 666 - - S M 25 A
0-23 RT 904 - - S Unknown - A
0-25 RT 873 - - S M 10 A
0-60 RT 726 - - v I/A (Fe) 85 A
0-66 RT 796 - - S M 10 A
0-12 RT 596 - - S M >750 B
0-22 RT 586 - - S M 80 B
0-51 RT 618 - - S M (Scratch) >150 B
0-59 RT 650 - - S Unknown - B
0-9 RT 827 - - S M/P 40 (o]
0-11 RT 908 - - S b 20 C
0-13 RT 950 - - S P/A 20 C
0-15 RT 899 - - S M 5 C
0-16 RT 884 - - S M 5 Cc
0-37 RT 894 - - S M 10 C
0-39 RT 870 - - S Unknown C
0-49 RT 879 - - S M 10 C
0-27 1370°C 140 - - S SCG - B
0-41 1370°C 457 = - v | (Fe) 100 A
0-43 1370°C 306 - - S P 25 B
0-45 1370°C 394 - - S Unknown - A
0-58 1230°C 2 200-300 48 s | (Fe/Y) - A

M = machining groove

P = pore/porosity

| = inclusion
V = volume

A = agglomerate

SCG = slow crack growth

S = surface
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Figure 19a: SEI of the failure origin of specimen O-12 fractured at RT
(0,=596MPa) showing a severe radial grinding mark.

——

#0015

Figure 19b: SEI of the failure origin of specimen O-15 fractured at RT
(0,=899 MPa) showing a 5 um wide machining mark.
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Figure 19c: SEI of the failure origin of specimen O-16 fractured at RT
(0,=889MPa) showing a 5 um wide machining groove.

) e

Figure 20a: BEI of the failure origin of specimen O-5 fractured at RT
(0,=787MPa) showing an inclusion containing Fe, Cr, Ni.
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Figure 20b: BEI of the failure origin of specimen O-19 fractured at RT
(0,=685MPa) showing an iron rich inclusion at the surface.

Figure 20c: BEI of the failure origin of specimen 0-60 (0,=726MPa)
showing an inclusion/agglomerate containing iron.
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Fractography - Strength Correlation

Utilizing fracture mechanics, the strength o; of a tensile
specimen determined in a fast fracture test can be used in
conjunction with the material’s fracture toughness K. to estimate
the size of the critical, fracture-initiating flaw. The approach has
been used in conjunction with fractographic evaluation of surface
failures to establish the character of fracture precursors. The
simplest model neglects residual stress and considers the critical
surface flaw as a semi-circular sharp crack oriented normal to the
applied stress. In this case, the surface length (twice the depth) of
the critical flaw is given by, Ref.(1):

critical flaw surface length = 2/x (K,/0.8 o;)?

Iteration #4 surface failures were analyzed by this approach
using a K,; value of 6.2 MPa m'?, which is representative of this
batch of material. The fracture mechanics (FM) prediction for the
surface length of the flaw is given in Table 7 along with the
corresponding SEM observation, for each of the 10 surface failures
attributed solely to machining damage. Also given in the table are
R, values from profilometric analyses of the gage section surface
finishes.

R, is a measure of the maximum depth of the surface profile
below the mean. The profile was measured in the circumferential
direction corresponding to the axial finish grinding. The values of R,
are on the order of 1um and it is clear that there is no correlation
with strength. This is not surprising in view of the axial orientation
of the grinding profile. SEM/FM suggests that the size of the critical
flaws exceed R, values by 1-2 orders of magnitude.

The SEM/FM data fall into two sets, corresponding to low
strength/large flaw size and high strength/small flaw size. In the low
strength cases, there is reasonable agreement between SEM and
FM, suggesting that the dominant precursor has been derived from
the SEM image.

The semi-circular flaw model is clearly inappropriate for the
>750 um machining scratch of specimen O-12. A high aspect ratio
semi-elliptical model would seem to be more realistic for this case.
For such a flaw the relevant dimension is the flaw depth (minor
semi-axis) and analysis using this model, Ref (2), suggests that the
scratch penetrated to a depth of 38 um causing fracture at 596 MPa.

There is significant variance between the SEM observations
and FM predictions for the higher strength cases (796-899 MPa).
FM estimates of surface length fall in the range 47-60 um, while
SEM precursor feature dimensions are in the 5-10 um range. This
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variance suggests that the dominant failure origin character has not
been captured in the SEM images. Additional evaluation is being
conducted to resolve the discrepancies on a case by case basis.

Table 7: SEM Fractography & Fracture Mechanics Predictions

Flaw Surface Length
# Oy (um) R,
(MPa) " seme FM (wm)
Prediction**
0-22 586 | 80 111 .39
0-12 596 >750 107 71
0-51 618 >150 100 .40
0-21 666 25 86 -
0-66 796 10 60 1.29
0-25 873 10 50 -
0-49 879 10 50 .82
0-16 884 5 49 .51
0-37 894 10 47 .95
0-15 899 5 47 .68

** Semi-circular surface crack model
* Largest evident surface feature near mirror

Residual Stress in NSF Bars

An assessment of near surface, machining induced residual
stress states in NSF tensile bars was completed during the reporting
period, meeting the June 30, 1991 milestone on this subject.

The work was conducted at the Army Materials Technology
Laboratory. The x-ray diffraction approach with Cu K, radiation was
used. The sin® psi stress measurement technique was employed to
provide quantitative data on a total of 13 NSF bars. A number of
MOR bars and a Si;N, powder sample were evaluated in the course
of the developmental work. This technique provides a stress
measurement which represents a bulk volume average, as opposed
to point values. In this study, 50% of the diffracted volume is within
22.8 um of the specimen surface.
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The stresses in the gage section were the primary focus of
this work. Longitudinal stresses measured at the center of the gage
length were found to be invariably compressive, with magnitude
ranging from 200 to 400 MPa. Hoop stresses when detectable were
found to be tensile with magnitude ranging to 70 MPa.

The technique was utilized to establish the dependence of
residual stress on post-machining heat treatments, grinding methods
of different machine shops and forming (injection molding vs.
pressure casting) methods. No effect was found on the as-
machined stress state after a series of trial heat treatments.
Likewise, no significant differences in residual stress were found in
the assessment of specimens machined at three machine shops. A
difference was found when comparing injection molded and pressure
cast final machined specimens. The cast specimens were found to
have a higher level of compressive stress, 350 MPa vs. 245 MPa for
injection molded specimens. This could be a result of the green
density gradients inherent to the casting process, which cause HIP
related residual stresses.

In an attempt to measure HIP related residual stresses, one
specimen (R-16) was partially machined in the gage section.
Residual stress analysis was performed at 8 orientations
corresponding to four different depths of machining as well as the
as-HIP’ed surface (0° orientation). No significant difference in
residual stress was found after grinding to depths of 0.012, 0.048,
0.104 and 0.114 inches.

An unexpected result in this study involved the x-ray
diffraction integrated intensity which was found to increase with
depth of machining, Figure 21. This integrated intensity is
proportional to the % B-phase Si;N,. As such, the data forms a
trace of the diminishing a-phase of the HIP reaction layer. This
result suggests a potentially useful Q.C. method for assessment of
reaction layer removal in machining.
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Figure 21: X-ray Diffraction Residual Stress Results
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Stage |l Tensile Strength Data Summary
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The Stage |l experimental plan (Table 1) involves 14 NSF bar
iterations with 10 control variables and one MLP iteration. The
iteration schedule spans the 15 month period 2/1/91 to 4/30/92.
Eleven NSF bar iterations have been started and are at various
stages of completion. Tensile data have been obtained for
specimens from iterations N through V. These data are summarized
in Figure 22.

The data suggest that there are numerous process conditions
(control variable combinations) which have the potential of
producing 900 MPa strength levels. Systematic fractography and
NDE studies are being used to isolate reliability impairing
conditions/defects. An example is the machining procedure which
was identified in iteration O. Another reliability impairment source
that has been found to have increased in significance through Stage
Il is iron contamination. Actions have been initiated to control this
source of variability.

An important in-process performance measure has been found
to be the K,; of qualification tile that are HIP’ed with NSF
specimens. Since K. is an intrinsic measure of the material
microstructural fracture resistance, a densification acceptance
criterion (accept/reject) based upon K. has been established.

Mean Tensile Strength

Iteration

Figure 22: Mean Tensile Strengths from Stage Il Iterations
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Improved Processing
S. D. Nunn, 0. 0. Omatete, A. E. Pasto, and

R. A. Strehlow (Oak Ridge National Laboratory)
Objective/scope

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

Technical highlights

I. Silicon nitride gelcasting and sintering

Work continued on preparing test plate specimens. A specification for
a series of varied compositions has been prepared for silicon nitride
plates using yttrium and aluminum oxides as sintering aids. The following
specimens were processed during the period:

1. gelcast three 6% yttria-2% alumina plates;

2. sintered three half plates of 8% yttria-4% alumina at 1900°C, 300 psig
(2 x 10° Pa); and

3. sintered at 1750°C and 15 psig (2 x 10° Pa) the matching half plates
for comparative studies of sintering conditions.

In addition, several other parts were gelcast for drying studies, and
specimens of varying thickness were prepared in the range of 1 to 2 cm.
This is part of a series on maintenance of shape integrity of gelcast
parts.

Work was interrupted on the preparation of test plate specimens by
repair operations on the high-pressure furnace used for sintering.

II. Drying studies
We found earlier that:

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

2. There is no constant-rate drying period.

3. The length of drying can be significantly reduced by varying the
humidity and/or the temperature.

Drying studies continued using gelcast silicon nitride specimens. A
drying study on a silicon nitride part was conducted using a full-plate
specimen of 6% yttria-2% alumina at constant conditions of 75% RH and 35°C.
The results are being analyzed.
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III. Alternate systems development

Experiments in alternate systems not based on acrylamide have
continued. Two effective alternate systems have been found and are being
evaluated.

IV. Cooperative research agreement with Garrett Ceramic Components

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

A11 parts originally scheduled to be gelcast were completed and
shipped to GCC. After they were glass-encapsulation hot isostatically
pressed (HIP’ed) by GCC, they were returned to ORNL for tensile testing.
The parts included: 11 flat plates for subsequent tensile testing, 11 T-25
turbocharger rotors, four 3-cm-diam rods, and two "doughnut" specimens - to
test for flaw introduction due to shrinkage on gelation.

Machining of test specimens was begun. Two plates were selected and
returned to GCC for test and evaluation. The plates were from runs that
produced three plates and two rotors. The GCC test procedure will be for
modulus of rupture (MOR) specimens to be prepared from these plates, and
the results are to be compared with those from ORNL tensile specimens.

Twenty-two square cross-section bars cut from one of the silicon
nitride plates have been tested for uniaxial tensile strength. The test
bars had a nominal 6 by 6-mm cross section and were chamfered before being
mounted in the grips. The material had an average fracture strength of
334.3 MPa (48.5 ksi) with a standard deviation of 31.3 MPa (4.5 ksi). The
calculated Weibull modulus was 11.03 for this group of samples.

Optical examination of the fracture surfaces indicated that the frac-
ture origins were at internal process-related flaws. These appear to be
primary pores that were filled by the sintering aid glass during densifi-
cation. This resulted in inclusion particles, which acted as critical
flaws. Five of the 22 specimens were selected for scanning electron
microscopy/energy-dispersive microscopy (SEM/EDS) analysis of the fracture
surfaces. In addition, one of the rods prepared in this work has been pre-
pared for SEM analysis.

Eleven rotors made in the effort have been tomographically analyzed.
The resulting images are being analyzed.

It has been agreed that, based on the results of this work, additional
efforts would be undertaken to develop the process of gelcasting silicon
nitride. Further casting trials are being planned using added materials
that have been received from GCC.
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Processing Science for Si3N4_Ceramics F.F. Lange, D.S. Pearson

(University of California, Santa Barbara)

Obiective/

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.

We are formulating a new processing paradigm. The current
paradigm is based on producing slurries with long-range repulsive
forces. We propose that strong, short-range repulsive forces
produce better slurries and green bodies. Unlike long-range
repulsive forces which permit particle segregation, short-range
repulsive forces prevent particle segregation by permitting
particles to weakly agglomerate without surface/surface contact.

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

We examined two silicon nitride systems with short-range
repulsive forces: one aqueous and the other non-aqueous.

Aqueous systems.

Alumina slurries have shown improved processing when salt
is added(1) and we have attempted to determine if this effect
occurs in silicon nitride. In alumina, the viscosity of the slurry is
increased by the addition of salt while the green body remains
plastic with little effect on the green-density.

Silicon nitride powder.

Continuing our study of the fundamental properties of
powders and how these properties are related to their dispersion
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behavior, we had the electrophoretic mobility of UBE SN-E3 silicon
nitride powder examined at Rutgers University.

Figure 1 shows the results tested by the ultrasonic
technique. The mobility at low pH is significantly less than the
mobility at high pH. This agrees with our observations on the
stability of silicon nitride slurries: Dispersed suspensions made
at pH 10 are more stable and produce consolidated bodies with a
higher green density than slurries made at pH 2. The isoelectric
point is seen to be at approximately pH 5.5, close to the isoelectic
point (pH 6) we observed in our electrophoretic mobility apparatus.
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Figure 1. Acoustophoretic mobility measurements on UBE E-3
powder.

Consolidated bodies.

The density of consolidated bodies formed from coagulated
slurries was investigated over the pressure range from .1 to 10
MPa. Pressure was applied by either centrifugation or pressure
filtration. While the density of these bodies remained relatively
constant regardless of the consolidating pressure, it was found
that the rheology of these bodies varied considerably. All of the
consolidated bodies appeared elastic, although bodies consolidated
below 2 MPa were disrupted by ultrasound or vigorous shaking and
the body becomes fluid.
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Removing agglomerates from the powder prior to
consolidation improved the rheology of the body formed. A body
prepared from as-received powder was dispersed in water by
ultrasound. This slurry was then consolidated by pressure
filtration (2 MPa) and the newly formed body was disrupted by
ultrasound such that a viscous slurry was recovered. Another body
was formed by identical procedures, but the starting powder was
cleaned of larger agglomerates by centrifuging. The rheology of
these bodies are shown in figure 2 and it is clear that the de-
agglomerated powder forms a body which is much less viscous.

Presently, we are subjecting consolidated bodies to uniaxial
loads superimposed over hydrostatic pressures. This is commonly
termed a triaxial test. = The hydrostatic pressure generates a
purely compressive stress in the sample, while the uniaxial load
generates a shear stress.

If no hydrostatic load is applied (and we can observe the
sample during the test), the bodies fracture vertically (ie. split).
Under hydrostatic load, the body yields, but this may be due to
either micro- or macroscopic cracking. In some cases the samples
appear to have cracked during the test. Since no sample has come
out of the apparatus flowing, we have concluded that we have not
yet achieved fluidization. Some samples flow when touched after
testing. Again, it is impossible to quantify this type of yielding.

Figure 3 shows the yielding behavior of silicon nitride bodies
made from dispersed slurries under several hydrostatic loads. The
yield stress increases with increasing hydrostatic pressure. This
is consistent with results found in soil mechanics. Unfortunately,
these samples appeared to have cracked rather than fluidized.

Bodies made from salt-added slurries also exhibited a yield
(figure 4). After testing, these samples would then flow when
touched; however, they also appeared cracked so it can not be
concluded that fluidization has occured during the test. The yield
stress for these samples is much lower than for the dispersed
samples; this is an indication that the added salt is reducing the
interparticle forces.

Since these types of materials are usually dilatant at these
high volume fractions (~50%), we plan on performing our tests at
extremely slow rates to avoid excessive stresses as the particles
move past each other necessitating a volume expansion. We also
plan on running our test with much larger hydrostatic pressures.
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Figure 2. Stress vs. rate for sample A (upper), the as-received
powder, and sample B (lower), the cleaned powder. Arrows
indicate direction of stress ramp. Note the scale change
on the x-axis.
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Nonagueous systems

We are expanding the range of molecular weights of the
molecules which we are reacting with the surface. The rheology of
these reacted particles is similar to that observed earlier. We are
currently making large batches of reacted particles for producing
green bodies for mechanical testing.

We are also comparing the rheology of slurries made from
chemisorbed and physisorbed powders (figure 5). The yield stress
of the physisorbed powders was found to decrease with increasing
addition of adsorbate; above 2 wit% (of the powder) addition, no
further increase is observed. This plateau in yield stress is still
higher than the yield stress of slurries made from chemisorbed
powder.

The effect of water adsorption is another difference between
the chemisorbed and the physisorbed powders (figure 6). The
physisorbed powders showed a large increase in viscosity when
they were cooled to 5°C under ambient conditions. The tool had
water droplets which had formed from moisture in the air. If the
sample (and the tool) were kept under dry nitrogen, no water
condensation occured and the viscosity was similar to that at room
temperature and to that of the chemisorbed material at room
temperature and at 5°C; the chemisorbed material was not affected
by condensation of moisture.

Summary.

We have seen that alumina and silicon nitride behave
differently when salt is added to an aqueous slurry. Alumina
becomes plastic while silicon nitride behaves elastically. The
silicon nitride can be made plastic by applying large stresses. The
difference between the two different materials may be due to the
reduced charge on the silicon nitride surface and the morphology
differences between them.

In contrast, the non-aqueous chemisorbed alcohol system is
plastic and unlike the physisorbed alchohols it is not affected by
atmospheric moisture.
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Figure 5. The effect of adsorbate concentration. The bottom
curve is a chemisorbed sample, the top curve is 1%
physisorbed, and the middle two curves are 2 and 5%
physisorbed.
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Figure 6. The effect of water on 5% physisorbed powder.
Curves #1 and #2 are before low temperature excursion,
#3 is after the first excursion, and #4 is after a second
excursion.
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Status of milestones.

114401

Survey rheological characteristics of slurries
produced under a variety of pH/electrolyte
conditions. Develop methodologies for
characterization of slurry rheological
properties and green body mechanical
properties.

114402 Status report on testing procedures and
preliminary results.

114403 Determine effect of pH/electrolyte
conditions on green body properties including
processing rates, mechanical properties, and
density.

114404 Status report on green body properties and
processing relationships.

114405 Explore other means to modify interparticle
interactions (polymers such as PVA).

114406 Status report on polymer effects.

114407 Examine flaw populations in sintered bodies.

114408 Final report on colloidal processing.

Blblicati

None.
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1.2 CERAMIC COMPOSITES
1.2.2 Silicon Nitride Matrix

In-Situ Toughened Silicon Nitride (Phase IIA)

H. Yeh, J. Pollinger, D. Newson, E. Solidum (Garrett Ceramic
Components)

J. Yamanis, M. Behi, C-W. Li, P. Whalen (Allied-Signal Research and
Technology)

OBJECTIVE/SCOPE

The objective of this program is to improve the properties of a
newly developed 7n-situ reinforced high temperature Si3N4 material
(AS-700), and to develop net-shape component fabrication processes.
This effort is targeted for heat engine applications, and the goals
for the key properties are listed below:

Flexural Strength at 1370°C 490 MPa
Stress Rupture 490 MPa @1200°C >100 hr
Fracture Toughness > 10 MPa-ml/2
Weibull Modulus > 18

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

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

TECHNICAL HIGHLIGHTS

TASK 1 - SLIP CASTING DEVELOPMENT

The objective of this task is to develop a process to pressure
slip cast the baseline AS-700 Si3N4 material in thin cross-section
test plates and thick parts with varying cross-sections. Material
shall be densified and heat-treated using established baseline
procedures. Mechanical properties and microstructures will be
characterized and compared with current baseline cold isostatic
pressed AS-700.

Research sponsored by the U.S. Department of Energy, Assistant Secretary
for Conservation and Renewable Energy, Office of Transportation
Technologies, as part of the Ceramic Technology for Advanced Heat
Engines Project of the Advanced Materials Development Program under
contract DE-AC05-840R2140 with Martin Marietta Energy Systems, Inc.,
Work Breakdown Structure Subelement 1.2.2.1.
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1.1 Slip Development

The goal of this subtask is to develop an AS-700 Si3zNg4 s1ip with
desirable properties for slip casting both thin and thick cross-
section components. To achieve the desired green part properties of
homogeneous microstructure, high green density, and ability to be cast
into complex-shape and large cross-section parts, the desirable slip
properties are high solids content, Tow viscosity, long-time
stability, agglomerate-free, and sintering aid powder particles of the
same size or smaller than the silicon nitride powder particles. AS-700
slip development was divided into two tasks - generate desirable slip
properties that result in acceptable rheology, forming, and green
densities; and generate a homogeneous green microstructure.

Homogeneous green microstructures were achieved by slip milling
procedure modification. The original AS-700 green microstructure
formed by cold isostatic pressing of alcohol milled powders is shown
in Figure 1. The SEM backscatter image shows that the sintering aids
(1ight color) are somewhat agglomerated and the agglomerates are
greater in size than the silicon nitride powder (dark color). The
baseline slip casting process (milling time T) has reduced the size
and number of sintering aid powder agglomerates (Figure 1), but
further homogenization was desired. The milling time was increased to
time 4T and the result was a further reduction of sintering aid
agglomerate size and number (Figure 1), but not to the desired level.
A sintering aid powder premilling step was added and the sintering aid
powder agglomerates were effectively eliminated (Figure 1). The
premilling step was also designed to prevent any contamination during
the milling. The sintering aid premilling slip fabrication process was
implemented as the optimized slip milling preparation procedure.

Slip property development utilized designed experiments to
improve AS-700 slip properties - achievable solids content, viscosity,
and green density, by evaluation of the following variables:
dispersant composition, dispersant concentration, milling
time/procedure as described above, and pH adjustment additive
concentration. The investigative process used was to optimize slip
properties at the baseline slip solids content of 70 wt% solids, then
increase the slip solids content and investigate further slip process
improvements. Figure 2 shows that the improvements made in slip
processing resulted in greatly improved properties (lower viscosities
and high solids contents) and higher green densities.

The properties of the baseline slip solids content of 70 wt% was
improved by dispersant concentration and milling time optimization and
the slip viscosity was lowered and green density increased from 61% to
63.5%. But the viscosity was so low that further slip improvements
were barely detectable, and the low solids content results in long
casting times. The solids content was increased to 73 wt%, where the
majority of slip processing improvements were conducted. As Figure 2
shows, the slip viscosity was extensively decreased and the cast green
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Figure 1. Green Microstructure Homogeneity Development in AS-700
Silicon Nitride.
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Figure 2. Improvements in AS-700 S1ip Properties and Resulting
Presintered Densities as a Function of Slip Solids Content.

density increased to 65.6%. The improvements were accomplished through
a dispersant composition change and concentration optimization,
milling procedure optimization (the sintering aid premilling procedure
described above) and pH adjustment additive concentration
optimization. The 73 wt% solids optimized AS-700 slip was used to
successfully slip cast 2" by 3" plates and large 3" diameter by 2.5"
tall cylindrical billets. The slip proved to be very stable over the
relatively long casting required for forming the cylinders by
unidirectional casting.

Casting of the complex-shaped AGT101 rotors revealed that the
optimized 73 wt% solids content slip resulted in some rotor cracking
during casting and drying due to the green density, which was Tow
enough (relatively) to result in too much casting and drying
shrinkage/stress, and long casting times, which Tet the casting
shrinkage stresses build up. The AGT101 rotors were slip cast for just
this reason - to determine the required slip properties that would
result in reasonably short casting times and high green densities to
prevent unacceptable casting and drying shrinkage stresses in large
complex shaped parts. The slip solids content was increased to 74
wt%, and then 75 wt% solids. The 75 wt% solids slip properties were
further optimized by slight changes in dispersant concentration,
required by the changing colloidal dispersion environment (relative
water volume-to-powder surface area ratio and amount of double layer
crowding). The optimized 75 wt% solids slip was used to successfully
slip cast the AGT101 rotors.
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1.2 Forming Development

The goal of this subtask is to take the AS-700 slip developed in
Subtask 1.1 and develop pressure slip casting process parameters for
generation of uniform high green density, warpage and crack-free green
parts, both thin and thick varying-cross-section.

Three AS-700 slip cast specimen geometries were selected to
evaluate the forming capability of the AS-700 slip being developed.
The geometries (shown in Figure 3) were the 2" by 3" by .5" plate, the
3" diameter by 2.5" tall cylindrical billet, and the AGT10l radial
rotor. The plate was used to evaluate basic slip casting capability
such as achievable cast green density. The large cylindrical billet
was used to evaluate slip stability and green density needed to cast
thick cross-section components without cracking due to casting or
drying shrinkage. The AGT10l1 rotor was selected to be the ultimate
test of the AS-700 slip, as Garrett Ceramic Component’s previous
experience showed that the rotor required a very stable slip because
of its long casting time, and high green densities to prevent casting
and drying shrinkage stresses.

L

Aencarth ot . 100532-4

Figure 3. Slip Casting Component Geometries Selected for Development.



94

Slip casting, drying, and presintering of the 2" by 3" plates
revealed no problems with any of the slips developed, from 70 wt%
solids through 75 wt% solids. The thin cross-section (0.5") and simple
geometry present minimal drying problems or shrinkage stress concerns
and low cast green densities do not result in unacceptable stresses.
The plate geometry has proven to be very insensitive to slip
instability because of its short casting time.

Pressure slip casting of the large cylinders was investigated
using two casting front geometries - unidirectional, and side and
bottom dewatering. The bottom and side dewatering approach resulted in
rapid casting times but the billets typically cracked radially during
drying due to the green density and moisture gradients generated by
the multiple casting fronts. Billets cast using the unidirectional
approach were successfully cast, dried, and presintered without
defects. Increasing the slip solids content to 74 wt% resulted in high
enough green densities that the removal of moisture from the billet
was more difficult and cracking during drying sometimes occurred. A
slip solids content of 73 wt% was selected as the optimum for the
large diameter billets.

Pressure slip casting of the AGT101 radial rotors was first
evaluated using 73 wt% solids optimized AS-700 slip. The rotors
exhibited some blade and hub cracking during casting and drying due to
the Tower than required green density generated by the 73 wt% solids
content. Increasing the solids content to 74 wt% did not eliminate
cracking. The solids content was increased to 75 wt% solids and the
green density achieved was enough to prevent cracking by reducing the
casting and drying shrinkage and stress to suitable levels.
Presintered AGT101 rotors were sectioned to evaluate green density
homogeneity. As shown in Table 1, the green density distribution
throughout the rotor is very homogeneous, with the highest difference
only 0.6%. This homogeneity in powder packing will result in densified
parts with excellent dimensional control and reproducibility.

In summary, the goals of Task 1 were accomplished, with an AS-700
slip preparation process developed that resulted in stable slips able
to be formed into a variety of shapes - demanding in terms of cross-
sectional thickness and complex shape. The results also indicate that
slight changes in slip solids content may be required for different
geometry parts, to optimize casting and drying shrinkage, while not
inhibiting moisture removal during drying. The high green densities,
homogeneous green microstructures, and forming capability should allow
AS-700 slip cast silicon nitride densification/grain growth
development without the obfuscation of unoptimized green micro-
structure or requirement for subsequent green forming refinement which
might modify the densification and grain growth process mechanisms.
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Table 1. Achievement of homogeneous presintered density in AS-700 slip
cast AGT101 rotors.

VERTICAL EVALUATION

SAMPLE NO. DENSITY

10 63.2%
20 63.1%
30 63.1%
40 63.3%
50 63.5%

VARIATION = 0.6%

RADIAL EVALUATION BOTTOM
HUB AT BOTTOM HUB AT MIDDLE HUB AT TOP SHAFT AT MIDDLE SHAFT AT TOP
SAMPLE NO. DENSITY | SAMPLE NO. DENSITY | SAMPLE NO. DENSITY | SAMPLE NO. DENSITY | SAMPLE NO. DENSITY

10 63.2% 20 63.1% 30 63.1% 40 63.3% 50 63.5%
1 63.3% 21 63.0% 31 63.2% a1 63.4% 51 63.4%
12 63.3% 22 62.9% 32 63.2% 42 63.5% 52 63.5%
13 63.2% 23 63.2% 33 63.3% 43 63.4% 53 63.4%
14 63.3% 24 63.2% 34 63.2% 44 63.3% 54 63.4%

VARIATION = 0.2% VARIATION = 0.4% VARIATION = 0.3% VARIATION = 0.3% VARIATION = 0.2%

NOTE: SAMPLE NO. INDICATES SAMPLE LOCATION WITHIN PART

TASK 2 - Improvement of Densification and Grain Growth Processes

The objective of this task is to establish improved densification
and heat treatment process conditions for AS-700 Si3N4. The evaluation
criteria shall be density, microstructure, mechanical properties, as-
processed surface quality, and shape retention. Density and mechanical
properties shall be the primary screening criteria. Large AS-700
samples (approximately 3" diameter by 2" high) will be used as the
primary samples for densification and grain growth process
development.

A number of slip cast AS-700 small plates (2" by 3" by .63")
were processed through the baseline densification/heat treatment
cycle. The plates were formed using the optimized AS-700 dispersion
process and baseline (milling time M;) and improved milling
procedures M, (longer milling time) and M3 (sintering aid powder
premilling). The results are presented in Table 2. The results of
milling time M; show basically equivalent properties to CIPed AS-700
baseline material. The material formed from milling time M, slip
shows slightly lower strengths. The material formed from the
optimized M3 milling procedure shows significantly lower toughness
and room temperature strength compared to the baseline CIP material.
This is inspite of the fact that these specimens have achieved the
highest sintered densities of any AS-700 yet processed. Microscopy
also indicates large exaggerated grains (much larger than those in
the typical AS-700 CIPed in-situ reinforced microstructure). It is
theorized that the improved homogeneity green microstructure of the
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TABLE 2. AS-700 Si3N4 Small Plate Properties as a Function of Milling

Procedure.
SLIP SINTER FRACTURE 25°% 1000°% | 1375°%
MILLING | DENSITY | TOUGHNESS | STRENGTH | STRENGTH | STRENGTH
SAMPLE TIME (g/cc) | CN (MPa m) (ksi) (ksi) (ksi)
CIPED | ------ 3.29-3.33 9.0 108.5 92.0 71.0
$9100148 | M, (T) | 3.30 ---- 103.5 (3) | 92.5 (2) | 59.2 (3)
9100140 | My (T) | 3.29 .- 108.1 (2) | 94.2 (2) | 71.5 3)
S910014E | M, (T) | 3.29 - 107.9 (3) | 98.0 (3) | 71.3 (3)
$910066D | M, (T) | 3.26 8.20 96.6 (2) | 82.8 (2) | 67.2 ()
9100678 | M, (6T) | 3.26 --- 94.5 (3) | 84.9 (3) | 64.7 (3)
S910091A M3 (5T 3.30 6.97 85.8 (5) S coo
AFTER
$910091B | PREMILL)[ 3.30 7.54 84.2 (5) --- ---

T - RELATIVE MILLING TIME
() - NUMBER OF SAMPLES TESTED

M3 s1ip milling procedure results in a more reactive compact during
densification, allowing sintering to higher densities and that the
baseline grain growth thermal processing temperatues may now be too
high and need to be reduced to control the development of the 7in-situ
reinforced microstructure. The grain morphology obviously affects the
balancing act between high strength due to fine grain size and high
toughness due to high aspect ratio interlocked grains. There are also
indications that the increased green compact homogeneity and
reactivity during densification and grain growth are effecting slight
changes in the grain boundary phases, which also affects mechanical
properties, especially at high temperature.

Thus the potential benefit of the improved green microstructure
homogeneity and resulting reactivity to generate improved mechanical
properties requires refinement of the densification/grain growth
process to be taken advantage of. Designed experiments were then
developed to explore such parameters as lowered densification and
grain growth temperatures, heating and cooling rates, and thermal
processing hold times using slip cast plates with the optimized M3
milling procedure.

Preliminary results fron the designed densification experiments
on the small slip cast plates with optimized green microstructure
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explored the effect of hold time at densification/grain growth
temperature. Four hold t1me combinations were explored - the baseline
hold time t; (.8t7) (. 6t]), and t4 (.4ty). The plates were
all processed a the gase11ne dens1f1cat1on/hea% treatment
temperatures. The plates processed for times t;, tp, and t3 all
achieved full density. The plate densified at %1me ty only reached
97.3% density and was not further evaluated. All the plates contained
amorphous grain boundary phase, measured by XRD. The mechanical
properties, shown in Table 3, were independent of densification hold
time. The room temperature flexural strengths are now close to but
slightly below the baseline cold isostatic pressed strengths The
program goal of 490 MPa fast fracture strength at 1370°C is also
slightly greater than the current 1370°C of 452 MPa. The desired
fracture toughness of 8.5 - 9 MPa/m is also above the current fracture
toughness of 7.65 MPa/m.

Table 3. Small Slip Cast Plate Mechanical Properties.

4-PT FLEXURE STRENGTH | RETAINED STRENGTH | FRACTURE TOUGHNESS
SAMPLE DENSIFICATION RT 1100°%c 1375°% 20 Kg INDENT CHEVRON NOTCH
PLATE HOLD TIME DENSITY (MPa) (MPa) (MPawfn)
$910177€ ty 100% 669 576 454 317
%) 3) 3) 3
$910177F ty 100% 649 645 440 319
(6) (3) (3) 3)
$910177A t, 100% 666 560 460 326 7.54
(5) (3) €5) (3) (2)
$910177C tz 100% nv7 Fo Do 315 7.74
(5) (4) (2)
$910177D tz 100% 676 == Soc 310 7.66
(4) (3) (2)
$910167F t, 97.6%
CIP ty 100% 748 634 490 357 9.0
STANDARD
PROGRAM
GOALS == 100% DoC D90 490 SO 10.0
NOTES:

1) () - Denotes No. of Samples Tested
2) [ty = .8t;, tz = .6ty, t, = .4t,]
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To further optimize the small slip cast plate densification and
heat treatment process to meet program property goals, the designed
experiments are being continued. They are two level designs that will
examine densification/heat treatment hold temperature, heating rates
and cool down rate. The experiment matrix is expected to be completed
in early November 1991.

The investigation of densification of the large diameter AS-700
SiaNg billets was also initiated. Two slip cast large billets
(5316104A and S910104B) were densified using the intermediate heating
rate firing schedule F, (50% of the baseline cycle heating rate) to
prevent thermal upshocEing of the large cross-section parts. The
billets reached densities of 96.7 and 97.6% and no cracking occurred.
Billet S910104B was machined into 3 x 4 x 50 mm flexure bars for
density and material strength distribution evaluation. From the
density data shown in Figure 4, it is clear that the interior of the
billet did not sinter as well as the exterior. In addition, the
bottom of the cylinder (placed in contact with the crucible) did not
reach high density, even in the exterior region. Test bars taken from
this bottom region tended to have lower strengths, as shown in Figure
5. Uneven sintering due to uneven heat distribution was the cause of
the vertical density gradient and the furnace and part fixturing were
modified to generate a homogeneous hot zone. Overall, the strengths
were lower than similarly fabricated small plates and CIPed baseline
AS-700.
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Figure 4. Measured Densities of Bars Cut From Large S1lip Cast Billet
S910104B.
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Figure 5. Room Temperature 4-pt Bend Fracture Strengths of Test Bars
Cut From Large Slip Cast Block S910104B.

Initial indications are that densification occurs at and near the
surface before the core of the cylinders, with the resulting accicular
microstructure inhibiting subsequent consolidation in the interior,
resulting in lower density centers.

A set of designed experiments was developed and is being
implemented to achieve full density throughout the large cross-section
parts, with desired microstructure development and corresponding
mechanical properties. Experimental parameters being examined include
heat-up rates, hold times, densification/grain growth temperatures,
and cool down rates.

Preliminary experimental results examining the effect of heating
rates (cycle F, heating rate versus the baseline cycle heating rate
which is twice the cycle F, rate) resulted in improved flexure
strengths and indented tes% bar strengths. Compared to a 3" dia. by
2.5" billet densified using the standard AS-700 process, the same size
billet heated at twice the heated rate exhibited greater interior and
exterior region room temperature flexure strengths and higher indented
test bar retained strengths, as shown in Table 4. Both of the large
billets were completely converted to beta-Si3Ng and exhibited
amorphous grain boundary phase in the interior and approximately 70-
80% crystalline grain boundary phase in the exterior regions. The
change in microstructure that results in this increase in properties
and the reason why heating rate affects these properties is still
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Table 4. Mechanical Properties of Large Cylindrical Billets as a
Function of Heating Rate.

4-PT FLEXURE STRENGTH DAMAGE TOLERANCE
SAMPLE | DENSIFICATION (MPa) 20 Kg INDENT (MPa)
NUMBER | HEATING RATE INTERIOR  EXTERIOR INTERIOR EXTERIOR

$910247 ty 442 530 252 233
(16) (14) 3) (2)
$910211 ty 548 578 297 290
17) (24) 6) (5)

NOTES:

1) () - Denotes No. of Samples Tested
2) t, & 2ty

being determined. The designed experiment matrix is being continued
and will be completed in November 1991.

The final experiments of Task 2 will be to evaluate densification
of the slip cast AS-700 AGT101 rotors using the optimized
densification process developed for large billets. These experiments
are planned for November 1991.

The optimized densification/heat treatment process to be used to
fabricate samples in Task 4 will be selected from the processes
developed for either the small slip cast plates, or more desiredly,
from the large cylinders.

TASK 3 - ALTERNATE RAW MATERIALS

The objective of this task is to evaluate the influence of the
chemistry and physical characteristics of the starting Si3N4 powders
on in-situ reinforcement processing and resultant properties. After
an extensive search of silicon nitride powders with a variety of
characterisitics, three critical silicon nitride powder
characteristics were selected for evaluation:

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

Alternate Si3Ng4 powders were then selected. Selection criterion was to
keep all other powder characterisitics similar to the baseline powder,
while having a Tower or higher value of one of the three critical
Si3Ng4 powder characteristics to be evaluated. Six commercially
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available powders meeting these requirements were selected and efforts
are now underway to evaluate them in the AS-700 system.

The goal for each alternate silicon nitride powder was to
fabricate 2" by 3" slip cast AS-700 plates with a minimum green
density of 60.7% and with a homogeneous green microstructure. This
will eliminate any convolution of results due to different packing
densities or green microstructure. The sintering aid premilling
procedure developed in Task 1 was used to fabricate the various slips.
The plates will then all be densified using the optimized
densification/grain growth process being developed in Task 2.

Plates of all six alternate silicon nitride powders have been
successfully cast meeting the green denity and homogeneity
requirments. The plates are awaiting the optimized densification/grain
growth process being developed in task 2. The mechanical properties
and microstructure of the densified plates will be characterized and
effects of the various powder characteristics analyzed.

STATUS OF MILESTONES

Milestones are on schedule.
PUBLICATIONS/PRESENTATIONS

J. Pollinger and J. Yamanis presented a program status at the
Automotive Technology Development Contractors Coord1nat1on Meeting in
Dearborn, MI on October 28, 1991.
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Optimization of High-Temperature Properties of Silicon Nitride Ceramics
T. S. Sheu and T. Y. Tien (The University of Michigan)

Objective/scope

Silicon nitride ceramics with a fibre-like structure of the B-SigNy4 grains
exhibit the highest fracture toughness and flexure strength. Ceramics with
long B-SigN4 grains can be obtained by sintering the silicon nitride
ceramics at higher temperatures under a higher nitrogen pressure. The
composition of the sintering additives will also affect the microstructural
development and their mechanical properties. The mechanical properties
can further be improved by characteristics of the grain boundary phase.
However, the additives usually become a glassy grain boundary phases
after sintering which cause an inferior high temperature property. The
major goal of this project is to develop monolithic silicon nitride ceramics
with optimum mechanical properties at room temperature as well as at
high temperatures. a'-SiAlION has an equiaxied grain morphology and its
composition can be expressed as YxSi12-(m+n)Alm+nN16-nOn which has a

stuffed derivative structure of a-SigN4. By proper batch formulation, the
starting materials form liquid which aid densification of the silicon nitride
ceramics at the beginning of the sintering process. At the later stage of
sintering, the liquid enters the silicon nitride lattice forming o'-SiAION.
The final product contains only the fiber like B-SigN4 grains and equiaxied

o'-SiAlON grains without any liquid phase at the grain boundaries. It is
expected that silicon nitride contains no glass grain boundary would which
have better mechanical properties at high temperatures.

Technical progress

Ceramics containing B-Si3N4 and o'-SiAlION were synthesized in the
system Si,Al,Y/N,0. Compositions of these ceramics can be fund on the join
SigN4-Y203:9AIN as shown in Fig. 1. These compositions were hot-pressed
at 1780°C under a unidirectional pressure of 300 Kg/cm2. During hot
pressing, samples with various compositions showed different sintering
behavior. The results are given in Fig. 2. Samples with a lower o' phase
content require a longer time to achieve full densification.

Flexure strength and fracture toughness at room temperature, as well as
at 1400°C, as a function of phase contents were given in Fig. 3. Samples
with 20 - 40 wt% o'-SiAlION show both flexure strength and fracture
toughness. Temperature-dependence of strength curves for samples

containing 20 - 40 wt% o'-SiAION phase hot pressed at different conditions

are shown in Fig. 4. The highest strength observed was ~1300 MPa at 25°C,
and ~800 MPa at 1400°C. A SEM micrograph in Fig. 5 shows one of these
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Fig. 5. SEM micrograph of asample containing 30 wt% o' phase.
This sample was hot-pressed at 1780°C for 0.5 hour.

materials containing a very fine grain of a'-SiAlION phase and a high
aspect ratio of B-SigN4 grains.

Status of Milestones
On schedule.

Publications

None.
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Wen-Cho Teng and T. Y. Tien
(The 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 fibre-like structure of the g-SigN4 grains can be obtained by
sintering the silicon nitride ceramics at higher temperatures under higher
nitrogen pressure. The composition of the sintering additives will affect the
microstructural development, grain boundary characteristics, and hence,
the mechanical properties. However, the grain boundary phase has never
been synthesized 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.

Technical progress

Compositions studied were: 10 wt% SiAION - 90 wt% Y2Si207, 20 wt%
SiAION - 80 wt% Y2SigO7 and 30 wt% SiAlION - 70 wt% Y2SigO7. These
compositions were designated as 9010, 8020 and 7030, respectively. Starting
powders were weighed and mixed using isopropanol and an ultrasonic
mixer. Mixtures were dried and melted in a covered BN crucible at 1700°C
under a nitrogen pressure up to 40 bars and then furnace cooled. The melts
were analyzed by XRD and EDX. Nitrogen contents of the samples were
analyzed by an inert gas fusion technique. Thermal expansion of these
samples was measured using a dilatometer. The results are discussed in
the following sections.

Compositions 9010 and 8020 were amorphous to XRD and 7030 was found to
contain a small amount of B-SigNy4 crystals. The nitrogen contents after
melting are given in Fig. 1. Nitrogen loss was observed for all compositions
when melted under one atmosphere of nitrogen, and very little change in
the nitrogen content was observed for compositions melted at higher
pressures.

Typical thermal expansion curves are given in Fig. 2. From these curves,
the thermal expansion coefficients and glass transformation temperatures
were computed. The composition dependence of the thermal expansion
coefficients are given in Fig. 3, and the glass transformation temperatures
are given in Fig. 4. These curves show that the thermal expansion
coefficients increased with increasing nitrogen content, and no clear trend
can be observed for the glass transformation temperature.
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Status of milestones
On schedule.
Publications

None.
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FABRICATION OF SiC-AIN COMPOQSIT.
G. E. Hilmas and T. Y. Tien
(The University of Michigan)

Objective/scope

The goal of this project is to obtain dense SiC-AIN composites containing AIN-
polytypoid phases(s) as a dispersed second phase. AIN-polytypoids (8H, 15R, 12H,
21R and 27R) form as elongated rod-like or platelet-like grains and are stable at high
temperatures potentially producing an in-situ reinforcement phase in advanced
composites. Hot-pressing was selected for this study to optimize densification at high
temperatures.

Technical progress

1.0 INTRODUCTION

The formation of AIN-polytypoids and subsequent SiC matrix: AIN-polytypoid
composites have been described in the last two semi-annual reports [1,2], including
microstructural and mechanical property data. To this point, samples prepared with 90
vol.% B-SiC and 10 vol.% 12H (AIN-polytypoid) have resulted in the desired
microstructure containing a SiC matrix phase with a well dispersed AIN-polytypoid
second phase. This AIN-polytypoid second phase has formed in a platelet-like
morphology and has strongly enhanced the fracture toughness of the SiC composite
while maintaining a good room temperature strength (8.5 MPa-Vm and ~550 MPa,
respectively). Samples designed to contain 20 vol.% and greater of the 12H-polytypoid
second phase have resulted in phases and microstructures that are competing between
forming the desired two-phase microstructure and one that contains a-SiC(2H) and
AIN(2H) in coexistence or possibly in solid-solution. The resulting microstructures for
these samples are generally fine-grained with lower fracture toughness values comparable
to dense SiC monoliths.

It is believed that several of the above compositions may not have reached their
equilibrium phases and/or microstructures. Since lower temperature annealing is not
likely to alter the present phase content, it is necessary to perform longer hot-press cycles
at 2100 °C to determine if equilibrium has been or can be obtained. In order to perform
the above analysis, hot-pressed billets of all five compositions [BS90:12H(II),
BS80:12H(II), BS70:12H(II), BS60:12H(I) and BS50:12H(II)] must be prepared for
longer hold times at 2100 °C. It is the intent of this report to discuss preliminary results
on samples prepared for hold times of 2 and 5 hours at 2100 °C.
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2.0 EXPERIMENTAL

The compositions [BS90:12H(II), BS80:12H(II), BS70:12H(I), BS60:12H(I)
and BS50:12H(II)] have been prepared by hot-pressing at 2100 °C for hold times of 2
and 5 hours. In order to try and improve the high temperature mechanical properties of
these materials, 1 wt.% of C was added during powder processing. Since elemental C is
already present, the excess C will not affect the phase equilibria. It will act to increase the
effective surface energy by reducing the SiO2 and free Si contents at the grain
boundaries. This should both promote sintering and limit grain growth of the SiC matrix
phase.

Sections of the hot-pressed samples were machined and then ground and polished
down to a 1 pum diamond finish for preliminary mechanical properties measurements.
Fracture toughness values were determined from direct crack measurements from Vickers
diamond indents and calculated from the equation of Anstis et al. [3].

3.0 RESULTS AND DISCUSSION

The results of the fracture toughness measurements are summarized in figure 1
along with earlier data from samples hot-pressed for 1 hour at 2100 °C. The values for
samples hot-pressed for 2 and 5 hours are generally quite consistent with previous results
obtained on samples hot-pressed for 1 hour. Although the compositions BS90:12H(II)
and BS80:12H(II) exhibit fracture toughness values somewhat lower than the high of 8.5
MPa-Vm, the values are still quite good and these specimens are expected to have higher
flexural strength values.

The samples are currently being evaluated by XRD and SEM to determine their
phase content and microstructural morphology. Bend test bars are also being machined
from the hot-pressed billets to evaluate their room temperature and elevated temperature
flexural strength.

Status of milestones

On Schedule.
Publications
None.
References
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report submitted to ORNL under Contract No. SC-19X-SA125C, April, 1991.
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Figure 1. Plot of fracture toughness vs. volume% 12H-polytypoid for

samples hot-pressed for times of 1, 2 and 5 hours at 2100 °C.
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e . s o .
K.R.Laiand T. Y. Tien
(The University of Michigan)

Objective/scope

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

Technical progress

Fracture toughness, flexural strength and microstructural features of B-SigNy
ceramics containing 6 wt.% Y203 and 2 wt.% AloO3 (B6Y2A) as sintering aids were
studied. The fracture toughness was measured using the Vicker's indentation

method!! and the precracking strength testing method.[2], Four-point flexural
strength was measured following the standard of MIL-STD-1942A with the fixture
having an outer span of 20 mm and inter span of 10 mm. Grain sizes were
determined using the disintegration method.

The grain size dependences of the fracture toughness and flexural strength are
plotted in Fig. 1 and Fig. 2. Optimum mechanical properties (¢ = 1,000 MPa, Kjc =

9.0 MPa.m!2) were observed for specimens which were sintered at 1900°C under a
10 atm. pressure of N2 for 1 hour. These samples have an aspect ratio of 8.7 and

grain length and width of 7.25 uym and 0.833 um, respectively.

Similiar mechanical behaviors were observed for B-SigN4 ceramics containing 10
wt.% Y3Al5012. It appears that the crack propagates intergranularly when the
grain size of B-SigN4 is small. Transgranular propagation becomes dominant in
specimens containing larger B-SigNy grains.

(1) G. R. Anstis, P. Chantikul, B. R. Lawn and D. B. Marshall, " A Critical
Evaluation of Indentation Techniques for Measuring Fracture Toughness: I.
Direct Crack Measurements," J. Am. Ceram. Soc., 64 [9] 533-539(1981).

(2) P. Chantikul, G. R. Anstis, B. R. Lawn, and D. B. Marshall, " A Critical
Evaluation of Indentation Techniques for Measuring Fracture Toughness: 1I,
Strength Method, " ibid, 64 [9] 539-543 (1981).
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Fig. 1 Fracture toughness of B6Y2A-SigNy4 ceramics as a function of (a)
sintering time, (b) aspect ratio, (c) grain length, (d) grain width.
Samples were sintered at 1900°C under 10 atm. N2 pressure.
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Status of milestones

On schedule.
Publications

None.
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1.2.3 Oxide Matrix

Dispersion-Toughened Ceramic Composite
T. N. Tiegs, P. A. Menchhofer, W. H. E1liott, and D. W. Coffey
(0ak Ridge National Laboratory)

Objective/scope

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

Technical highlights

SiC whisker growth

Previous work identified optimized SiC whiskers that were calculated
to give high toughness to silicon nitride matrix composites.1 Numerous
flaws were identified in commercial SiC whiskers that reduced whisker
strength and, therefore, reduced their toughening effect. The flaws
identified were artifacts from the whisker growth process and included
(1) central axial core regions or holes and (2) crystallographic changes
(that act as stress concentrators) along the axial Tength. In addition, it
was determined that larger diameters in the 1 to 3 um range would also be
effective in increasing the toughness of silicon nitride. Thus, studies
were initiated to determine the process parameters that would reduce flaw
generation in SiC whiskers and increase their diameters. During the same
time frame, however, concerns about the cost of the whiskers, the proc-
essing difficulties encountered during fabrication of whisker composites,
and the health and safety issues associated with the acicular nature of the
whiskers caused the emphases of the work to shift from whisker-reinforced
composites to in-situ grain growth to achieve high-toughness silicon
nitride materials. This report summarizes the work that was done to deter-
mine the process parameters affecting SiC whisker growth, but the work has
been discontinued and the effort redirected.

It has long been recognized that vapor-liquid-solid whisker growth
could produce a very high-strength and large-diameter whisker.“” However,
because the yields from this type of process are low, the process was not
considered a viable one for production of economical whiskers for heat
engine applications. Therefore, we chose a process that would be amenable
to production of large quantities of SiC whiskers. The patent literature
showed that processes using carbothermic reduction of silica and carbon
were commercially successful; therefore, the initial work investigated this
area.

A few requirements are necessary for whisker growth to occur in the
carbothermic reduction of silica-carbon system. The most obvious is that
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whiskers need space to grow. Rice hulls that are used in many of the
commercial processes are a very fortuitous structure in that they not only
provide silica and carbon but also pore space for whisker growth. A
catalyst of some kind is also necessary and is most commonly supplied by
adding iron to the reactants. A final requirement is gas phase transport
of the reactants. If these requirements are met then whisker growth can
occur, and, in fact, it is almost impossible to prevent whisker growth.
This may help explain why the open and patent literature reports have such
a wide variety of conditions where whisker growth has been observed.

Numerous silica sources have been used in various investigations
including rice hulls, colloidal silica, silica gel, sea sand, and silica
plates. In our study, we examined colloidal silica (particle size ~ 70A)
and various sizes of particulate silica (1 to 38 um). Carbon sources in
the Titerature are also varied and include carbon black, charcoal, sucrose,
and gaseous carbon. Our investigations looked at severa] grades of carbon
black and graphite powders with surface areas ranging from 1 to 120 nl/g
Both the silica and carbon sources were relatively high purity. Our
earlier studies have identified the impurities in whiskers made from rice
hulls as a source of the inclusions which act as one of the major flaws in
this type of whiskers. Silica-to-carbon weight ratios of 0.6 to 3 have
been used in the patent and open literature reports, and our work standard-
ized on a ratio of 1. Bulk densities for the powder mixtures were gener-
ally in the range of 0.1 to 0.5 g/cm’.

Effect of raw materials — the particle size of the silica greatly
affected the ability to grow whiskers. With the small particle sizes,
whisker growth was evident, but with silica particle sizes > 5 um whisker
growth was essentially nonexistent. The particle size (and surface area)
affect the generation of Si0 gas, which needs to be sufficiently high
enough for axial whisker growth at reasonable rates. Thus, all further
work used silica sources with small particle size and high surface areas
for most of the work done with colloidal silica (Cab-0-Sil M-5, 70A parti-
cle size and 120 nl/g surface area).

Effect of catalysts — reported catalysts include just about every
metal and its compounds (Fe, Al, B, Co, Ni, Nb, Ta, Y, La, Mn, etc.). 1In
the present study, the following materials were tested: Fe, Co, Ni, CaO,
B,0;, and FeSi.

A wide variation in the whisker-growth characteristics was observed
due to the catalyst addition to the silica-carbon mixture. General obser-
vations indicated additions of Co or Ni (added as < 44 im particles) that
resulted in a great deal of very thin whisker growth, as shown in Fig. 1.
The use of Fe as a catalyst resulted in whiskers with a wide range of
diameters but larger than the Co- or Ni-catalyzed whiskers (Fig. 2).
Obviously, the catalyst dictates the wetting angle and stab111ty during
axial whisker growth. Use of B,0; as a catalyst resulted in considerable
growth of small-diameter wh1skers having apparent crystallographic varia-
tions along the length (Fig. 3). Similar growth was observed previously
with Ca0-catalyzed whiskers.9 FeSi was used as a catalyst to provide a
growth nucleus with considerable presence of Si, thereby requiring no
further absorption from the Si0 gas prior to whisker growth. These
whiskers generally had larger diameters and an unusual growth habit as
shown in Fig. 4. It is believed that the small-diameter whiskers at the
end of the larger ones developed during furnace cooldown.
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Effect of heating rate — mixtures of S$i0,-50% C-1% Fe were heated at
rates of 2, 20, and 200°C/min to 1700°C and held for 1 h to examine the
effect of heating rate and Si0 generation on whisker growth. The mor-
phology of the whiskers changed as shown in Figs. 5 through 7. At the fast
heating rate and high Si0 generation rate, the whisker growth was very
rapid and uncontrolled. There was a wide range of diameters and many mis-
shapen whiskers. As the rate was decreased, the uniformity and straight-
ness of the whiskers improved. Whisker growth during the slowest heating
rate (2°C/min) apparently took place over an extended period of time as
indicated by the changing diameter along the length. This is most likely a
result of a change in catalyst wetting with increasing temperature.

Because of the relatively smooth surfaces, the whiskers grown at the slower
rates are preferred to minimize stress concentrators due to rough surfaces.

One feature of SiC whisker growth by carbothermal reduction of Si0,-C
mixtures was observed in every reaction experiment. Severely distorted
whiskers were at the bottom of every powder-whisker bed as shown in Fig. 8.
These types of morphologies are associated with whiskers high in silicon.™
With our reactor geometry, Si0 gas preferentially segregated to the bottom
of the reaction bed because it is heavier than the atmospheres in the
furnace. Consequently, the gas available for whisker growth was concen-
trated in Si0 at the lower levels during the growth process. Reactor
geometry and methods to eliminate these types of problems would be needed
as the reactors were scaled up for commercial quantities of materials.

In-situ toughening of silicon nitride by microstructure development

Microstructure development during hot pressing — a series of silicon
nitride materials to assess the role of additive chemistry on elongated-

grain growth, fracture toughness, and high-temperature properties has been
fabricated and machined into test specimens. The compositions, hot-
pressing conditions, mechanical properties, and phase compositions have
previously been reported. The mechanical properties are reported under
work breakdown structure (WBS) 3.2.1.3 of the present progress report.
Oxidation tests of the materials are currently being performed at 800 and
1000°C, and those results are summarized in Figs. 9 and 10. The oxidation
tests are continuing.

To investigate if B-SisN, nucleation could be enhanced by seeding of
the matrix, several samples were fabricated with 5 and 20 wt % B-Si;N, or
B-sialon powders. Previous results showed some improvement in fracture
toughness of a 6% Y,05-2% A1,0; composition with 40 wt % B-Si;N, addition
but that the densification was diminished. Microstructure examination of
the samples containing 5% B-sialon additive showed extensive elongated
grain growth (Fig. 11). Testing of the mechanical properties is in
progress and will confirm if the fracture toughness has been improved by
the elongated grains.

Mechanical property reductions associated with the crystallization of
the glass phase in silicon nitride systems have long been observed in
numerous silicon nitride systems.”'1 Samples have been fabricated in the
hot press where crystallization (with and without applied pressure) has
been done to determine if the volume decreases associated with the crystal-
lization processes affect the property changes. The effect on the strength
and toughness will be determined.
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Fig. 5. SiC whiskers grown with Fe catalyst showing (a) range of whisker

diameters and (b) variation of diameters along length of whiskers.
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Fig. 6. SiC whiskers grown with Fe
catalyst showing a range of whisker
diameters. Heating rate of 20°C/min to
1600°C in Ar-4% H,.

Fig. 7. SiC whiskers grown with Fe
catalyst showing a range of whisker
diameters. Heating rate of 200°C/min to
1600°C in Ar-4% H,.
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silicon nitride compositions at 1000°C.

Microstructure development during gas-pressure-sintering —
gas-pressure-sintering (GPS) is one technique used to grow elongated grain
structures and obtain hiqh-toughness silicon nitrides with refractory
grain-boundary phases.'® "’ Initial samples at ORNL were fabricated and
sintered at both normal atmosphere (0.2 MPa at 1850°C) and with a nitrogen
overpressure (2 MPa at 1850 and 1900°C). The results of weight loss and
densification behavior showed significant improvement in densification with
GPS (Tables 1 and 2). With the relatively low refractory compositions
(Y,05-A1,0; and La,05-A1,05), high densities were obtained at 1850°C. At
higher sintering emperaiures, grain growth was observed, and increases in
density to near 100% T. D. were obtained. Because the rare-earth Si0,
compositions are highly refractory, they are more difficult to sinter to
high densities and did not achieve full densities even at 1900°C. Recent
literature ™ " has shown that combinations of rare-earth oxides can be used
to aid in promoting densification, and it is anticipated that the Y,05-La,04
currently being tested will densify by GPS. Further sintering runs were
attempted at 1950°C for increased grain growth in the lTow-refractory compo-
sitions and increased density in the highly refractory compositions, but a
malfunction of the controlling thermocouple resulted in temperatures of
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Fig. 11. Fracture surfaces of (a) Si3N,-6% Y,05-2% Al,0
A1203 (with 5% p-sialon addition) samples hot pressed to > 9
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Table 1. Comparison of sintering with and without an overpressure
of nitrogen (conditions at 1850°C for 4 h)
1 atm nitrogen 20 atm nitrogen
Additive (0.1 MPa) (2 MPa)
composition Weight Toss Densi}y Density Weight Densi}y Density
(%) (g/cm’) (% T.D.) (%) (g/cm”) (% T. D.)
6% Y,05- 4.67 2.85 87.4 1.70 3.24 99.4
2% A1,0,2
6% Y,05- 4.37 3.14 96.2 3.44 3.26 99.9
2% A1,0,0
6% Y,05- 4.35 2.29 68.9 2.68 2.42 72.6
2% A1,0,¢
8% La,05- 4.42 3.07 92.3 3.43 3.30 99.09
2% A1,042
8% Lay05- 5.96 3.32 99.6 4.76 3.32 99.6
2% A1,0,P
6% La,05- 4.12 2.62 80.4 2.34 2.63 80.6
4% Y,052
8% La,05- 4.23 2.77 82.7 3.58 2.91 86.9
1% Y,0,0
8% La,05- 8.53 2.56 76.5 6.41 2.78 83.1
1% Y,0,2
Si;N,: Ube E-10.
bsiN,: starck LC-125X.
€SisN,: Denka 9FW.
Table 2. Summary of results on gas-pressure sintering of selected
silicon nitride compositions at 1850 and 1900°C
1850°C 1900°C
Composition Weight Toss Density Weight loss Density
(%) (g/cm®) (% T. D.) (%) (g/cm’) %T.D.
6% Y,05- 1.70 3.24 99.4 2.08 3.22 98.8
2% A1,04
8% La0;- 3.43 3.30 99.1 3.99 3.31 99.4
2% A1,04
6% La,05- 2.34 2.63 80.6 2.42 3.12 95.6

4% Y,0,
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over 2050°C and severe degradation of the samples. Failure of the tempera-
ture control system required replacement of all the thermocouples and shut-
down of the furnace for an extended period of time. Consequently, furnace
runs at 1900 and 1950°C and other runs using two-stage gas pressure were
not completed during the present reporting period.

A1l of the samples sintered at 1850 and 1900°C to > 95% T. D. were
machined into modulus of rupture (MOR) bars for mechanical property
testing. The flexural strength and fracture toughness values are given in
Table 3. As indicated, the toughness values are comparable to those ob-
tained from hot-pressed materials reported previously. However, the values
are low in comparison to other published work on high-toughness silicon
nitrides fabricated by GPS.'*' Further examination of the available
literature on high-toughness materials fabricated by GPS showed that all of
those materials were processed at temperatures > 1950°C to grow the large
gr‘a1'ns.2°'21 These Tevels of temperature were not attained in the present
samples and, thus, high-fracture toughness should not be expected. Other
studies have shown that significant grain growth does not occur until
temperatures of 1950 to 2000°C are reached.®’ Some increase was noted in
the SisN,-6% Y,0:-2% A1,0; samples as the sintering temperature was in-
creased from fBgO to 1§OO°C. Examination of the microstructures showed
significant grain growth during GPS (Fig. 12).

Examination of the GPS samples showed that a density gradient was
present over the cross section of the sintered samples. SEM evaluation of
fracture surfaces showed no obvious differences in the microstructures.
Gradients of this type have been reported in the literature and are mini-
mized by the use of two-stage gas-sintering techniques.26 Due to the
maintenance difficulties with our furnace, this work has been delayed.

Microstructure development of refractory grain-boundary phase
compositions — as reported previously,“*<° samples have been fabricated by
hot pressing with 1 to 12% rare earth oxide (Y,0;, La,0;, or Yb,0;) and 1 to
8% Si0, additives to take advantage of some of tﬁe gooé high-temperature
proper%ies exhibited by these materials (Table 4). With a sufficient
volume of liquid phase present during fabrication, elongated B-Si;N, growth
will occur for increased fracture toughness, but the intergranular phases
will be refractory enough for good high-temperature properties. The Si0,
additions were used to control the intergranular phases and maintain the
composition in an appropriate phase compatibility area so oxidation
problems are not encountered. Testing of the mechanical properties is in
progress and will confirm if the fracture toughness has been improved by
the elongated grains. The mechanical properties will be correlated with
the observed microstructures.

Examination of the microstructures showed that with highly refractory
compositions and low volumes of intergranular glass, elongated grain growth
is inhibited and a fine grain structure is produced (Fig. 13). With higher
volumes of refractory intergranular glass, increased acicular growth is
observed (Fig. 14), but the grain diameter is very similar to the Tower
glass volume compositions. This indicates that the B-Si;N, grain nuclea-
tion mechanism is probably similar for both compositions, %ut the acicular
grain growth is not. The mechanical properties will be correlated with the
observed microstructures.
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Table 3. Summary of mechanical properties on gas-pressure-sintered silicon
nitride at 1850 and 1900°C for 4 h at 2 MPa nitrogen pressure

Sintering temperature

. & 1850°C 1900°C
Composition Density (g/cm)
1850°C, 1900°C Flexural Fracture Flexural Fracture
strength toughness strength toughness
(MPa) (KIC, (MPa) (KIC,
MPa/m) MPav/m)
SisN,-6% Y,05- 3.28, :3:22 703 t 218 5.7 0.1 -- 5.9 £+ 0.1
2% A1,052
Si;N,-8% La,05- 3.30, 3.31 827 + 51 6.8 + 0.1 -- --
2% A1,052
SisN,-6% Y,05- 3,26, v = 720 + 92 6.1 + 0.1 -- --
2% A1,0,°
SisN,-8% La,05- 3.32," .-- 650 t 53 6.7-£0.1 -- --
2% A1,0,0
SigN,-6% La,05- 2.91, 3.12 -- -- 649 t 124 7.0 £ 0.1
4% Y,052

3Si;N, E-10 from Ube, Japan.
bsi,N, LC-125X from Starck, Germany.

One problem observed in random samples was an apparent degradation of
grains (Fig. 15). It is believed to have been caused by poor dispersion
of the Si0, additive during powder processing. Cabosil was used as the
Si0, source in these samples and because of its very fine particle size
(< 6.1 um), it is very difficult to disperse. The affected samples are
being remade with increased milling and mixing times to improve the
dispersion.

Microstructure development of alternate grain-boundary phase
compositions — another series of samples have been fabricated by hot
pressing with alternate grain-boundary phases. The grain-boundary phases
will aid in densification but be of a transient nature and crystallize into
a refractory grain-boundary phase. Such grain-boundary phases include the
rare earth-oxide and nitride apatites as discussed by Thompson.29 The
grain-boundary phases include a wide range of stable apatites of composi-
tion A,B4(Si0,),0,, where A is a divalent cation (typically Mg, Mn, Pb, Ca,
o Bas and B 1s a trivalent cation (typically Y, La, Ce, Nd). An advan-
tage of the nitrogen apatite is that it can oxidize without a large volume
expansion. Compositions currently being fabricated are shown in Table 5.
As shown in Figs. 16 and 17, significant grain growth can occur in these
systems.




Fig. 12. Fracture surfaces of gas-pressure-sintered SisN,-6% Y,05-2% A1,0;
(a) 1850°C and (b) 1900°C showing enhanced grain growth at the higher sintering temper-
ature. Gas-pressure sintered at 20 MPa nitrogen for 4 h.

0€I
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Table 4. Silicon nitride compositions (wt %) fabricated for testing
of combination of toughness and high-temperature properties

Sample Y,0; contents La,0; contents Si0, contents
SC-2472 1 < 8
SC-256 4 = 4
SC-257 me 11 4
SC-258 4 6 4
SC-259 4 ~a 8
SC-260 8 e 4
SC-268 7 6 4

asample did not densify.
byp,0,.

21281

Fig. 13. Fracture surface of a
SisN,-7% Si0,-1% Y,0, sample hot pressed
to > 96% T. D. showing fine-grain micro-
structure produced by refractory grain-
boundary phases.



Fig. 14. Fracture surfaces of (a) SiyN,-4% Y,05-6% La,0; and (b) Si;N,-4% Si0,-4%
Y,05-6% La,0; samples hot pressed to > 99% .. showing elongated grain micro-
structures produced by refractory grain-boundary phases.

eel
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22547

Fig. 15. Fracture surface of
Si3N,-4% Si0,-11% La,0; showing degradation
of the microstructure caused by poor dis-
persion of the Si0, additive.

Table 5. Series of silicon nitride compositions to examine effect
of alternate grain-boundary phases on mechanical properties

Sample Y,0; Content La,0; Content Sr0 Content Si0, Content
SC-253 6 - 2 e
SC-261 6 -- 2 4
SC-262 6 e 1 4
SC-263 -- 8 2 -
SC-264 -- 8 2 4
SC-265 6 == 12 4

aBa0.
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Fig. 16. Fracture surfaces of (a) Si
La,05-2% Sr0 samp1es hot pressed to > 99%
by La20 - Sr0 grain-boundary phases.

.13

21948

N,-8% La,05-2% A1,0; and (b) SisN,-8%
. showing enhanced grain growth produced

124!
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Fig. 17. Fracture surface of hot
pressed Si;N,-4% Si0,-8% La,0,-1% Sr0
showing extensive grain growth. Gas-
pressure sintered at 1900°C at 20 MPa
nitrogen for 4 h.
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Status of milestones

Milestone 123110, "Determine effects of process parameters on flaw

generation in SiC whiskers" was completed. Milestone 123111, "Fabricate
high-toughness silicon nitride materials with elongated grain
microstructures," was not completed due to operational and maintenance
problems associated with the GPS furnace.

Publications

L. F. Allard, T. A. Nolan, and T. N. Tiegs, "The Nature of Planer Defects
in Silicon Carbide Whiskers," to be submitted to J. Mater. Res.
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1.2.4 Silicate Matrix

Low Expansion Ceramics for Diesel Engine Applications (VPI)
D. A. Hirschfeld and J. J. Brown

Objective/Scope

Optimize the chemistry, properties, and processing of selected low thermal
expansion compositions based on the zircon (NZP) and the B-eucryptite-AIPO 4 Systems.
These materials also exhibit stable properties above 1200°C. The major objective is to
demonstrate fabricability and to promote commercialization of these ceramics.

Technical Highlights

Zircon (NZP) System

Dr. Michael Haselkorn, Caterpillar Inc., hot pressed several disks of sol-gel
derived (Ca, Mg, ,)Zr,(PO,), (CMZP) for 1.5 to 4 h at temperatures of 1250 -1290°C
in either Ar or vacuum. The CMZP disks were easily sintered to densities of 99.5% of
theoretical indicative of good fabricability. The flexure strength, elastic modulus, and
thermal expansion of samples cut from the hot pressed disks are being determined and
will be discussed in detail when the study is complete. The maximum modulus of
rupture obtained thus far is 136 MPa (+21) with an elastic modulus of approximately
100 GPa as shown in Table 1. The results also indicate that pressing in vacuum at a
higher temperature (1290°C) for longer times (4 h) yields higher flexural strengths
(Tables 1, 2, and 3).

The effects of zirconia additions on the thermal expansion and grain size of
CMZP were investigated. Claussen(1) has shown that additions of ZrO, to aluminum
titanate reduces microcracking due to crystal anisotropy while maintaining a low
coefficient of thermal expansion (CTE). Based on Claussen’s results, sol-gel derived
CMZP mixed with 1.4 wt% ZrO. was cold pressed then sintered at 1250°C for 48 h. An
average bulk CTE of -10 x 10‘%/°C (30-1000°C) with a grain size less than 10 um. Pure
CMZP sintered at 1250°C for 24 h yields an average CTE of -16.7 x 1077/°C and a
grain size of approximately 20 pm. These results indicate that small ZrO2 additions may
allow both a reduction in grain size and a near-zero CTE for CMZP.
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Table 1. Effect of Hot Pressing Atmosphere on Flexure Strength

and Modulus of CMZP

Flexural Strength
Atmosphere (MPa)

’ Pressing Conditions

Elastic Modulus
(GPa)

(5°C/min to 1250°C, 4 hours at 1250°C, 38.6 MPa)

Vacuum Average-100.8 + 14.7 95.90
Argon Average-106.86 + 15 98.94
Pressing Conditions
(5°C/min to 1290°C, 4 hours at 1290°C, 38.6 MPa)
Vacuum Average-136.26 + 21.30 103.14
Argon Specimen cracked after removal from die

Table 2. Effect of Time at 1260°C Soak Temperature on Hot Pressed CMZP

(5°C/min to 400°C, 10°C/min to 1260°C

vacuum, 38.6 MPa)

Flextural Strength

Soak Time (MPa)
2 hours Average 97.05 + 7.78
1.5 hours Average 78.15 + 7.69

0.5 hours Average 77.60 + 9.91

Elastic Modulus
(GPa)

96.53

88.98

97.11
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Table 3. Effect of Hot Pressing Temperature on Strength and Modulus of CMZP

(6°C/min to 1250°C, 4 hours soak, vacuum, 38.6 MPa)

Flexural Strength Elastic Modulus
Temperature (MPa) (GPa)
1250°C Average 100.8 + 14.7 95.90
1290°C Average 136.26 + 21.30 103.14

Lightweight Ceramics

Lightweight CMZP ceramics were made by coating a polymer substrate using sol-
gel techniques to form a more open structure (Figure 1). The reticulated polymers were
coated with the gel then dried, pyrolized, and sintered yielding a lightweight ceramic
with open cells smaller than 200 pwm. The struts between cells are hollow due to
pyrolysis of the polymer substrate and have wall thicknesses between 20 and 100 um
as shown in Figure 2. Further development of this processing technique and
characterization of the mechanical properties of this lightweight structure is being
studied.

To form CMZP for filter applications, sol-gel derived powders are mixed with
paraffin wax and a polymer then molded and fired to form an open structure which has
both large pores and narrow channels (Figure 3). The large pores are formed by the
pyrolysis of the polymer and the channels are formed by the removal of the wax. The
processing and properties of this material is under investigation.

Ceramic Composites

The effects of fiber volume fraction and processing on the flexure strength of
(Ca,. oMg, . 4)Zr 4(PO 4) ¢ (CMZP) reinforced with either chopped Nicalon-SiC fibers or
SiC whiskers was investigated. The CMZP used for this study was prepared by sol-gel
synthesis. _

Disks 50 mm in diameter were hot pressed in air, N,, or Ar at the temperature
and pressures indicated on Table 4. Three to five specimens approximately 25 mm long
were cut from the center of each disk then ground smooth and the edges chamfered.
The specimens were broken in three point bending with a span of 20 mm and a
crosshead speed of 0.2 mm/min using an ATS universal testing machine with a load
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Figure 1. Fracture surface of lightweight CMZP fabricated using a sol-gel coating
technique

Figure 2. Strut structure of lightweight CMZP
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Figure 3. Structure of CMZP for filter applications

Table 4. Fracture Strength of Reinforced CMZP Composites Hot Pressed in Air

Reinforcement Processing conditions Density MOR
Content (vol%) (Temp./Pressure, Time) (% Theoretical) (MPa)

5 (Fiber) 1210°C/18 MPa, 2h in Air 97 49.6+9.5
5 (Fiber) 1210°C/18MPa, 8h in N, 98 47.7410
10 (Fiber) 1210°C/18 MPa, 2h in Air 97 50.4+10.6
10 (Fiber) 1210°C/27MPa, 6h in Ar’ 98 48.3+12
10 (Whisker) 1230°C/30MPa, 4h in Ar 97 141.3+11

20 (Fiber) 1230°C/30 MPa, 3h in Air 98 91.3+71



144

capacity of 225 kg. No significant increase in strength was observed by increasing the
fiber content from 5 to 10 vol%. Similar to the samples hot pressed in air, no increase
in strength was observed for the samples hot pressed in an inert atmosphere by
increasing the fiber content from 5 to 10 vol%. These strengths are significantly less
than that of hot pressed unreinforced CMZP (approximately 91 MPa) because the
chopped fibers act as flaws in the composite. The strength of the composites is
significantly increased by adding up to 20 vol% chopped fibers and with higher densities
as achieved with higher pressure and temperature during pressing.

Sol-gel derived CMZP powders with 10 vol% SiC whiskers were turbomilled by
Dr. Dale Wittmer at Southern lllinois University. A disk of 50 mm in diameter was then
made by hot pressing the CMZP powder-SiC whisker mixture with 1.5 wt% ZnO as
sintering aid. The processing conditions are listed on Table 4. Densities greater than
97% of theoretical were achieved in the central part of the disk. The average flexure
strength of four bars from the center of the composite disk was 141.3 MPa (+11)
measured in three point bending. This strength is much larger than that achieved for
chopped fiber reinforced CMZP (Table 4) and hot pressed unreinforced CMZP
(approximately 91 MPa). The microstructure of the fracture surface is shown in Figure
4 which exhibits fine grain size, whisker pull outs, and low porosity. An investigation of
the effects of whisker content on the toughness and strength at both room temperature
and high temperature is underway.

The chemistry of the fiber/matrix interface of Nicalon-SiC/CMZP composites hot
pressed in air or in an Oz-deficit atmosphere was further investigated using Auger
Electron Scanning (AES) microscopy. An AES microscope (Perkin EiImer Model 610)
with a scanning beam size of 3 um was used to examine both the fiber surfaces and
troughs in the matrix where fibers had been removed. The amount of C and Si in the
matrix trough for the sample pressed in air was higher than in the sample pressed in
Ar as shown in Table 5. Since Si and C are not likely to exist in the form of SiC in the
matrix, the presence of Si and C confirms that CMZP reacts with SiC in either Ar or air.
In previous reports, this reaction was indicated by energy dispersive x-ray analyses of
the fiber surface and trough and by calculations of thermodynamic equilibrium using
SOLGASMIX-PV.
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Figure 4. Fracture surface of whisker reinforced CMZP

Table 5 AES Analysis of Fiber Surface and Matrix Trough of
Nicalon-Reinforced CMZP

Hot pressed in air Hot pressed in Ar
(at%) (at%)
Elements Fiber Trough Fiber Trough

C 13.7 9.2 11.2 6.4
0] 39.2 45.9 35.8 38.1
Si 17.3 15.9 16.7 9.9
Ca 4.0 2.4 27 1.7
Zr 4.3 9.3 52 17.6

P 1.7 5.0 26 16.4
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B-Eucryptite System

A process has been developed to form in-situ whiskers in modified B-eucryptite
which improves the strength of the material while maintaining a near-zero bulk linear
coefficient of thermal expansion (CTE).

Modified B-eucryptite, (Li; ,;.Mg, o35)AI(P, «,.Si; ,4)0,, is prepared using a
solid-state reaction method then mixed with up to 12 wt% of either TiO, or ZrO, and
heated at 1600°C to form a glass. The glass melt is quenched in water, ground to a
fine powder, then mixed with acetone to form a slurry which is poured into a mold.
The acetone is drained leaving a compact. The compact is heat treated at 680°C to
allow coalescence of the glass particles and then recrystallized at 1100°C. The resulting
ceramic contains randomly oriented whiskers with an aspect ratio of approximately 30
as shown in Figure 5 for a sample containing 6 wi% TiO,, . Electron microprobe analysis
indicates that these acicular grains or whiskers are Ti02 or ZrOz, depending on the
additive.

The presence of the whiskers in the modified g-eucryptite significantly improves
the flexure strength as shown in Figure 6. With up to 12 wt% TiO,, the MOR determined
using three point bending tests show an increase in strength from 53 MPa to 150 MPa
(Table 6).

Table 6. Effect of TiO, Content on CTE of Modified 3-Eucryptite

TiO, content Average Bulk CTE MOR
(W1%) (30-1000°C) (MPa)
0 -7.0x1077/°C 526 + 1.2
6 2.5x1077/°C 99.5 + 17.4
8 0.5x1077/°C 1179 + 12.2
10 0.9x1077/°C 1138 + 88
12 2.8x1077/°C 150.0 + 19.5

The presence of the TiO, whiskers also affects the thermal expansion behavior
of the material. The bulk CTE averaged over 20°C to 1000° increases from -7.0 x
1077/°C to +2.8 x 1077/°C when the TiO, content is increased from 0 to 12 wt % as
shown in Table 6. From the thermal expansion data it is seen that the incorporation
of 8-10 wt% TiO, produces a B-eucryptite which exhibits a near zero CTE.

Previously, it was reported that addition of 2 wt% CaO to the AIPO 4 modified B-
eucryptite, reduced microcrack formation during recrystallization. CaO appears to
reduce the viscosity of the glass during recrystallization thus relieving the internal
stresses induced by the volume change during the glass to glass-ceramic
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Figure 5. Etched microstructure of modified B-eucryptite with 6 wt% TiO,

MOR (MPa)

40 - v - v - T - v r T T v v v v
0 5 10 15
TiO 3 content (wt%)

Figure 6. Flexure strength of modified B-eucryptite as a function of TiO, content



148

transformation. However, the melting temperature of recrystallized modified B-eucryptite
was reduced to 1000°C as measured using differential thermal analysis (DTA).

One possible way to increase the melting temperature of the modified 3-eucryptite
is to add silica; hence, a new glass-ceramic which contains higher silica content,
Li, AP, Si, ,5)0, o, hereafter referred to as high silica B-eucryptite, was
synthesized by the conventional glass-ceramic processing method. High silica -
eucryptite is a solid solution phase composed of 50 mol% Li20-A1203°38i02 and 50
mol% AIPO,. This composition was obtained by solid state reaction of
Li,O+Al,0,+3Si0, and AIPO, at 1200°C for 100 hours. The resulting powder was
mixed with 4 wt% TiO, (nucleating agent) and 2 wt% CaO by dry miling then melted
at 1620°C. Next, the glass obtained was annealed at 550°C. The glass-ceramic was
formed by heat treatments at 760°C and 1000° C. The melting temperature of high silica
B-eucryptite is approximately 1200° C (measured using DTA). The resulting glass-ceramic
has a grain size of 2-3 um with no evidence of microcrack formation. Acicular grains
of TiO2 having an aspect ratio of 10-20 were formed during recrystallization and are
shown in Figure 7. The bulk linear coefficient of thermal expansion of high silica B-
eucryptite is -4.3x1 0~7/°C which is less negative than that of modified B-eucryptite
(-7x1077/°C). The strength of this ceramic is 134 (+10) MPa measured in 4 point
bending (20mm/40mm spans).

The processing of high silica B-eucryptite glass-ceramic, was also investigated.
A mixture of 94 wt% LiO.SAl(PO. 5,Si0_75)04_5. 2 wt% CaO0, and 4 wt% TiO2 was melted
at 1620°C, rapidly cooled to temperatures from 600°C to 760°C, and then heated to
900°C for 0.5 h to allow grain growth. The grain size of the resulting glass-ceramic
varied from 2 - 15 pm based on the nucleation temperature with higher nucleation
temperatures resulting in a larger grain size. A typical microstructure exhibiting a uniform
crystallite size is shown in Figure 8.

References
1. Claussen, Nils, "Microstructural Design of Zirconia-Toughened Ceramics,"
International Conference on the Science and Technology of Zirconia, ed. N. Claussen,

M. Ruhle, A.H. Heuer, American Ceramic Society, 1984, pp. 325-351.

Status of Milestones

Table 7 contains the list of Milestones and Figure 9 contains the Milestone Status
chart.
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Figure 8. Fracture surface of Li, AP, ¢.Si; ,5)O0, ¢ glass-ceramic heated to
640 C then 900°C.
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Table 7. KEY TO MAJOR MILESTONES (WBS ELEMENTS)

Property Optimization by
Hot Isostatic Pressing

Optimization of Compositions

Mechanical Properties of NZP Ceramics
a. Characterization at Room Temperature

b. Characterization at High Temperature

Fiber Reinforced Composites
a. Synthesis of SIC/NZP Composities

b. Characterization of Mechanical Properties

Lightweight Insulation

Characterization of In-Situ Toughened Composities
a. Modified B-eucryptite Composites

b. NZP Whisker Reinforced Composites

Submit Technical Paper on Research Results
for Publication

Final Report

Completion Date

July 31, 1992

Mar. 31, 1991

Dec. 31, 1991
July 31, 1992

July 31, 1991

July 31, 1992

Sept. 30, 1991

July 31, 1992

July 31, 1992

July 31, 1991

Sept. 30, 1992



Figure 9 Status of milestones
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Publications

The following presentations were made at the 92nd Annual Meeting of the American
Ceramic Society, Cincinnati, Ohio, April 27, 1991-May 2, 1991:

1. "Lightweight (Ca, Mg )Zr,(PO,), Ceramics" by J. Liu, D. A. Hirschfeld, J.
J. Brown

2. "Synthesis and Thermal Properties of (Rb,Cs)Zr,(PO,)," by D. Raque, T. Li,
D. A. Hirschfeld, and J. J. Brown

3. "Characterization of Chemically Modified 3-Eucryptite Having an Acicular Grain
Structure" by K. H. Lee, D. A. Hirschfeld, and J. J. Brown

4. "Corrosion Resistance of Modified g-Eucryptite" by L. P. Battu, D. A.
Hirschfeld, and J. J. Brown

A presentation was made at the 4th International Symposium on Ceramics and
Ceramic Components, Goteburg, Sweden, June 10-12, 1991,"CMZP - A New High
Temperature Thermal Barrier Material" by D. A. Hirschfeld, D. M. Liu, and J. J. Brown.
The presentation was made by Dr. Hirschfeld.

U. S. Patent Application, April 29, 1991, "An In-Situ Whisker Reiniorced Glass-
Ceramic", by K. H. Lee, D. A. Hirschfeld and J. J. Brown

A presentation was made at the 50th Meeting of the Virginia Academy of Science,
Blacksburg, VA, May 21-24, 1991, "The Synthesis, Microstructure, and Thermal
Properties of (Ca,Mg)Zr 4(PO,) by D. A. Hirschfeld, Y. Yang, T. K. Li and J. J. Brown

A patent disclosure, "The Preparation of Rough Fibers and Their Composites"
by T. K. Li, D. A. Hirschfeld, and J. J. Brown, on the reinforcement of ceramic matrix
composites with rough fibers was submitted to Virginia Tech Intellectual Properties for
evaluation on July 18, 1991.

A presentation was made at the 4th International Symposium on Ceramics and
Ceramic Components, Goteburg, Sweden, June 10-12, 1991,"CMZP - A New High
Temperature Thermal Barrier Material" by D. A. Hirschfeld, D. M. Liu, and J. J. Brown.
The presentation was made by tent on the flexure strength of modified B-eucryptite
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1.3 THERMAL AND WEAR COATINGS

Fabrication and Testing of Corrosion-Resistant Coatings
D. P. Stinton, J. C. McLaughlin, and D. W. Graham (Oak Ridge
National Laboratory)

Objective/scope

Sodium corrosion of silicon carbide and silicon nitride components in
gas turbine engines is a potentially serious problem. The outer surfaces
of SiC and SisN, parts oxidize at high temperatures to form an Si0, layer
that inhibits further oxidation. However, sodium that is present 1n high-
temperature combustion atmospheres reacts with the Si0, layer, such that it
is no longer protective. The objective of this program is to develop a
coating that will protect the underlying SiC or Si;N, from sodium corrosion
and provide simultaneous oxidation protection. To eva]uate the behavior of
potential materials such as stabilized Zr0, or Hf0,, Ti0,, A1,05¢Ti0,, and
Ta,05 in sodium-containing atmospheres, the corrosion res1stance of hot-
pressed samples of these materials will first be evaluated. A chemical
vapor depos1t1on (CVD) process will be developed for the application of the
most promising coatings. The effect of the combustion environment upon
coating characteristics such as microstructure, strength, adherence, and
other properties will then be evaluated.

Technical highlights

Development of coatings to protect SiC or Si;N, turbine engine compo-
nents from sodium and steam corrosion continued t%1s period. After an ex-
tensive search, a lTimited number of materials were identified with the po-
tential to protect components from corrosive atmospheres (Table 1). These
materials were selected because of their high-temperature stability with
respect to sodium and their low coefficients of thermal expansion (CTE).
Low CTE’s are required to promote good bonding of the coating to the

Table 1. Potential corrosion-resistant oxides

Dens1ty E€XE

Compound (g/cm ) (x 10°/°C)
A1,0,@ 3.97 8.0
3A1,05¢2Si0, 2.8 5.7
sica 3.21 5.5
IrTi0, ~5 ~4
HfTi0, ~5 ~4
Ta,0; 8.02 3.6
S ® 3.19 3.0
Al1,Ti0g 3.68 2.2

Fl
Included only as a reference and not as a poten-
tial coating.
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substrate. Previous experience at GTE has shown that the CTE of the
coat1ng should be Tess than that of A1,0; (8 x 10 é/°C), since their
experience indicated the CTE mismatch caused an A1,0; coating to fail to
adhere to SiC and Si;N, substrates.

In order to more eas11y evaluate the corrosion resistance of A1,TiO;,
IrTi0,, HfTi0,, and 3Al 0 *2Si0,, specimens were prepared by hot pre531ng or
cold press1ng and 51nter1ng %va]uat1on of these materials by X-ray dif-
fraction revealed that the desired crystalline compounds had been produced.
After exposing each of the candidate materials plus a sintered a-SiC speci-
men to a combustion environment at 1000°C, the pellets were examined metal-
lographically. The «-SiC exhibited a surface layer of g]ass about 20-um
thick. Significantly better corrosion resistance, which is consistent with
the published results of Federer, was exhibited by 3A1,0,42Si0,, which had
a 10-um glass layer. Further 1mprovements in corros1on res1stance are seen
by ZrTi0,, HfTi0,, and A12T10 since the reaction layers were ~4-um, 4-um,
and <2-m thick, respect1ve1y

Corrosion test1ng was also performed on SiC specimens that had been
coated with Ta,0;. During coating in an oxidizing environment, the SiC
substrate forme a relatively thick crystalline Si0, protect1ve layer be-
neath the Ta,0 Corrosion testing left the Ta,0 coat1ng and the crystal-
line Si0 suglayer unaffected. The Ta,0s coat1ng deposited by CVD
nucleatea as small equiaxed grains but grew into large columnar grains
normal to the substrate surface. Microstructures of this type are not
desirable for corrosion protection because grain boundaries provide easy
access to the substrate for sodium and oxygen. Varying mor-phologies were
produced in a series of coatings produced at different depo-sition
temperatures and reactant concentrations. The microstructure of the
coatings was whiskerlike at low temperatures and changed to fibrous or
columnar at high temperatures. Additional development is needed to opti-
mize the coating process to achieve the small equiaxed grains that are
desired. To this end, an experiment has been statistically designed to
investigate the effect of deposition temperature, reactant concentration,
and total flow rate on the coating morphology. The statistical design
should minimize the number of experiments required to determine the optimum
coating structure.

Si0, layers that form on SiC or Si;N, components are a natural barrier
to oxygen, making the material ox1dat1on res1stant Si0, is unusual in
this regard because most oxides, including the mater1a1s being investigated
here (ZrTi0,, HfTi0,, A1,Ti0s, 3A1,0,°2Si0, and Ta,0;), are permeable to
oxygen, par%1cu1ar]y at h1gﬁ temperatures There ore, the natural Si0,
oxygen barrier present on SiC and Si,N components will be protective on]y
if it is stable when in contact with fhe corrosion-resistant oxide coating.
Specimens were fabricated this period to test the stability of the
substrate-Si0,-coating interface. Discs of SiC were embedded in pellets of
A1,Ti0, and 3A1,0525i0, by hot pressing at 14 MPa and 1600°C for 1 h.
Ad§1t1onal spec1mens are being prepared by cold pressing and sintering from
the other potential coating materials. After annealing in air at 1200°C
for several weeks, cross sections will be metallographically examined to
determine the stability of the Si0, layer.
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Status of milestones
On schedule

Publications

D. P. Stinton, J. C. McLaughlin, and L. Riester, "Fabrication and Testing
of Corrosion-Resistant Coatings,” to be published in the Proceedings of the
4th International Symposium on Ceramic Materials and Components for
Engines.
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Development of Adheren i j n f Cerami
- S. Wayne, D. O'Neil, and J.H. Selverian (GTE Laboratories Incorporated)

Objective/Scope

The objective of this program is to develop oxidation-resistant, high-toughness,
adherent coatings for silicon-based ceramics for use in an advanced gas turbine engine. These
coatings will be deposited by chemical vapor deposition (CVD) onto reaction-bonded SizNy4
(RBSN), sintered SiC (SSC), and hot-pressed SigN4 (HSN). The coating will be designed to
provide the best mix of mechanical, thermal, and chemical properties for the application.

Technical Highli

The deposition process of the AloO3+ZrO» composite coating has been improved with
the use of an Al-10wt%Zr alloy as the metal chloride source material, resulting in a very uniform
dispersion of ZrO» in the AloO3 matrix.

The room-temperature pin-on-disk sliding wear tests of uncoated and coated RBSN,
SSC, and HPSN have been completed. The breakaway and kinetic coefficients of friction have
been measured, and microscopic inspection of worn surfaces is underway. The MOR tests from
Phase | have been reinterpreted in light of the presence of cracks in the coating.

Uncoated and coated HSN, RBSN, and SSC were scratch-tested. The uncoated SSC
sustained the most severe damage compared to uncoated RBSN and HSN. The
AIN/Al2O3+ZrO2 coating protected the substrates from damage in the scratch test. Also, the
coating had the lowest adherence to SSC.

Microscopic inspection of room-temperature wear-tested specimens has shown that the
composite coatings can offer improved resistance to contact stress damage as determined by
pin-on-disk and single-point scratch tests. Of the three substrates, the coating was most
effective on hot-pressed SigNy4, which is thought to be related to higher coating adhesion on
this substrate.

Studies were performed on two substrate materials (SigN4 and SiC) with varying numbers
and thicknesses of the alumina-zirconia and aluminum nitride coatings. Results were compared
to previous finite element studies of the coating system? to ensure correct implementation of the
composite-plate code.

This report describes the completion of section i of the new milestone added to this
contract in June 1991: residual stress in the coating layers due to CVD cycle and thermal
expansion mismatch. The residual stresses were calculated by implementing composite plate
theory.1-3 This method readily accommodates modifications to the number of coatings and
coating thicknesses, as well as properties of coating and substrate materials.

The propagation of a crack through the AloO3+ZrO2 composite coating on a silicon
nitride substrate was modelled. Initial results suggest that, as a vertical crack propagates through
the coating, it is only partially deflected by the interface. Therefore, improvements in the
toughness of the interface are expected to have a small influence on these types of cracks.

Coating Development

The deposition process of the AloO3+ZrO2 composite coating has been improved with
the use of an Al-10wt%Zr alloy as the metal chloride source material. Previously, a mixture of Al
and Zr particles were used to generate the separate Al and Zr chlorides, which resulted in a
coating with an irregular dispersion of ZrO». By using an Al-Zr alloy, a uniform dispersion of ZrOp
was obtained. Figure 1 shows x-ray maps indicating the elemental distribution of Al and Zr.
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Figure 1. Cross-sections of a Al03+2rO2 coating on SSC. The top image is a backscattered
electron image of the coating. The middle image is a Al Ka x-ray map and the bottom
image is a Zr L x-ray map. The Al and Zr x-ray maps indicate that the Al and Zr form an
intimate mixture.



158

Phase | MOR Tests

In a previous study, the effect of TiC coatings on the strength of cemented carbides was
interpreted in terms of the coating acting as a crack.4 Stjernberg used Equation 1 to relate the
coating thickness to the measured fracture toughness of the cemented carbide:

Kic = Yo Va Eq. 1

where K|c is the mode | fracture toughness of the material, Y is a geometry-dependent constant
(Y=1.96 for rectangular bars), o is the stress, and "a" is the flaw size. If a crack in the coating was
regarded as a flaw, then the coating thickness should be equal to the predicted crack size from
Equation 1. This equation was used to calculate flaw (e.g., crack) sizes for this study in both
uncoated and coated samples at 20°C. The strength of the uncoated samples subjected to the
vacuum anneal at 1200°C followed by 20 minutes at 1200°C with flowing HCI was used to
calculate the flaw size in the uncoated samples.

Table 1 shows the result of these calculations. The measured coating thicknesses on
the SSC and HSN substrates shown in Table 2 agree reasonably well with the calculated crack
sizes listed in Table 1 (4.6 um vs. 7 um for SSC and 6.5 um vs. 13 um for HSN). Unfortunately,
due to the amount of scatter in the measured strengths of the samples, the error in the crack size
is correspondingly large. However, the measured and calculated crack sizes are the same order
of magnitude. This indicates that for SSC and HSN substrates the cracked coating serves to
reduce the strength of the coated bars.

The calculated crack size and coating thickness for the RBSN substrate (9.7 um vs. 146
um) are in poor agreement with one another. The disagreement between the measured crack
size and the calculated crack size was attributed to the coating cracks linking surface flaws in the
RBSN, which is known to be a relatively porous material. However, direct evidence of crack
linking has not yet been observed.

For SSC and HSN, the calculations in Table 1 explain the observation that at
temperatures above the deposition temperature (1000°C) the coating has little effect on the
strength. At temperatures above the coating deposition temperature, the coating will be in
compression and cracks in the coating would close due to the different coefficients of thermal
expansion between the coating and substrate. This would eliminate the cracks as being a weak
point in the coated bar; thus, the strength of the coated bar would be controlled by substrate
flaws as in the uncoated MOR case.

The magnitude of the strength reduction due to the coating was greater for RBSN and
HSN (50%) than for SSC (30%). This can be explained in terms of the coefficient of thermal
expansion. SSC has a coefficient of thermal expansion approximately 50% greater than RBSN
and HSN. This indicates that the magnitude of the stresses in the coatings play an important role
in the observed strength degradation.

i ffi

Room-temperature pin-on-disk tests on coated samples are completed. The test
procedure being used was described in the April 1990 Bimonthly Progress Report. Sets of pins
and disks of RBSN, SSC, and HPSN were coated with AIN and AloO3+ZrO> coatings. These
coatings were deposited at 1000°C using the CVD operating conditions implemented
throughout Phase |. The friction results to date are shown in Table 3. The preliminary results
show that in some instances the AlpO3+2ZrO2 coatings reduce friction and possibly wear. A
significant reduction in kinetic friction value is obtained in the case of HPSN and RBSN, while no
apparent benefit is observed with SSC.
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Table 1. Crack Size in Uncoated and Coated Ceramics. Calculated from Equation 1. Errors in
crack size were calculated based on the error in the measured strengths.
crack size in uncoated crack size in coated crack due to coating
Material material, ayc material, ac (ac - aye)
(um) (um) (um)
RBSN 48 + 15 194 £ 70 146 + 85
SSC 842 1547 7+9
HSN 5.k 17+ 6 127
Table 2.  Thickness of AloO3+ZrO2/AIN Coatings Measured from Fractured Samples
Material Total coating thickness
(um)
RBSN 97:+5.0
SSC 4629
HSN 65+24

Table 3. Results from Pin-on-Disk Friction Tests of Uncoated and Coated
RBSN, HPSN, and SSC. All tests were done on self-mated
samples. Reported values, unless otherwise indicated, are an
average of three tests on the same pair of samples.

Material Test Breakaway Kinetic Fiction Coefficent
Temperature Friction
(°C) Coefficient
initial | after 500 m
____P______.’___

RBSN

uncoated 25 0.1 0.5 0.8

coated 25 0.17 0.3 0.4
HPSN

uncoated 25 0.3 0.8

uncoated 1000 0.15 0.5 0.9

coated 25 0.14 0.3 0.4
SSC

uncoated 25 0.1 0.3

uncoated 1000 0.2 0.5 0.7

coated 25 0.17 0.3 0.4

"only 1 sample has been tested at this condition to date.
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Wear Test Results

Microscopic inspection of specimens from room-temperature sliding wear tests was
completed and results are shown in Figures 2 and 3. Figure 2 contains the worn pin and disk
surfaces of uncoated ceramic after 500 meters of sliding contact. The spherical tip of the pins
develop a circular wear scar, the extent of which is a measure of wear resistance. Coating the pin
and disk materials leads to a noticeable improvement in wear resistance for hot-pressed silicon
nitride as seen by reduced wear scar on the pin and the polished wear track surface of the disk.
The reaction-bonded silicon nitride and sintered silicon carbide materials were not protected as
effectively by the coating, which is in part attributed to the poor adhesion to these substrates.
The experimental observations do agree with the previously reported results (see June 10, 1991
Bimonthly Report) insofar as a reduction in kinetic friction was measured with coated HPSN and
RBSN. Furthermore, this reduction in kinetic friction was maintained up to 500 meters of sliding
contact.

ratch T Resul

In a scratch test a diamond indenter (Rockwell C) is drawn over a sample at a constant
velocity, while the normal force is monotonically increased (0 to 100 N). An acoustic pick-up is
attached to the sample holder, and both the force and acoustic signals are recorded during the
test.

The uncoated and AIN/Al203+ZrO2 disks of HSN, RBSN, and SSC from the pin-on-disk
wear tests were scratch tested. Figures 4 and 5 show the load, acoustic emission, and wear
traces for 2 samples (remaining samples are reported in the August bimonthly). Several points
can be made from these tests. The force traces of the uncoated and coated samples were similar
with the exception of uncoated SSC, which showed several large load drops. In general, the
acoustic emission of the coated samples was less than the acoustic emission of the uncoated
samples. Acoustic emission is regarded as an indicator of substrate cracking. The scratches
themselves are very informative and vary from sample to sample. The individual samples are
discussed below.

Cracking of the uncoated SSC disk began at ~40 N. As the force increased, the cracking
became massive failure of the SSC disk. The coated SSC disk had a lower acoustic signal than
the uncoated SSC disk, indicating that the coating protected the SSC substrate from damage.
The scratches on the uncoated and coated SSC are very different. The uncoated SSC showed
massive cracking and chipping, while the coated SSC showed no chipping and less cracking.
The major damage to the coated SSC was in the form of flaking of the coating in the scratch track
beginning at ~30 N, indicating low adhesion of the coating to the SSC.

Vent cracks began to form in the uncoated RBSN disk at ~30 N. As the force increased,
the size of the vent cracks increased; however, the RBSN did not chip. The coated RBSN disk
had a lower acoustic signal than the uncoated RBSN disk, indicating that the coating protected
the RBSN substrate from damage. The scratches on the uncoated and coated RBSN were
similar. The major damage to the coated RBSN was in the form of flaking of the coating in the
scratch track beginning at very high forces, ~90 N, indicating high adhesion of the coating to the
RBSN.

Uncoated HSN behaved differently than the SSC and RBSN (Figure 4). HSN did not
exhibit massive chipping (like SSC) or vent crack formation (like RBSN). The uncoated HSN
failed at a high force, ~90 N, by small scale chipping at the edge of the scratch track. The coated
HSN (Figure 5) was similar to the coated RBSN. The coated began to flake at ~50 N. However,
the flaking was not continuous at forces greater than 50 N. The discontinuous nature of the
flaking may be related to processing defects in the coating.
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UNCOATED

Figure 2. Wear tracks on the pins and disks for uncoated hot-pressed SizNg (top), reaction-
bonded Si3gNg4 (middle), and sintered SiC (bottom), after a sliding distance of 500
meters at a sliding velocity of 0.01 m/s.
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COATED

Figure 3. Wear tracks on the AIN/Al203+ZrO2-coated pins and disks for hot-pressed SizgN4
(top), reaction-bonded SigN4 (middle), and sintered SiC (bottom), after a sliding
distance of 500 meters at a sliding velocity of 0.01 nvs.
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Figure 4. Scratch test results of uncoated HSN. The load trace is the solid line (left axis) and
the acoustic signal is represented by the spikes (right axis).
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Figure 5.  Scratch test results of coated HSN. The load trace is the solid line (left axis) and the
acoustic signal is represented by the spikes (right axis).
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Summary of Analyses

Based on these studies, our conclusions for brittle ceramic coatings on the above
substrates are

 Verifying that coating thickness has negligible effect on residual stress in any of the coating
layers.

e The order (i.e., grading the thermal expansion mismatch in a multilayer-coated system) has
negligible effect on residual stress in any of the coating layers.

» Modulus of elasticity has almost no effect on residual stress in any of the coating layers.

« Because each of the coatings are thin films relative to the size of the substrate thickness, the
strain in the coatings is the same as the strain at the top fiber of the substrate, that zone
which has an interface with the first coating layer.

« If material properties vary as a function of temperature, magnitudes of stress will be different,
but the above conclusions still hold.

It should be noted that these conclusions apply to brittle thin films, and that simulations
were performed on uncracked coating layers. The stresses calculated in each of the layers would
be those which induce cracking in any of the layers, and as such are indicators of the tendency
for cracking during cooling from the CVD process.

The effect of crack propagation during solid body contact of these elastic layers is not
known, so thickness and layer ordering may have an effect in that case. The possibilities for
working around the problem inherent to brittle coatings could lie either in the area of controlled
brittle fracture using multilayer coating, or by the use of "ductile" layers which would permit stress
relief of the ceramic layers when they are bonded to other brittle layers.

Method: Composite Plate Th

The method follows the flow chart illustrated in Figure 6. Nomenclature is given at the
end of the report. The geometry of the coated system is shown in Figure 7, and Figure 8
illustrates the numbering scheme for a multi-coated substrate. In Figure 8, layer 1 could be the
substrate, and 5 coating layers could be represented by layers 2 through 6. The method is
flexible for describing any number of coating layers. Note that h is the total thickness of the
substrate and all the coatings.

Firstly, individual layer stiffnesses are calculated by

K Kk
B oy Ey
ok 1 ok -k
197 12721k k
“Vi2 V21 " V.4 Vaq
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022=1_vk K Qgs=C12
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Thermal Mechanical
Loads Loads

Composite Plate Theory

:

Layer Stiffness - Q i

!

Transformed Layer
Stiffness -T)ij

:

Total Stiffness - "ABD"

:

Total Compliance
H; = [ABD] -1

T

Stress/Strain Results

Flow chart for computer code implementation of composite plate theory. Layer
properties were used to get transformed stiffnesses for each layer, and these were
cumulated into a total stiffness matrix for the entire coated system. Unknown mid-
plane strains were then solved for, and stresses in each of the layers recovered.
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X

Figure 7. Schematic of the coated substrate model. f1is the total thickness, and the mid-piane
is at /2. The z direction is normal to the plane of the coatings.
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Figure 8. Numbering scheme for a multicoated system. his the total coating thickness, and all
interface positions are measured relative to the mid-plane at h/2, where the z=0
plane. Note that layers below this plane have negative interlayer position values.
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If the layer is anisotropic, the stiffnesses of each of the layers are rotated to the principal
directions of the plate by using the tensor rotation transformation

cx 1 8)(
O =M [Q £ |®
Txyl k [T] SYey| k

m2 n2 2mn
[TI9 n2 m2 -2mn
-mn mn m2-n?

m = cos 6
n=sin 6

where 6 is described in a counter-clockwise direction. Next, each of the transformed layer
stiffnesses are assembled into a global stiffness matrix of the form:

Nx [ A;1 Az Ais B Biz By | ez( ]
N, A2 Az Az Biz2 By Boyg &y
Nxy |_| A6 Az Ags Bis Bas Bes Yxy
M, Bi1 Bi2 Bis D11 Di2 Dis Kx
My Bi2 B2z Bzs D21 Diy Dyg Ky
| Mxy | L Big B2s Bes De1 De2 Des J| Kxy |
where
N
ok
Aj= 2, G (hiehie)
k=t
N
1 -k 2 2 .
Bij=§ 3 Qij (hk -k-1) (i,j=1,2,6)
k=1
N
1 -k, 3 3
Di=3,2 Qi O k)

The goal is to solve for the mid-plane strain and curvatures of the coated structure, due
the applied loads, then to use the strain values to back-calculate for all the stress components
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through the thickness of each of the materials in the structure. Thermal forces (due to cooling)
are

N
=k k =Kk k =~k Kk

kK ~k k
o, +Qs, o+ 026 Xy) (hi-h k-1) ATK

1
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and the total load on the structure is the sum of any mechanical loads and moments (here zero)
with these thermal loads. The global stiffness matrix is then inverted to get

EX " Hj; Hj, Hyjs Hiys Hys Hye || Nx
ey Hi2 Hzz Hzz Hz4 Hzs Hog Ny
Yxy |_| Hiz Haz Hizz Hzs Hzs Hse || Nxy
Kx His4 Hz4 H3s4 Hgq Hys Hye M
Ky Hys Hps Hss Hgs Hss Hes || My
| Xxy | L His Hae H3s Hae Hse Hee J| Myy |

and the mid-plane strain and curvature can then be solved for by any matrix solution method.
Mid-plane strain and curvatures are used to find the strains through the entire thickness of the
coated substrate:

(o}
€x = sx + ZKy
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£y = 53 + ZKy

(o}
XY= ny + ZKxy.
Now that strains have been resolved, stress can be found by

k =~k ,k Kk =k k k =k Kk K Tk
°x=Q11(ex'axATk)+Q12(ey'°S'ATk)+Q16(ny'axyAT)

k =k Kk Koo =~k Kk Koo ok kK,
Gy‘Q21 (zax—os(ATk)+C’222 (ey-oryAT)+Q26 (Yyy ~ OyATX)
k Ak k Koo ~K K K. =~k Kk K
Tyy = 061 (€, - o ATK) + 062 (sy - ozyAT )+ 066 (ny - oszAT ).

Each of the ei'; terms vary through the thickness a very small amount relative to the aAT

strain terms, thus leading to the sharp discontinuities in the in-plane stress terms when traversing
material interfaces.

This theory has been implemented in a FORTRAN computer code, which also includes
material properties of the specific material systems used here.

Numerical experiments were periormed to support the above conclusions. Table 4
shows the material properties used in all stress analyses. Each of the systems was cooled from
1000°C to find the residual stress in each of the materials present. The substrate was 6350
microns thick for all studies.

Compatrison to Finite Element Results

To ensure that the composite plate theory code was working correctly, the stress results
were compared to a finite element solution of a similar problem.2 The finite element method
used in Sham and Sarin? was specially formulated to exploit hybrid finite elements because of
the relative size of the elements used for the coating and for the substrate.

Results for both substrate materials are shown in Table 5. Excellent comparison
between the two methods is shown, thus confirming the applicability of composite plate theory to
this problem.

SigNy4 Substrate

Three numerical experiments were performed with the silicon nitride substrate. Firstly,
residual stress with no interlayer but with varying thickness of the alumina-zirconia coating was
calculated. Next an AIN interlayer between the alumina-zirconia and Si3Ng4 substrate was varied in
thickness and residual stresses found for each material. Lastly, the AIN coating was placed
above the SizN4 coating to illustrate the irrelevance of thermal expansion grading. All 3 coating
configurations resulted in the same coating stresses. One set of results are shown in Figure 9.
The results indicate that the presence or absence of an interlayer, thickness of the coating
layers, and order of the coatings on the substrate have negligible effect on residual stress in
each of the layers.



171

Table 4. Material Properties Used for All Aubstrate and Coating Layers

Material Young's Poisson's Thermal
Modulus Ratio Expansion
(GPa) Coeff. (/°C)
AloO3 390 0.22 7.8x10%
AN 340 0.24 49x 106
Interface 320 0.255 3.8x10°6
Si3Ng 296.5 0.27 2.7x10°6
SiC 207 0.22 43x10°

Table 5. Comparison of 2-Dimensional Finite Element Results Using Special Hybrid
Elements to the Composite Plate Theory Described Here. Stress values are from
reference 2; values in parentheses are results from the composite plate code

described here. For both tables, AT = -1000°C.

Layer Young's Poisson’s Thermal Residual Stress (MPa)
Modulus Ratio Expansion [Layer Thickness, um]
(GPa) Coeft. (/°C)
(@ (b)
Al203 390 0.22 7.8x 106 | 2475 (2527) | 2482 (2534)
(10] [4]
AN 340 0.24 49x106 938 (964) 943 (970)
(3] (9]
Interface 320 0.255 38x106 442 (453) 448 (459)
(1] [1]
SigNg 296.5 0.27 2.7x106 -16 -11
(substrate) (-17) (-12)
Layer Young’s Poisson’s Thermal Residual Stress (MPa)
Modulus Ratio Expansion [Layer Thickness, um]
(GPa) Coeff. (/1°C)
— = = (a) (b)
AloO3 390 0.22 7.8x106 | 1731 (1728) | 1740 (1738)
(10] (4]
AIN 340 0.24 49x10° 282 (249) 290 (258)
[3] (9]
Sic 207 0.22 43x106 -11 (-11.5) -6 (-6)
(substrate)
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Figure 9. In-plane residual stresses for a silicon nitride substrate coated with alumina-zirconia
with an AIN interlayer. Stresses for 1, 4 and 10 micron interlayer thicknesses are
shown. Thickness of the interlayer has negligible effect on residual stress. ~
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SiC Substrate

Since it has been shown that coating stresses are not sensitive to thickness or coating
order variations, all pertinent stresses for the SiC substrate coating systems can be found with a
single residual stress analysis. The stresses shown in Figure 10 are applicable for changes in any
layer thickness or order sequence.

m r_Simulation of k Pr i

This part of the bimonthly describes modeling work performed on sections (ii) and (iii) of
the new milestone added to this contract in June1991. Section (i) of this new milestone has
been completed and was described in the August 1991 bimonthly for the contract. We describe
here the model and results for numerical simulation of a single-pass scratch test, and crack
propagation due to an initial flaw.

Di ion

Studies were performed on a single-layer coating of AloO3-ZrO2 on a substrate of silicon
nitride. Subsequent studies will describe results for a multilayer coated substrate. Loads were
imposed on the body in the form of residual thermal stress, and mechanical loads resulting from
solid body contact with friction. The finite element model allows automatic changes in mesh
topology due to crack growth, and a bimaterial fracture model which takes into account the
different fracture toughnesses of the coating, interface, and substrate when the cracks are at or
near the interface. Results indicate that, subject to these loads, a vertical flaw in the coating
propagates approximately downward until the coating-substrate interface region. Once the crack
has entered the interface, it moves away from the contact loads along the interface a distance of
approximately half the coating thickness, after which it continues in a direction nearly normal to
the net direction of the applied force load. Since the crack did not continue along the interface,
improvements in the interface bond strength would not have influenced crack direction
significantly.

Geometry

The finite element mesh was created to simulate the cross-section of a wide sample
(plane-strain) of a coated substrate. Coating thickness was 2 microns; substrate thickness was
arbitrary and assigned a value of 58 microns.

The plane of the mesh is shown in Figure 11. The width of the model was 60 microns.
Between the elements describing the coating and the elements describing the substrate, a set
of boundary markers exists which describe the location of the bimaterial fracture model. During
remeshing, this boundary must lie on element boundaries to keep the interface coherent. The
model initially was crack-free. A vertical flaw 0.5 microns long was positioned 1 micron from the
mechanical load. As the crack propagated, the model was automatically remeshed to take into
account the change in surface, the bimaterial interface, and the stress concentration at the crack
tip. Eight noded quadratic elements were used for the original mesh, mesh changes were
mapped with 6 noded triangular elements, and the crack tip was modeled with 6 noded
singularity elements. When the crack tip was at or near the bimaterial interface, singularity
elements were not used. For each crack increment, the next propagation direction was
predicted by using a maximum energy release rate criterion, which is also applicable in the region
of the interface. The energy release rate was calculated by comparing the energy released by
the system for candidate directions in each of the materials the crack tip is near. Once a direction
was found, the crack length was increased a small amount and the calculation repeated. This
procedure was continued until no significant change in the direction of crack propagation was
seen.
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Figure 10. In-plane residual stresses for a silicon carbide substrate coated with AIN and alumina-
zirconia. Stresses shown are applicable for a wide range of coating thicknesses.



175

o)
: go\\
N
g’
7 7
AN
aPe’e%eid
\'\’\’\’\:\:\:xt\:\’\.’\’\:\'\/ /’/; LA
inriCoating AT LM
\:\:\:\:\:x:\:x:\:\:\:\:\:\:x’// ’/ //
.............. ’
s e e - SR L
o U
SESERSSERERRNN 7 ¢f (05 ¢
.............. A
.............. // "’S» (/
- - - Substrate:- - - - A1 L L
o W LAY
.............. L/ LA
.............. ///// ’/
.............. #
.............. LA ”
.............. /”
SRR P

Figure 11. Schematic of the finite element mesh relative to microstructural cross section.
Direction and positioning of scratch test indenter are shown.
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ition

Thermal loads were applied to the entire body by including a temperature change of
-1000°C into the analysis. This temperature is typical of temperatures used in the CVD process
for this material system. It was assumed that the coating was applied to the substrate in the CVD
chamber in a stress-free state and that stresses were generated in the CVD chamber by thermal
expansion mismatch between the coating and the substrate. A mechanical load was also applied
to the coating. The mechanical loads represent the load applied by solid body contact. The load
was distributed over a 1-micron region; the shape of the distribution was parabolic. The
magnitude of the maximum value of the distribution was scaled such that the stress results were
normalized from zero to one. The coefficient of friction used was 0.5, resulting in the same form
of the distribution of shear stress on the surface of the coating. Figure 12 is a schematic of the
boundary conditions. On the lower edge of the model, the central node of the edge was pinned,
and all other nodes on the edge were constrained in the vertical direction.

Material Properties

The coating material was AlpO3-ZrO5, and the substrate was silicon nitride. Both
materials were modeled as elastic in both thermal and mechanical properties. Material properties
were assigned to the coating, substrate, and interface. Elastic and thermal properties for the
coating and substrate are shown in Table 6. The interface energy release rate as a function of
mode-mixity is shown in Figure 13.

Besults

The crack propagation occurred over 14 crack increments, after which the direction of
crack growth remained constant. Since the crack crossed the bimaterial interface, the bimaterial
interface fracture model was used for several crack growth steps. Other crack growth steps used
linear elastic fracture mechanics theory solved using finite element methods. An enlargement of
the initial vertical flaw displaying the original and deformed shape of the coated system is shown
in Figure 14. Note that the deformed shape was a result of the thermal, normal, and shear loads
on the structure. Figure 15 illustrates the direction of crack growth prior to crossing the bimaterial
interface. The crack has begun a slight turn away from the applied mechanical loading. Figure 16
shows the deformed shape for the final crack increment. Note that the crack did not remain in the
interface, as it would for a material with a lower range of interface fracture toughnesses (lower Gjc
curve), and also that the final crack direction is approximately normal to the applied mechanical
loading direction. The fracture modeling of coated systems is continuing with a two-layered
coated substrate under the same thermal and mechanical loads.

Nomenclature

E; - Young's Modulus

Yij - Poisson's Ratio

Gjj - Shear Modulus

Qjj - Stiffness Component

Tij - Rotation Transformation Component
e? - Mid-plane Strain

Kj - Mid-plane Curvature

N; - Applied Forces

M; - Applied Moments
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Figure 12. Schematic of the boundary conditions used in the fracture simulation. Coefficient of
friction was 0.5. The value of "p' (the maximum magnitude of the load distribution)
was assigned a value such that the stress results are normalized.
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Material Properties Used for the Coating and Substrate

Property

Substrate
(silicon nitride)

Material

Coating
(AloO3+2r0»)

Young's Modulus, E (GPa)
Poisson’s Ratio, v
CTE, o (/°C)

Fracture Toughness, K|c (MPa\/E)

300
0.26
2.7x 106
5.0

380
0.23
9.4x10-6
3.5

300

250

200

150

Gc (J/m2)

100

50

Critical Energy Release Rate

Figure 13. Energy release rate for the interface as a function of mode mixity. A mode-mixity of
0.0 describes pure mode | loading at the crack tip, and a mode-mixity of 90 (degrees)
describes pure mode Il loading at the crack tip.

Phase Angle (Degrees)
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Total Deformation

1.000

Magnification Foctor ¢

Initial vertical flaw, 0.5 microns long (1/4 coating thickness).

Figure 14.
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Yotal Deformation
Mognification Factor : 1.000

Figure 15. Deformed shape and crack growth direction prior to crossing the bimaterial interface.
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Figure 16. Deformed shape and crack path in final increment.
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h - Total Thickness
hi - Distance from Mid-plane to Interfaces
o - Coefficient of Thermal Expansion
AT - Temperature Change
Status of Milestones
Milestone Due Status
Microstructural evaluation of the AlI;O3+ZrO5 12/89 Completed.

composite layer.

Studies of first generation coating configuration to 03/90 Completed.
determine cause of failure during oxidation tests at
1200°C and 1375°C.

Modification of coating configuration to improve 06/91 Cancelled. Replaced
oxidation resistance at greater than or equal to 1200°C. by Phase IIA.
Feasibility study of measuring friction coefficient and 12/90 In progress.

contact stress damage using conventional pin-on-disk
or ball-on-disk wear tests.

Performance tests of modified coating configuration 12/90 Delayed. Awaiting
including i) 500-hour oxidation, ii) thermal shock, and iii) improvement in coating
flexure strength. oxidation resistance.
Test feasibility of coating a commercial part or 03/91 Cancelled. Replaced
equivalent. by Phase IIA.
Computer simulation of i) residual stress in coating due 12/91 On schedule.

to CVD cycle and thermal expansion mismatch, ii) (This new milestone
coating response to load from single-pass scratch test, corresponds to Phase
and iii) crack propagation due to initial flaws. Computer IA).

calculations will be verified using scratch testing and
microscope inspection.

Submit draft of final report covering Phase Il results. 12/91 On schedule.

Publications

1) A talk titled "Effect of AloO3 + ZrO2 CVD Coatings on the MOR Strength of SigN4 and SiC,"
was presented by J. Selverian at the 1991 American Ceramic Society Conference.

2) Abstract submitted to the 1991 MRS conference, “Tensile Strength and Weibull Modulus
Determination of CVD Ceramic Thin Films on Ceramic Substrates”.
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Wear-Resistant Coatings
M. H. Haselkorn (Caterpillar, Inc.)

Obijective/scope

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

Wear resistant coatings will be applied to metallic substrates using plasma
spraying, vapor deposition (CVD/PVD), and enameling coating processes. First, the
adherence of each coating for each coating process to the metallic substrate will be
optimized. Methods which can be used for improving the adherence of these coatings
include development of unique substrate preparation methods before application of the
coating, grading coating compositions to match thermal expansion; compositional changes;
laser or electron beam fusing and/or optimizing coating thickness. Once the adherence of
each coating system is optimized, each coating will be screened for friction and wear at
350°C under lubricated conditions. Coatings which show promise after this initial
screening will be further optimized to meet the friction and wear requirements. Then, the
optimized coating systems will be fully characterized for oxidation resistance, adherence,
uniformity, and thermal shock resistance, as well as friction and wear.

Selection of the most promising coatings and coating processes will be made after
the characterization task. Criteria for selection will include not only performance (i.e.,
wear, adhesion, friction coefficient, thermal shock resistance and thermal stability) but
also manufacturability and economic factors, as well. Using both criteria a coating system
having acceptable cost/benefit relationships will be selected.

Technical progress

Candidate wear resistant piston ring coatings identified from the pin-on-disk
friction and wear screening included:

1. Plasma sprayed chromia-silica composite,

2. Plasma sprayed high carbon iron-molybdenum blend,
3. Plasma sprayed, self-lubricating, PS212, and,

4. Mid-temperature chemical vapor deposited Ti(C,N).

Candidate wear resistant cylinder liner coatings also identified from this friction
and wear screening included:

1. Low temperature arc vapor deposited (LTAVD) chrome nitride,
2. Plasma sprayed chromia-silica composite, and,
3. Plasma sprayed high carbon iron-molybdenum blend.
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Each candidate piston ring/cylinder liner pair was then further optimized for
friction and wear using the Hohman A-6 Double Rub Shoe Friction and Wear Test
Machine. All tests were run at 350 C, under lubricated conditions. The results of this
testing are contained in Tables 1-3. (Note: one of the overall goals of this program is to
obtain an average wear coefficient of at least 1.0x10-8 mm?*/N-m for each coating pair.)

Running plasma sprayed high carbon iron-molybdenum coated rub shoes against
a plasma sprayed chromia-silica coated disk (Table 1) produced coefficient of friction
values below 0.15 and average wear coefficients ranging from 2.3 to 0.4x10-8 mm?*/N-m
for the shoes and from 2.43 to 14.2x10-8 mm?/N-m for the disks. The Hohman test results
obtained from this coating pair showed that this piston ring/cylinder liner coating pair
would meet the program goals for both friction and wear.

Coefficient of friction values of above 0.2 were obtained running plasma sprayed
PS212 rub shoes against a plasma sprayed chromia-silica disk. These high coefficient of
friction values, in turn, caused high PS212 wear coefficients and, for this reason, this
coating pair ran only 480 hours before the chromia-silica coating completely wore
through the PS212. Table 1 lists average wear coefficients of 9.11x10-9 for the chromia-
silica and 1.70x10-7 mm?*/N-m for the PS212 coatings.

Running plasma sprayed chromia-silica or mid-temperature chemical vapor de-
posited titanium carbo-nitride coated rub shoes against the plasma sprayed chromia-silica
coated disks produced friction coefficients above 0.2 and average disk wear coefficients
ranging from 10-5 to 10-6 mm*/N-m, respectively. Very little wear was apparent on either
set of rub shoes. The friction and average disk wear coefficients for these coating pairs
were above the program goals.

Another coating pair which met the program’s friction and wear goals is plasma
sprayed high carbon iron-molybdenum rub shoes running against a low temperature arc
vapor deposited (LTAVD) chrome nitride coated disk (Table 2). This coating pair had
coefficient of friction values below 0.15 and, in three tests, had average wear coefficients
which ranged from 1.23x10-9 to 7.16x10-8 mm?/N-m for the high carbon iron-molybde-
num coated shoes and from 3.13x10-7 to 1.48x10-8 mm?/N-m for the chrome nitride
coated disk.

Running plasma sprayed chromia-silica or mid-temperature chemical vapor de-

posited titanium carbo-nitride coated rub shoes against the plasma sprayed chromia-silica
coated disks produced friction coefficients above 0.2 and average disk wear coefficients
ranging from 10-5 to 10-6 mm?/N-m, respectively. Very little wear was apparent on either
set of rub shoes. The friction and average disk wear coefficients for these coating pairs
were above the program goals.
Running either plasma sprayed chromia-silica or mid-temperature titanium carbo-nitride
CVD rub shoes against the LTAVD chrome nitride coated disk resulted in coefficient of
friction values above 0.20 and very high chrome nitride average wear coefficients (10-6
mm?/N-m). For this reason, these tests had to be terminated after only 5-30 minutes of
testing since none of the chrome nitride coating remained on the surface of the disk.

Average disk wear coefficients of 1.04x10-4 mm?/N-m were obtained running
plasma sprayed PS212 coated rub shoes against a chrome nitride coated disk. This wear
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Table 1
Hohman A-6 Friction and Wear Results
Candidate Piston Ring Coatings Run Against a Chromia-Silica Coated Disk

Average Wear Coefficient (mm3/N-m)
Chromia-Silica

Time
(Min.) Shoe Coating

Candidate Piston Ring Coating

Chromia-Silica Composite 120 1.7x10-9 3.36x10-6
PS 212 480 7.61x10-7 9.11x10-9
Mid-Temperature Ti(C,N) 55 3.50x10-9 1.52x10-5
High Carbon Iron-Molybdenum 370 2.30x10-8 2.43x10-8
975 7.56x10-8 1.66x10-8
960 4.14x10-8 5.91x10-8
899 4.48x10-9 1.42x10-7

Table 2
Hohman A-6 Friction and Wear Results
Candidate Piston Ring Coatings Run

Against a LTAVD Chrome Nitride Coated Disk

Candidate Piston Ring Coating Time
(Min.) Shoe Coating

Average Wear Coefficient (mm3/N-m)
Chrome Nitride

Chromia-Silica Composite 8 2.17x10-8 8.36x10-7
5 2.17x10-7 6.95x10-6

Mid-Temperature Ti(C,N) 6 1.72x10-7 1.05x10-6
5 2.95x10-7 6.35x10-6

30 4.03x10-9 7.72x10-6

P8 212 120 7.86x10-9 1.04x10-4
High Carbon Iron- 120 1.23x10-9 3.13x10-7
Molybdenum 650 2.85x10-8 1.92x10-8
375 7.16x10-8 1.48x10-8
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Table 3
Hohman A-6 Friction and Wear Results
Candidate Piston Ring Coatings Run Against a
High Carbon Iron-Molybdenum Coated Disk

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3/N-m)
(Min.) Shoe Coating High Carbon Iron-Mo

—Mid-Temperature Ti(C,N) 34 9.55x10-8 1.68x10-8
241 1.42x10-9 1.56x10-8
—Chromia-Silica Composite 120 <10-9 7.72x10-10

coefficient was well above the desired 10-8 mm?/N-m wear coefficient of this program.
High friction coefficients were the probable reason for the poor average wear coefficient
for the PS212.

The Hohman friction and wear results for the mid-temperature titanium carbo-
nitride, LTAVD chrome nitride and chromia-silica coated rub shoes running against
plasma sprayed high carbon iron-molybdenum coated disks are contained in Table 2.
Running the mid-temperature titanium carbo-nitride rub shoes against the high carbon
iron-molybdenum disk resulted in friction coefficients of below 0.15 and average wear
coefficients of 1.42x10-9 to 9.55x10-8 mm?*/N-m for the titanium carbo-nitride coated
shoes and 1.56x10-8 to 1.86x10-8 mm?/N-m for the high carbon iron-molybdenum shoes.
These results indicate that this coating pair will meet the friction and wear goals of this
program.

Wear testing of the 5 micron thick chrome nitride coated rub shoes against the high
carbon iron-molybdenum coated disks could not be completed due to the chrome nitride
coating spallation. The first instance of spallation occurred during a heat-up cycle after the
test was stopped to obtain an initial set of wear measurements. Prior to the castrophic
coating failure the rub shoe and disk had average wear coefficients of 10-9 mm*/N-m. The
second instance of coating spallation occurred prior to testing when the rub shoes were
heated to the 350 C test temperature.

Friction coefficients below 0.15 and average wear coefficients of less than 10-9
mm?/N-m were obtained for the rub shoes and the disk running plasma sprayed chromia-
silica rub shoes against a high carbon iron-molybdenum disk. The friction and wear
coefficients obtained from this coating pair were similar to those obtained running high
carbon iron-molybdenum shoes against a chromia-silica disk (Table 3). These results
indicate that this material pair can be interchanged, and either coating can be used for a
cylinder liner or piston ring coating.



187

Wear curves were obtained for the high carbon iron-molybdenum blend running
against the chromia-silica composite and the high carbon iron-molybdenum blend running
against the LTAVD chrome nitride.

These wear curves were obtained by running the specimens on the Hohman A-6
Double Rub-Shoe machine, at 350 C, with a normal load of 89 N, and a surface velocity
of 3.4 m/sec. During the testing, an experimental synthetic lubricant from Lubrizol was
used. The lubricant was delivered to each shoe surface using a peristatic pump at a rate of
3mm/min. Afterevery 120 minutes the test was interrupted to measure the wear on the shoe
and disk surfaces. Wear curves for each coating pair were then developed from these wear
measurements. The wear curves for the high carbon iron-molybdenum running against the
chromia-silica are contained in Figures 1A and 1B. Figures 2A and 2B contain the wear
curves for the high carbon iron-molybdenum running against the chrome nitride.

Figure 1A
Wear Curve for High Carbon Iron Molybdenum Shoes
Running Against a Chromia-Silica Disk
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Figure 1B
Wear Curve for Chromia-Silica Disk Run Against High Carbon Iron-Molybdenum Shoes
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Figure 2A Wear Curve for High Carbon Iron-Molybdenum

Shoes Running Against a Chrome Nitride Disk
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Figure 2B Wear Curve for Chrome Nitride Disk RunningAgainst High Carbon Iron Shoes
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The wear scar volumes measured on the high carbon iron-molybdenum coated rub
shoes after 980 hours of friction and wear testing against the chromia-silica coated disks

were 0.55,0.27 and 0.05 mm?, for Tests 56, 70, and 72, respectively (Figure 1B). The wear
scars measured on two of the corresponding chromia-silica coated disks from Tests 56 and
70 were 0.05 and 2.0 mm?®. The third chromia-silica coated disk (Test 72) had a wear scar
volume greater than 8.0 mm®. However, over 50 percent of the volume of this wear scar
occurred after 380 minutes of testing when one of the rub shoes “slipped” off the disk.
Eliminating the wear which occurred when the rub shoe “slipped,” the volume of the wear
scar would have been less than 4.0 mm?®. The volumes of the wear scars measured on both
the shoes and disks after 980 hours of testing indicated that this coating pair, a high carbon
iron-molybdenum coated piston ring and a chromia-silica coated cylinder liner, will have
wear rates which would meet the commercial durability requirements.

The wear curves obtained from running the high carbon iron-molybdenum coated
rub shoes against a low temperature arc vapor deposited chrome nitride coated disk showed
that very little wear occurred on either the rub shoes or the disk. One set of high carbon iron-
molybdenum shoes exhibited essentially no wear after 680 hours of testing, Test 43, while
the second set had a 0.2 mm * wear scar after 380 hours of testing, Test 54. However, the
majority of the wear occurred during the initial 100 hours of testing and after this break-
in period very little wear was seen on these shoes. The wear scars measured on the
corresponding chrome nitride coated disks were 0.1 mm? or less. Although the wear scars
on the chrome nitride disks were very small, the tests had to be terminated after 650 hours
and 380 hours because the high carbon iron-molybdenum coated shoes had worn com-
pletely through the three micron thick chrome nitride coating. These wear curves show that
a three micron thick chrome nitride coating, although meeting the program goals with
respect to both friction and wear, will not meet the commercial durability goals. Using
these wear curves as a guide, it was calculated that a 15 to 20 micron thick chrome nitride
coating is required to meet these commercial durability goals.

The oxidation resistance of the plasma sprayed high carbon iron-Molybdenum and
plasma spray chromia-silica coatings was evaluated by exposing these coatings to a
simulated diesel exhaust atmosphere, for 500 hours at 400 C, in a tube furnace. The
simulated diesel atmosphere was obtained from the mixing of various gases. The compo-
sition of this simulated diesel exhaust atmosphere was:

Oxygen (02) 9.6%

Carbon Dioxide (CO2) 8.3%
Carbon Monoxide (CO) 1439 ppm
Nitric Oxide (NO) 1439 ppm
Hydrocarbons 264 ppm

Water Vapor (H20) 7.3%

Nitrogen (N2) Balance
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The plasma sprayed chromia-silica coating was not affected by the simulated diesel
exhaustatmosphere. No coating spallation or discoloration was observed on any of the five
specimens exposed. In fact, the physical appearance of these specimens was identical to
the physical appearance of plasma sprayed chromia-silica specimens which had not been
exposed to the simulated diesel exhaust atmosphere.

The high carbon iron-molybdenum plasma sprayed coated discolored during the
500 hour exposure to the simulated diesel exhaust atmosphere. This discoloration was
caused by oxidation of the iron on the surface of the specimens which was in direct contact
with the atmosphere. The oxidation was limited to the very top surface of the coating and
for this reason no significant increase in coating thickness or spallation occurred.

The thermal shock resistance of the plasma sprayed high carbon iron-molybdenum
and plasma spayed chromia-silica coatings was determined by quenching plasma sprayed
cast iron Falex specimens fifty (50) times from 650 C into boiling water. Each specimen
was thermocoupled to assure that it attained a 650 C temperature prior to each quench. The
thermocouple also illustrated that it took approximately seven (7) seconds for the Falex
disks to be quenched from 650 to 100 C.

Cracks were noticed in both coatings after three thermal shock cycles. Although
additional crack propagation occurred during the subsequent thermal shock cycles, no
coating disbonding or coating spallation occurred. In addition, no excess oxidation was
observed on any of the plasma sprayed coated specimens after completion of the thermal
shock testing.

The cracking observed within these plasma spray coatings after the thermal shock
testing is not considered a problem since plasma sprayed piston ring coatings used in
current production diesel engines exhibit similar crack patterns and these cracks are not
detrimental to the friction and wear properties of these coatings.

Wear Resistant Enamel Coating Development

To reduce the coefficient of friction of the enamel and improve its wear properties, one
method evaluated was the addition of solid lubricants to the enamel. The solid lubricants
evaluated included boron nitride, calcium flouride, barium fluoride, silver flake, and
cesium oxythiomolybdate.

Silverflake additions above 5 weight percent were required to reduce the coefficient
of friction of the enamel. Additions of 10 weight percent silver flake to the enamel reduced
the coefficient of friction for the enamel from 0.036 (no additions) to 0.26. However, even
with this coefficient of friction, the enamel had unacceptable wear rates during the initial
pin-on-disk screening.

A 5 weight percent barium fluoride addition to the enamel reduced the coefficient
of friction of the composition to 0.26. Further barium fluoride additions to the enamel
increased the coefficient of friction to above 0.30. For this reason, the barium fluoride did
not improve the wear resistance of the enamel.
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Up to 10 weight percent additions of boron nitride, calcium fluoride, and cesium

oxythimolybdate solid lubricants did not reduce the coefficient of friction and/or reduce the
wear properties of the enamel.

The following combinations of solid lubricant additions to the enamel were
evaluated:

1. 2.5 weight percent barium fluoride plus 5 or 10 weight percent silver flake, and,
2. 5 weight percent barium fluoride plus 5 or 10 weight percent silver flake.

These combinations of solid lubricants reduced the coefficient of friction of the
enamel to 0.26. Again with this coefficient of friction the enamel compositions had unac-
ceptable wear rates.

Examination of the wear surfaces of the enamel compositions after pin-on-disk
friction and wear screening showed that the reason for the poor wear characteristics of the
enamel was the presence of bubbles in its mlcrostructure which significantly reduced the
compressive strength of the enamel. ‘

A program was initiated to determine if the number and size of the bubbles in the
enamel could be reduced by changing the firing cycle of the enamel. Fast heating rates (less
than one minute to attain temperature), slow heating rates (less than 2 C/minute), as well
as long and short soak times at temperature were evaluated.

The fast heating rate resulted in the formation of very large bubbles in the enamel.
Reducing the heating rate resulted in the formation of numerous small bubbles evenly
dispersed within the enamel’s microstructure. Time at temperature or increasing the soak
temperature had little affect on the bubbles which developed within the enamel’s micros-
tructure. In summary, none of the firing cycle changes were able to produce a bubble free
enamel microstructure.
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1.4 JOINING
1.4.1 Ceramic-Metal Joints

Joining of Ceramics for Heat Engine Applications
M. L. Santella (Oak Ridge National Laboratory)

Objective/scope

The objective of this task is to develop strong, reliable joints
containing ceramic components for applications in advanced heat engines.
Presently, this work is focused on the joining of silicon nitride by
brazing. The technique of vapor coating ceramics to circumvent wetting
problems that was developed for brazing zirconia at low temperatures is
being applied to brazing silicon nitride. The emphasis of this activity
during FY 1991 was on: (1) high-temperature brazing of silicon nitride and
(2) correlating braze joint microstructures with strength data to identify
factors that influence joint strength.

Technical highlights

Brazing trials: As previously reported, several Ti-vapor-coated Si;N,
joints were made by vacuum brazing at 1250°C with a 60Pd-40Ni wt % commer-
cial foil (25 um thick), and these joints contained considerable porosity.
In a separate experiment, braze joints were made with the 50Au-25Ni-25Pd
wt % and the 60Pd-40Ni wt % alloys at 1250°C (about 120°C above the normal
brazing temperature for the Au-Ni-Pd alloy). The result was that an
acceptable porosity-free joint was obtained only with the Au-Ni-Pd alloy.
Standardless microchemical analysis of the joints in a scanning electron
microscope (SEM) showed that both braze Tayers had become enriched to some
extent with Si: 2.4 wt % for the Au-Ni-Pd alloy and 9.7 wt % for the Pd-Ni
alloy. A cross-sectional view of the microstructure of the Au-Ni-Pd joint,
taken in the SEM, is shown in Fig. 1(a). The 1ight regions in this braze
layer are an Au-rich matrix containing second-phase particles. The darker
regions in this braze layer are comprised of grains of an Ni-rich phase and
some grains with a composition of (Pd,Ni),Si. The Ti in this joint re-
mained Tocalized at the Si;N, surfaces. The microstructure of the Pd-Ni
joint is shown in Fig. 1(b3. In this case, the braze layer appears to be
primarily a (Pd,Ni);Si phase containing small, Ni-rich particles. Several
cracks such as the one shown in Fig. 1(b) were also found in this braze
layer, and these are an indication that the (Pd,Ni),Si phase is brittle.
Based on composition, it is also likely that the M3§i-phases found in both
braze layers have relatively low melting temperatures since for Ni,Si,

T, = 1170°C and for Pd,Si, Ty = 960°C. This experiment also shows that the
56Au-25Ni-25Pd wt % braze filler metal is particularly well suited for
brazing Ti-vapor-coated Si;N,, and suggests that consideration of high-
Au-containing filler metals might permit brazing temperatures to be used.

Based on the above results, a commercially available Au-25Pd wt %
alloy was also used to make several joints with Si;N,, which was vapor
coated with a 2-um Tayer of either Ti or Mo. The brazing trials were done
at 1425 and 1375°C, which are, respectively, 15°C over and 35°C under the
nominal melting temperature (1410°C) of this filler metal. Melting of the
filler metal was achieved at both temperatures. Joints were formed for
each experimental condition, and those made at 1375°C had good external
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Fig. 1. Cross-sectional views of Ti-vapor-
coated Si;N, brazed at 1250°C with (a) Au-25Ni-25Pd
wt % filler metal and (b) Pd-40Ni wt % filler metal.
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appearance, but sectioning revealed that all of the joints contained large
void areas. The microstructure (as viewed in the SEM) of a joint made at
1375°C using Ti-vapor-coated Si;N, is shown in Fig. 2. In this case,
microchemical analysis indicated that the major phase in the braze layer
had a composition of 13.6 wt % (36.6 at. %) Si, which suggests that it may
be a two-phase mixture of Pd,Si and PdSi. The high Si Tevel indicates that
extensive reaction between Pd and the Si;N, occurred. The minor phase in
the braze layer appeared to be Au rich. Figure 2 also shows a large number
of particles near the Si;N, surfaces. These particles could not be identi-
fied, but some of them were Ti rich and could have been TiN or Ti sili-
cides. It is also clear that the Ti layer did not remain intact and
continuous on the Si;N, surfaces and did not inhibit reaction of the braze
filler metal with the Si;N,. The reaction with Pd is undoubtedly respon-
sible for depression of %he filler metal melting temperature and appears to
be a significant problem in identifying filler metal compositions, which
may permit brazing at temperatures above 1130°C.

Both sets of experiments discussed above indicate that the conditions
during the brazing of Si N, with Ni- and Pd containing filler metals are
favorable for the formation of silicide phases. They also indicate that
the formation of large quantities of silicide phases in these joints is
undesirable because silicides have relatively poor mechanical properties

2527

Fig. 2. Microstructure of Ti-vapor-coated
SizN, brazed at 1375°C with a Au-25Pd wt % filler
metal.
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and possibly low melting points. Also, the formation of silicides in the
braze layers involves decomposition of the Si;N, and evolution of nitrogen
gas, which then leads to expulsion of filler metal from the joint gaps and
the formation of large void regions.

Fractography of Si,N, joint test bars: Specimens of Ti-vapor-coated
Si,N, brazed with Au-25Ni-25Pd wt % filler metal and flexure tested at
806°C were examined in the SEM, and a representative fracture surface is
shown in Fig. 3. The "knobby" appearance suggests that some liquid phase
was present at the test temperature. Microchemical analysis from area
scans on this surface indicated that the Si concentration was in the range
of 11 wt % (23 at. %). Significant levels of Ni, Ti, and Pd were also
present. These observations are consistent with those made on polished
cross sections of similar joints, which indicated that high levels of Si
and (Ni,Pd,Ti),Si phases were produced in the braze layers. The high Si
levels probably account for liquation of phases in the braze layers and
loss of joint strength near 800°C. Analysis of this problem is continuing.

Thermal analysis of 513N4 brazing: In an effort to Tearn more about
the reactions occurring during brazing of Si;N, and to provide some guid-
ance in selecting brazing alloys with higher temperature capabilities, a
group of Si;N, specimens was prepared and submitted for thermal analysis.
The specimens were 3-mm-diam by 1-mm-thick discs, some of which are vapor
coated with Ti. The test plan includes heating the specimens to elevated

Fig. 3. SEM micrograph of fracture surface
from a Si;N, joint specimen brazed with
Au-25Ni-2%Pd wt % filler metal and flexure tested
at 800°C.
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temperature alone and in the presence of brazing filler metals. The re-
melting behavior of the filler metals will also be studied.

Equipment purchase: An electron beam vapor-coating system was pur-
chased and installed. Several problems were encountered with the vacuum
system, electron beam power supply, and instrumentation, but the system is
now completely operational.

Status of milestones

On schedule

Publications

None
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Objective/Scope

The goal of Phase | is to demonstrate analytical tools for use in designing ceramic-to-metal
joints, including the strain response of joints as a function of the mechanical and physical
properties of the ceramic and metal, the materials used in producing the joint, the geometry of the
joint, externally imposed stresses both of a mechanical and thermal nature, temperature, and the
effects of joints exposed for long times at high temperatures in an oxidizing (heat engine)
atmosphere. The maximum temperature of interest for application of silicon carbide to metal and
silicon nitride to metal-containing joints is 950°C. The initial joint-fabrication work shall include

"experimental" joints whose interfacial area is not less than 2 cm2. The work shall also include
demonstration of the potential for scale-up of the joint size to interfacial areas of commercial
significance, applicability of the analytical joint modeling tools, and the ability to use these tools to
design and predict the mechanical and thermal behavior of larger joints. These joints, referred to

as "scale-up" joints, shall have an interfacial area of at least 20 cm?.

The goal of Phase Il is to optimize materials systems and joint designs, building on the
results of Phase I. The work shall also include demonstration of the potential for scale-up of the
joint size to interfacial areas of commercial significance, applicability of the analytical joint modeling
tools, and the ability to use these tools to design and predict the mechanical and thermal stability
of the larger joints. These joints, referred to as "scale-up" joints, shall have the ceramic shaft at
least 0.8 inches in diameter. The goal is to develop a system which can perform in an engine such
as the ATTAP engine. The anticipated environment will be oxidizing and will have joint
temperatures of 650°C or higher. Improved joint materials systems shall be developed to optimize
the combination of competing properties, which include ductility, yield strength, and creep
resistance. The effect of each of these properties on joint performance shall be examined using
the FEM model. Finally, a program of mechanical testing shall be carried out to confirm the
effectiveness of the modeling program. This shall include torsion tests, thermal and mechanical
fatigue, and creep testing. In addition, an analytical and experimental program in service life
prediction will be undertaken.

ical r

Materials System Design

Brazi I lopmen

Development of brazing alloys for ceramic-to-metal joints has been continued. During this
period, 4 different alloy systems were investigated: Au-Ni-Cr-Mo-Fe-Nb, Au-Ni-Cr-Fe, Au-Ni-Cu-
Cr-Mo-Fe-Nb, and Au-Ni-Cu-Cr-Fe. 140 alloy compositions were produced using an induction
melting technique in argon atmosphere and characterized in terms of wetting and ductility.
Brazed coupons made of PY6 and Inconel 600 were also produced to see the compatibility of the
braze system during and after the brazing process. An effort was made to increase the high
temperature strength with a minimum loss of other properties necessary for brazing.

Of those alloys, Au-Ni-Cr-Mo-Fe-Nb alloys, which melt at 1050-1100°C, seemed to meet
the processing requirements for high-temperature ceramic-metal joints. Preliminary results from
mechanical testing indicated that these alloys had good ductilities and strengths. They wetted
well on silicon nitride with various coating materials in the vicinity of 1150°C. However, a major
drawback was the limited wetting property of these alloys on Inconel 600 or Ni substrates due to
the combined effects of liquation and alloying.

Therefore, the relative effects of Cr and Fe on ductility and the flow property of this
system were evaluated by adding Cr, Fe, and Mo systematically to Au-Ni system, and it was
determined that (1) addition of Fe to an Au-Ni system did not interfere with the excellent flow
property of an Au-Ni system, but it reduced the ductility with an increase of Fe content, (2) high
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content of Cr in an Au-Ni system embrittled the braze alloy and reduced the flow characteristics of
liquid braze on Inconel 600, (3) excessive addition of Mo to Au-Ni system lowered the flow
property significantly, and (4) the presence of Mo and the ratio of Au to Ni appeared to play
important roles in enhancing the alloy ductility.

The Fe embrittlement in this system was presumed to be due to the phase segregation or
precipitation at low temperature. The reduction of flow property by the addition of Cr can be
explained with an Au-Cr phase diagram as well; the melting point increases with the increase of Cr
content. The role of Mo on the flow property was closely related to the limited solubility of Mo in
Au. Further, the Mo addition caused substrate erosion resulting from liquation, which is attributed
to a large gap between solidus and liquidus. The solubility limits of Cr, Fe, and Nb in Au were
reported as 20.8, 46.0, and 38.5 (wt.) %, respectively.

Brazing experiments were performed to check the brazability and system compatibility of
Au-Ni-Cr-Mo-Fe-Nb and Au-Ni-Cr-Fe alloys. Limited flow property of Au-Ni-Cr-Mo-Fe-Nb braze
alloys resulted in spotty bonding between Ti-coated PY6 and Inconel 600, even though these
alloys wetted Ti-coated PY6 completely. On the other hand, Au-Ni-Cr-Fe system generally
provided excellent wetting and bonding between PY6 and Inconel 600.

In addition, 22 Au-Ni-Cr-Cu-Mo-Fe-Nb and Au-Ni-Cu-Cr-Fe alloys were studied by adding
Cu to Au-Ni-Cr-Mo-Fe-Nb and Au-Ni-Cr-Fe systems to improve the flow property. Copper was
chosen due to its complete solid solubility with Au. However, addition of Cu did not enhance the
wettability of these alloys and raised the melting points of the alloys unexpectedly (>1100°C).
These alloys were not able to be processed under 1200°C.

Based on the phase diagram study and the results obtained during this period, two alloy
compositions, Au-Ni-Cr-Mo-Fe and Au-Ni-Cr-Fe, were selected for final foil production. These
alloys have shown superior wetting and bonding characteristics as well as excellent ductility
compared to other compositions studied. These alloys melted in the vicinity of 1000°C and could
be brazed at 1050°C, which people in auto industries feel is an upper limit for ceramic-metal joining
process. The alloys, even though they have relatively low melting temperatures, are expected to
improve high-temperature creep strength by diffusion of Ni, Cr, Fe, and Mo from the adjacent
interlayer (Inconel 600).

Braze foil production of two alloy compositions, Au-Ni-Cr-Mo-Fe and Au-Ni-Cr-Fe, was
completed at GTE Wesgo. For the production,120 grams of each alloy were melted at 1300-
1400°C in a boron nitride crucible by induction heating and cast into a copper mold to produce a
2.0"x0.75"x0.25" bar. The alloy was homogenized at 800°C for 24 hours in an argon atmosphere.
The cast bar was rolled into 0.002"-thick foil with intermittent vacuum annealing at 800°C for 2-4
hours. The successful rolling of this alloy was obtained due to its excellent toughness and
ductility. It was shown from a microstructural study that these alloys consisted of two or three
discrete phases; one is an Au-based solid solution and the other is a Ni-based high-temperature
phase, facilitating rolling process. The multiphase microstructures with high-temperature phases
have been effective in improving high-temperature creep behavior in general.

Bond strengths of the joints made of PY®6 silicon nitride and Inconel 600 was evaluated by
shear tests at room temperature. Preliminary results showed that the shear strength of the joints
with an Au-Ni-Cr-Mo-Fe alloy was in the range of 2-6.5 ksi, while an Au-Ni-Cr-Fe alloy provided a
strength level in the range of 3-17 ksi. The intended bond area was 1 cm2. Two new alloys
exhibited excellent wetting (or bonding) between PY6 and Inconel 600 (50-100% bonding). The
joint strength values were found to be a strong function of processing variables. Processing
optimization with new alloys was needed in order to control the residual stress resulting from a
high percentage of bonding.

Thus, processing parameters were studied for new braze alloys. Performance of the
joints was consistently improved in terms of room-temperature shear strength for PY6/Inconel 600
system as the braze thickness increased (3-6 and 6-17 ksi for 0.002" and 0.004"-thick foils,
respectively). Also, it was noted that the pressure or weight applied to the samples during the
brazing process affected the bond strength significantly. This observation seems to be closely
related to the nature of bonding attained from these new alloys and alloy ductility; adhesion of the
joint was primarily due to the melting of the Au-based phase. Therefore, the applied pressure and
foil thickness have to be determined with discretion, depending on the properties of the braze
alloys: i.e., melting phase, the gap between solidus and liquidus, and the viscosity of liquid metal.
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Shear strengths of various joints were measured at RT, 500, and 650°C. Joints were
made between PY6 and one of the substrate materials such as Inconel 600, Incoloy 909, W, Mo,
Ta, and Ni with new braze alloys 0.002" thick. Similar joints were made with Au-Pd-Ni and Nioro
(Au-Ni) as shown in Table 1. In general, new alloys outperformed the conventional brazing alloys
at high temperature. When they coupled with Ni or refractory metal substrate such as Mo, W, and
Ta, the improvement in bond strength was significant. However, the performance with new alloys
at RT was found to be low and inconsistent compared to those of conventional alloys, even
though it varies depending on the metal substrate used. This implies that at low temperature the
joint strength is greatly controlled by the capability of the braze alloy and metal substrate to
accommodate the residual stress. At high temperature the multiphase microstructure of new
braze alloys and reduced residual stress synergistically enhance the joint strength. The braze
alloys of single-phase microstructures like Au-Pd-Ni and Nioro showed somewhat better
performance at low temperature and minimal strength at high temperature due to low creep
resistance. It was found from this testing that PY6-Ni with these alloys can perform properly
without oxidation problems at low and high temperatures. Further evaluation of these systems will
be done at 650°C.

Design/Failure Analysis
Predicti £ i

Prediction of braze joint strength was made, using the approach described in the
February bimonthly, with improved material data, additional experimental data, and 2 different
failure theories. The experimental data for the torsion tests of SigN4/Ni/Incoloy 909 brazed joints
and torsion tests of SigN4/Mo/Inconel 718 brazed joints are listed in Table 2 and 3.

Two failure theories were used to predict the behavior of the ceramic-to-metal joints for

comparison. These were: 1) Shetty criterion with C = 0.82, a penny-shaped crack, and a shear-
insensitive Batdorf crack density coefficient, and 2) Coplanar strain energy release rate with a
Griffith crack and a shear-sensitive Batdorf crack density coefficient. For these failure theories, the
Weibull modulus (my), the normalized Weibull scale parameter (cgy), and the Batdorf crack
density coefficient (kgy) were calculated from 4-point bend tests of the SigN4 material used in the
ceramic-to-metal brazed joints. Specimens measuring 2.54 mm x 1.27 mm x 25.4 mm were used
with an inner and outer test span of 10.16 mm and 22.86 mm; the tensile surfaces of the test bars
were polished to 0.1 um. Twenty-four samples were tested, and 1 outlier was detected in the
data. The data is shown in Figure 1.

A Weibull modulus (my) of 21.2 and a normalized Weibull scale parameter (coy) of 369.8

MPa(m)3/21.2 were used for both failure theories. A shear-insensitive Batdorf crack density
coefficient of 43.4 and a shear-sensitive Batdorf crack density coefficient of 22.2 were used for
the Shetty and coplanar strain energy release rate theories, respectively. The maximum likelihood
method was used to fit the experimental data. The constants described above were required as
input variables by CARES and are further described by Nemeth et al.!

Figures 2 and 3 show predicted and experimental results of torsion testing of the brazed
joints. The predicted strength distributions surrounded the experimental values and intermediate
values of Pf, where Pf = 1 - Pg. However, at the low and high regions of the probability
distributions, the predictions deviated from the experimentally measured strengths. Also, the
predicted probability distributions were much steeper than the experimental probability
distribution. The difference in the "slopes" of the probability distributions was probably due to
defects in the joint introduced during the brazing process.
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Table 1: Results of Shear Tests at Various Temperatures
Avg* Strength (ksi)
System Brazing Alloys RT 500°C 650°C
PY6* -Incoloy 600 Au-Pd-Ni (Ref) 3.8 3.9
-Mo 9.3 21.0 -
-Ni - 8.5 6.8
PY6 -Inconel 600 Nioro (Ref) 8.9 - -
(Zr)SNW -Ni 8.9 t1.6 -
-Mo TNz 5.9 -
PY6 -Ni B Alloy 5.4 14.2 14.5
-Mo 4.1 SilRo 25.6
W 5.1 - 10.5
-Ta 1.9 - 18.0
-PY6 725
-Incoloy 909 - 0 -
-Inconel 600 (2-6.5) - 4.0
PY6 -Ni C Alloy 5.4 3572 {5IES
-Mo B 32:2 19.9
W - 34.2 33.9
-Ta 6.2 30.1 24.6
-PY6 - 6.9
-Incoloy 909 - 0.4 -
-Inconel 600 3-17 4.0 6.4

*Strength values are avg. of min. 2 tests.
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Table 2. Results of the Torsion Tests of SizN4/Ni/Incoloy 909 Brazed Joints

Test Torque Shear Bending Rotation Fracture
Temperature Strength Moment Mode
(°C) (N-m) (MPa) (N-m)

25 61 151 7 222° Broke in
ceramic

" 97 242 14 3i152° '

" 53 132 11 1.98° .

" 30 75 13 1.15° "

" 60 148 10 1.05° "

" 49 121 23 2.55° "

" 64 158 14 3.05° "

" 90 222 12 4.3° "

" 45 111 2 2.05° "

Table 3. Results of the Torsion Tests of SigN4/Mo/Inconel 718 Brazed Joints

Test Torque Shear Bending Rotation Fracture
Temperature Strength Moment Mode
(°C) (N-m) (MPa) (N-m)

25 12 30 25 0.38° Broke in
ceramic

40 98 13 1.19° "

" 23 56 17 0.70° "

" 51 127 16 0.80° "

" 41 101 16 0.64° "
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Figure 1. Weibull plot of 4-point bend test data of SizN4 material used in this study. The data
point represented by the open circle was considered by CARES as an outlier and
was not used to determine the material parameters.
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Probability of Failure (Pf)
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Predicted and experimental values of the brazed joint strength measured in torsion
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i nd Modeling: T-str

Work was carried out to evaluate the so-called 'T-stress' at the tip of a crack at or near a
bimaterial interface with one of the interface layers modeled as an elastic-strain hardening material.
For a tensile specimen with a crack parallel to the tensile direction, the stress at the crack tip can be
written as

Gop(r,6) = K fo(6) + c;B (6) +a1 Vrgap(6) + azrhop(6) + ..
Vonr
+an( \/}_)nh(n)gg(e)

K . . - . .
The first term, \/—L-fap(e), usually described as the singular term in linear elastic fraction
2nr
mechanics, and the first nonsingular term are known as the T-stress or 6oy among experimentals,
SO

GGB (6) = T-stress or 6oy.

Otteral and Rice have shown that the instability of the crack path depends on the T-stress
term. In addition, it has been speculated that the nonsingular term may play a significant role in
crack branching. For design of the ceramic-to-metal braze joint, the description of the instability of
the crack path due to the T-stress term will permit numerical study of the fracture surface by
following crack propagation and allow joint design that takes into account the effect of this
nonsingular term coupled to the elasto-plastic interface (the ceramic-braze interface).

The method used to find the nonsingular stress term (the T-stress) at the crack tip uses
application of an energetic force on a point load in the development of an interaction (or mutual)
integral to extract this term.

A description of the general method for study of an interaction integral of a point load
follows. The conservation force on an object such as an inclusion, a crack tip, a dislocation or a
point force is referred to as an energetic force or an energy release rate. The energetic force, G, is
defined as the negative gradient of the potential energy of a body with respect to a virtual
displacement of the object. Denoting the virtual displacement of the object by pe, for which e is a
unit vector, the definition of the energetic force is expressed as

- lim li(r+pe) - li(r
G - -lim Jir+pe) - ()

“p—oo0 p

where Il represents the potential energy of the body. The energetic force often can be calculated
by the J integral. Provided the mechanical response function, i.e., the elastic property, is invariant
in the direction of G, the energetic force, G, can be evaluated by a surface integral (or a contour
integral for two-dimensional cases) in terms of the field quantities. The elastic equilibrium field
surrounding the object is represented by the field quantities of the stress, o, the strain, ¢, and the
displacement, u. Denoting the equilibrium field (o,e;u) by S, the surface integral is depicted by
Ji(S), where T indicates the integrating surface (or contour). A Cartesian component of the J
integral is expressed as
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Ji = fr(Wni = o-kjnku_i’i)dr,

where the summation convention is assumed on the repeated indices, the strain energy density
function is represented by W, and the out normal of the surface, T, is indicated by n.

The energetic forces of various singular objects have many interesting properties. Those
of dislocations, point defects and cracks have been applied to many engineering problems in
plasticity, diffusion, and fracture mechanics. However, not much attention has been paid to those
of point forces.

The stress state around a point load in a linear elastic medium can be separated into two
parts. One is the singular stress field corresponding to the point load in an infinite medium,
denoted by superscript p, e.g., SP. The remaining stress field corresponds to the image effect of
the limited geometry and other sources of stresses. This remaining field is denoted without
superscripts, e.g., S. In order to get a useful expression of the energetic force of a point load in
such a superposed field, an alternative expression of the J integral of a general superposed field
is derived first, and then some properties of the J integral related to the energetic force of a point
load will be discussed next.

Consider the superposition of two general equilibrium fields, SA and SB. Substituting the
field quantities of the total field, SA + SB, into Eq.(2), the J integral of the total field over a T is
expressed as

Jr(SA + SB) = J(SA) + Jy(SB) + J(SA SB),

where the superscript 'int' indicates the interaction integral. A Cartesian component of the
interaction integral is given by

J 1nt int B B
(508 )= f(w ijnkujl Oy U} )T,
where the interaction strain energy, WiNt, has the relationship of

i 1
wint - > (cﬁ‘s? + cﬁsfj\ - oﬁ‘s% = o,?sﬁ‘.

The last two equalities hold, due to the symmetry of the elastic moduli tensor. Therefore,
the interaction integral can be expressed in a convenient form,

mt(SASB) f(ckfk okjn, Oy NKYj ,)dI‘ f okjnkuigir.
r

In subsequent reports, the evaluation of Jint to the solution of the nonsingular T-stress
component will be described.

Interaction Integrals for Extractin | i rand T-

In order to extract the complex stress intensity factor, K, and T stress, the interaction
integral based on the path-independent J-integral (June 91 bimonthly) was used by man
investigators.2:3 To define the interaction mtegral consuder two general equilibrium fields, S
and SB. The J-integral of the superposed field, SA + SB, over a contour I" can be expressed as
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J(SA + SB) = J(SA) + J(SB) + Jin(SA SB) (1)

where the superscript "int" indicates the interaction integral. Then, the interaction integral
Jint(SA SB) is defined by

B A
. - A% 8%
Jnm(sA,SB) = Jl" (Wmts1 k- o-kj—— - i_ ) ds (2
9%y ax.‘

where the interaction strain energy, Wint has the relationship of

; AB BA A B B A
t_ Z
wint - (cIl & +G|J & )= Gj € cx“- gj (3)

due to the symmetry of the elastic moduli tensor.
First, to extract the complex stress intensity factor K near an interface crack, consider an

interaction integral between the actual field S and the auxiliary field SK which is the (1Ar) singular
field and whose strength is K = [K|ei®. Then by calculating each j-integral in Eq. (1), the interaction

integral Ji“‘(S,SR) can be expressed in terms of two stress intensity factors, K and K, as

. Klh )
Jint(s, SRy = E’é?lstf%m (K1cosé + Kosing) 4)

for an anisotropic bi-material interface crack where ho» is defined by Eq. (A.10) in Choi et al.4
Therefore, the complex stress intensity factor can be completely obtained (i.e., K1 and Ko
separately) by applying Eq. (4) twice with the different mode, ¢, of the auxiliary field SK, and then

by solving for K1 and Ko. In each case, the interaction integral, Ji“"(S,SR) , is calculated by Eq. (2).
Now, to extract the T stress at an interface crack, consider an interaction integral between

the actual field S and the auxiliary field ST, which is the (1/r) singular field of the point force, T,
located at a crack tip and directed to the x-axis. Noting that, for the in-plane problem, only the

nonsingular stress at the crack tip is o>, Kim et al.2 have shown that the interaction integral

XX’

between the S and ST field is reduced to

Jintg,sT) = 70 ey (5)

Once e |s obtained through the above equation, the nonsingular stress term c x can be easily

calculated using Hookes's law. Note that for the interface cracks the T stress can have a jump
across the interface. The jump quantities are determined from the compatibility condition that the

corresponding strain, sgx should be continuous across the interface.
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Both fundamental fields of SR and ST in the above were presented in Choi et al.4 for an
interface crack between an anisotropic bi-material, but they can also be used for the isotropic
cases.

Touahating of the Brasing S

These results have been implemented into a two-dimensional finite element program and
results obtained for the material system specific to the ceramic-to-metal joint. The geometry of the
metal-braze-ceramic region is shown in Figure 4. Material properties of each of the materials were

(1)  Structural Alloy: Incoloy 909
Es = 158.6 GPa, vg = 0.34

(2) Braze Material: 30Au-34Pd-36Ni
Ep = 32.4 GPa, vp = 0.3
Yield stress 6o = 626.0 MPa

(3) Ceramic: PY6 (SiaNa)
Ec =296.5 GPa, ve = 0.2

Typical results for a crack parallel to the ceramic-braze interface are shown in Figure 5.
Figure 5a shows the increasing energy release rate when the crack gets closer to the interface.
Note also the energy release rate increases as fracture tends to mode Il loading. The change in
the T-stress factor for the same cases of mode mixity and crack position are illustrated in Figure 5b.

In summary, we have seen that not only is the interface tougher in mode Il loading (as it is
near an elastic-elastic interface), but also the plastic deformation of braze material acts as a
toughening agent, particularly in mode Il loading. The result is a failure model for ceramics which is
significantly different from existing models.

Detailed Description of Implementation

The correction factor for stress can be estimated using energy release data
obtained from finite element calculations. Data was obtained for cracks at different distances h
from the interface (with a constant brazing thickness f) under various far-field loading conditions.

The ratio of the total energy release rate due to far-field loading G* to the actual energy release
rate calculated at the crack tip G is a measure of the amount of energy consumed by plastic
yielding in the brazing layer. The behavior of this ratio was plotted as a function of tHfor various
angles of far-field loading incidence ¥ . These plots were made for different loading magnitudes
|K |, where the magnitude has been normalized as follows (Figures 1-3).

- _ _Kic
K= =—

Co\/T

oo

G o
This data shows the dependence of G on |K*| and t/h for each angle of incidence. Thus, the

effective stresses which we seek should assume this form:

<50
Ve
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Figure 4:  Geometry of the model used to find the effect of a plastic region on bi-material fracture
in the ceramic-to-metal braze joint. Note material system studied and definition of h and t.

In the figures, &, = Vpa,/IK*|, and [K*| = [K*}/(oVp).
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Figure 5:  Toughening effect of plastic interlayer (a), and T-stress component values as a
function of mode mixity and distance of crack tip from interface (b).
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o.eff . _ﬂgll )
Xy V fec
<5(’.‘“ _ \/7»0'21 (3)
zy V fc
eff
eff _
eff
Gyz =92z
G .t ..
where fo =g =KD
and A=03

Notice that in the xx, xz, and zz directions no toughening effects are considered,
since metal plasticity model affects shear coupons only.

To find fe, numerous function forms were assumed and tested using a least
squares approximation. The following exponential form was eventually settled on because it
provided the best fit to the data with the least amount of independent parameters (three):

fc = exp(A(T) + BK=)+C) @)

Using data for y = 0 deg., 0.4 < |K*| < 1.0 and 1.44 < - < 10, the least squares approximation
yields: ‘

A =0.0049, B = 0.4434, C = -0.2287

With these values, equation (4) predicts the toughness correction factor with a standard error of
approximately 0.032723.

Equations (1-3) can now be used to modify the stress readings, given the
magnitude of far-field loading and the ratio of the brazing layer thickness to the distance from the
interface to a crack imperfection.

Publi ions

Minfa Yang, "Analysis of Interface and Sub-Interface Cracks, with Crackface Contact and
Interface Shear Yield Zones," Ph.D. thesis, University of lllinois, Theoretical and Applied
Mechanics Dept., Urbana, IL (May 1991) funded in part through subcontract to the University of
llinois.-
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2.0 MATERIALS DESIGN METHODOLOGY

INTRODUCTION

This portion of the project is identified as project element 2 within
the work breakdown structure (WBS). It contains three subelements:

(1) Modeling, (2) Contact Interfaces, and (3) New Concepts. The sub-
elements include macromodeling and micromodeling of ceramic micro-
structures, properties of static and dynamic interfaces between ceramics
and between ceramics and alloys, and advanced statistical and design ap-
proaches for describing mechanical behavior and for employing ceramics in
structural design.

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

2.1.1 Modeling

Microstructural Modeling of Cracks - J.A.M. Boulet (University of Tennessee, Knoxville)
Objective/scope

The goal of the study is to develop mathematical procedures by which existing
design methodology for brittle fracture could accurately account for the influence of
protrusion interference on fracture of cracks with realistic geometry under arbitrary
stress states. To predict likelihood of fracture in the presence of protrusion interfer-
ence, a simulation will be developed. The simulation will be based on a three-dimen-
sional model of cracks with realistic geometry under arbitrary stresses.

Technical progress

During the past six months, equations necessary for merging the computer codes
BINTEQ' and DDID? 3 have been put in final form.
BINTEQ performs elastic stress analysis for an uncracked, finite domain using a

boundary element method (BEM) based on Somigliana's identity4' S. For a cracked, finite
domain, Somigliana's identity is

Uj:J U,jfde-JﬂjUjds-JTijAUjdr (1)
S S r

where S is the domain's external boundary, uj is the displacement vector, tj is the trac-
tion vector, Tjjand Ujj are well-known fundamental solution tensors of linear elasticity,
and I is the domain's internal boundary (the crack). Through the use of discrete
boundary elements, one can transform (1) into

[AJ(us} + [E{aur) = [B [{ts) (2)

where [A], [E], and [B] are computed from material properties and the given geometry,
{ug} and {tg} are the displacement and traction components, respectively, at element

nodes on S, and {Aup} is the set of displacement discontinuity components at element
nodes on I. The row dimension of (2) equals the dimension of {ug} and {tg}, so that [A]
and [B] are square. But the dimension of {Aup} is, in general, different from that of {ug}
and {tg}. Thus, [E] is not square. For prescribed boundary tractions, the number of
unknowns in (2) is the sum of the dimensions of {ug} and {Au}. Hence, (2) has more

unknowns than equations. When there is no crack (as in BINTEQ), the second term of (2)
is absent. Then (2) is a square system and readily solved by standard methods.
DDID performs elastic stress analysis for a cracked, infinite domain using a

traction boundary integral equation (BIE)4, rather than Somigliana's identity. For a
cracked, finite domain, the traction BIE is
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0'i3=j U:iatkds-j
s

S

TfiadeS-ij;gAukdr (3)

r

where oj3 is the traction vector on I', U%;3 and T%;3 are well-known fundamental solu-

tion tensors of linear elasticity, and all else is as before. Through the use of discrete
boundary elements, one can transform (3) into

[Glus} + [C)aur) = [F{ts} + [Dtr} (4)

where [G], [C], [F], and [D] are computed from material properties and the given ge-
ometry, {tr} is the set of traction components at element nodes on the crack, and all else
is as before. The row dimension of [C] and [D] equals that of {Aur} and {tr}, so that [C]
and [D] are square. But since, as noted above, the dimension of {ug} and {ts} is not the
same as that of {Aur} and {fr}, [G] and [F] are not square. For prescribed boundary
tractions, (4) has more unknowns than equations. When there is no external boundary
(as in DDID), the terms involving {ug} and {ts} are absent. Then (4) is a square system
and readily solved by standard methods.
For a cracked, finite domain, (2) and (4) together become

{Us)
{AUF}

=[[B] [o]“gzsi’ (5)
tr

Equation (5) is a square system and should be solvable by standard methods. Since
BINTEQ computes [A] and [B], and DDID computes [C] and [D], it remains to compute [£],
[F], and [G]. A computer code that does that is under development.
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2.2 CONTACT INTERFACES

2.2.1 Static Interfaces

Elastic Properties and Adherence of Thin Films and Coatings
Debra Joslin (Department of Materials Science and Engineering,
The University of Tennessee)

Objective/Scope

The objective of this research is the examination of the effects of ion bombardment on the
structure of thin ceramic films on ceramic substrates. The material combinations will include
oxide films that have (a) no solid solubility, (b) limited solid solubility, and (c) complete solid
solubility with the substrate material (also an oxide). Techniques for determination of elastic and
plastic properties of thin films or coatings on ceramic substrates and for the determination of the
strength of the bond between the film and substrate, which are currently being developed, will
be used to determine the hardress, elastic modulus, and adherence of each material
combination. The main testing techniques will be the ultra-low load microindentation tester
(Nanoindenter), and thermal cycling tests.

Technical Highli

Several.samples.of oxide films (Cr20O3 or ZrO2) were grown on sapphire (Al2O3) by rf sputter

deposition. The films were all between 80 and100 nm thick. Implantations of 4.7 x 1016 Cr+
were made at three different temperatures: room temperature, 800°C, and 900°C. The samples
were implanted in pairs, one ZrO2/Al203 and one Cr203/Al203 at each temperature.
Rutherford backscattering spectroscopy (RBS) was done on each of the samples to look for
mixing of the oxide film and the Al2O3.

No mixing of the ZrO2 was observed at any temperature. For the room temperature
implantation, no mixing of the CroO3 was observed. However, mixing of the CroO3 was
definitely observed at 900°C. Additional RBS spectra on the 800°C implantation were taken at
glancing angle to take advantage of the improved depth resolution made possible by tilting the
sample. By this technique, it was found that the Cr20O3 mixed with the Al2Og3 at this temperature
as well. Samples for transmission electron microscopy are being prepared from these
specimens.

Several samples of metal films (Cr or Zr) were grown on sapphire (Al203) to thicknesses of
approximately 50 nm by electron beam evaporation. These samples were implanted at room
temperature with 45 keV oxygen ions to a fluence of 5 x 1016 ions-cm™2. The energy was
chosen so that the oxygen would be located mostly at the film/substrate interface, maximizing
the possibility of chemical mixing of the film and substrate. To retain a portion of unimplanted
film, an area of each sample was masked during the implantation. The RBS was performed on
each of the samples to look for mixing of the metal film and the Al2O3.

No mixing of either film was observed in the initial RBS analysis. The films were then etched off
the Al20g3 to determine whether ballistic mixing took place. Ballistic mixing can be a very small
effect occurring within 10 nm of the interface; this is beyond the resolution of RBS of the film on
the substrate. However, etching the film away and analyzing both the implanted area and the
unimplanted area for the presence of the metal from the film provides a way to determine
whether ballistic mixing took place. If no metal is present on the unimplanted portion, but metal
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is present on the implanted portion, ballistic mixing has occurred. Analysis via this technique
shows that ballistic mixing did not occur.

In the next report period, Kr will be implanted into similar samples to determine if larger energy
deposition at the interface will induce mixing in these systems.

Status of Milestones
N/A

None
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2.2.2 Dynamic Interfaces

Studies of Dynamic Contact of Ceramics and Alloys for
Advanced Heat Engines
P. A. Gaydos and K. F. Dufrane (Battelle)

Objective/Scope

The objective of the program is to develop an understanding of the
friction and wear processes of ceramic interfaces based on experimental
data. The supporting experiments are to be conducted at temperatures
to 650 C under reciprocating sliding conditions reproducing the loads,
speeds, and environment of the ring/cylinder interface of advanced
engines. The test specimens are to be carefully characterized before
and after testing to provide detailed input to the model. The results
are intended to provide the basis for identifying solutions to the
tribology problems 1imiting the development of these engines.

Technical Highlights
Apparatus

The apparatus developed for this program primarily uses specimens
of a flat-on-flat geometry, which facilitates specimen procurement,
finishing, and testing. The apparatus reproduces the important
operating conditions of the piston/ring interface of advanced engines.
The specimen configuration and loading is shown in Figure 1. A crown
with a 32 mm radius is ground on the ring specimen to ensure uniform
contact. The ring specimen holders are pivoted at their centers to
provide self-alignment. A chamber surrounding the specimens is used to
control the atmosphere and contains heating elements to control the
temperature. The exhaust from a 4500 watt diesel engine is heated to
the specimen temperature and passed through the chamber to provide an
atmosphere similar to that of actual diesel engine service. A summary
of the testing conditions is presented in Table 1.

M.S.U. Ion Implantation

Michigan State Uniyersity (M.S.U.) has demonstrated the feasibility
of implanting "Be and %°Na ions in ceramic materials for the purpose of
wear studies. The intensity of low-level y radiation emitted from the
wear surface of the ion-implanted material can be correlated to the
depth of wear. This method is said to be capable of resolving wear as
low as 50 nm.

Wear tests were conducted to determine if the implantation itself
would influence the wear rate of the material. M.S.U. supplied a
number of control Si;N, ring spec1mens as well_as some that were
implanted with six doses of 10'® particles of ®Ne. This non-
radioactive jon is similar in size to %*Na and should produce similar
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FIGURE 1. TEST SPECIMEN CONFIGURATION AND LOADING

TABLE 1.

SUMMARY OF TESTING CONDITIONS

S1liding Contact:

Dual flat-on-flat

"Cylinder" Specimens:

12.7 x 32 x 127 mm

"Ring" Specimens:

3.2% 19 x 19

"Ring" crown radius:

32 mm

Motion:

Reciprocating, 108 mm stroke

Reciprocating Speed:

500 to 1500 rpm

Average Specimen Speed: 1.8 x 5.4 m/s
Load: to 950 N
Ring Loading: to 50 N/mm

Atmosphere:

Diesel exhaust or other gases

Measurements:

Dynamic friction (during test)
Specimen wear (after test)
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radiation damage. The dosage was 2 to 3 orders of magnitude higher
than required for using ion-implantation as a wear diagnostic tool so
that any damage would be intensified. Each of the six doses was
implanted to different depths, which ranged from less than 5 ym to
about 10 ym. Any damage, characterized by an increase in wear rate,
would be Tocated in the region between these depths.
Results from the last reporting period showed that the implanting

Ne ions in monolithic silicon nitride specimens had no measurable
effect on their wear rates. One additional test was run to gather more
wear data on this material. This test was run with a control Si,N,
ring specimen and an implanted Si.N, ring specimen run s1mu1taneous1y
against piasma sprayed chromia cy11nder liner specimens. The test
conditions remained unchanged from the previous set of tests. Table 2
shows the results of this last test as well as the compiled results
from the first set of tests. Again the difference in wear factors
between the implanted and control ring specimens was insignificant.

Caterpillar Wear Specimens

Plasma sprayed chromia-silica and high carbon iron-molybdenum
coatings supplied by Caterpillar were tested earlier in this program.
These coatings were developed with the criteria that they not only be
wear resistant but also be viable from a manufacturing standpoint.
Before presenting the most recent results, a summary of these previous
tests will be given.

In past tests with the Caterpillar coatings, ring specimens made
from the chromia-silica were run against high carbon iron-molybdenum
cylinder liner specimens and were shown to have exce]]ent wear
resistance. Ring wear rates were as low as 4 x 10™° mm ®/N-m for some
test portions. Other material pairs tested in this program came close
to this wear performance, but many were not materials one would
consider using in production engines.

The target baseline wear rate is that of conventional hard chrome
and cast iron sliding pairs tested at current engine operating
temperatures (i.e. increase the top ring reversal temperature without
sacrificing wear 11fe) When hard chrome ring specimens and cast iron
cy11nder liner specimens yere tested in the Battelle wear apparatus, a
ring wear rate of 3 x 107 mmF/N m was obtained. Considering the
normal variability in the wear data can be a half an order of magnitude
or more, the Caterpillar specimens had met the baseline goal. More
importantly, the specimens had met the wear goal at a top ring reversal
temperature of 260 C, which is higher than the baseline temperature in
today’s engines.
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TABLE 2. WEAR RATES OF SILICON NITRIDE RING SPECIMENS
AGAINST PLASMA SPRAYED CHROMIA CYLINDER SPECIMENS
(mm>/N-m)

(SDL-1 lubricant, room temperature, 12.3 N/mm ring load, 500 cpm)

IW
20Ne Ions? Test Run Wear of Wear of

Average Wear
Number & Duration Specimen in Specimen in of all Test
Portion Min. Left Position Right Portions

Position

F -

92a 60 8 X 10%
-8
No b 120 1X10 4X 108
c 120 2X 10?8
92a 60 6 X 108
= 3X 103
Yes b 120 6 X 10

c 120 2 X 10*

Summary of Test Numbers 88-91

Average Wear of all Control Specimens 2X10%

Average Wear of all Implanted Specimens 2X10?%

Recent Tests - Caterpillar coatings showed unusually good performance
even though they are based on a plasma sprayed chromia-silica ring
coating very similar to a plasma sprayed chromia coating that had been
used in this program for several years. The difference seemed to be in
the use of a more conventional mating cylinder liner material. The
high carbon iron-molybdenum is not quite as hard as other ceramic
coatings tested in the past and would not be expected to wear the ring
coatings as quickly. To evaluate this possibility, two ring materials
that performed very well in the past against plasma sprayed chromia
cylinder liner coatings were tested against the high carbon iron-
molybdenum liner specimens. The ring materials tested were plasma
sprayed chromia (Cr,0;) and a monolithic silicon carbide whisker
reinforced alumina %Aﬁ203 + SiC).
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Table 3 shows the results of the wear tests.
the earlier tests with the Caterpillar coatings, test Number 93 was
with A1,0; + SiC ring specimens, and test Number 94 was with plasma
sprayed Crzoilrings. The wear rates of all of the ring materials

against the

Test Numbers 84-86 were

igh carbon iron-molybdenum cylinder liners are about the

same. On this basis, the wear performance of the Caterpillar chromia-
silica coatings was similar to that measured with the previously tested

coatings.

Test Number
&
Portion Ring
Material

Cr,0; + Si
(Caterpillar)

Cry0; + Si
(Caterpillar)

Cr,0, + Si

(Caterpillar)

Test
Temperature
Je

25

260
260

25

25
260
315
315

Run
Duration
Min.

60
240
240

240
240

60
240
240

TABLE 3. WEAR RATES OF VARIOUS RING MATERIALS AGAINST HIGH CARBON IRON
AND MOLY CYLINDER LINER SPECIMENS (mm*/Nm)
(SDL-1 LUBRICANT", 12.3 N/mm RING LOAD, 500 cpm)

T T T T

Friction
Coefficient
Range

0.10-0.14
0.08 - 0.11
0.09 - 0.13

60 0.11 -0.13 1x108

0.10-0.13
0.07 - 0.10

0.09 - 0.10
0.13-0.20
0.11-0.13

240 0.10 - 0.13 2 x 108

Average
Ring Wear
Rate During
Test

2x 10
4 x 107
2x10%

4 x10°
2x10%
=|
4 x 107
7 x 10
1x10%8

93 a SiC whisker 25 60 0.08 - 0.09 5x10°
b Reinforced 260 240 0.07 - 0.10 6 x 10°
c ALQ, 260 240 0.07 - 0.09 2x10%
d (ACMC) 260 480 0.07 - 0.10 6 x 107°
94 a Cr,0, 25 60 0.08 - 0.09 5x 10°?
b 260 240 0.08 - 0.10 7 x 107
c (Battelle) 260 480 0.08 - 0.10 6 x10°

*Test 86 was run with Lubrizol OS-80001H lubricant in order to reach the higher operating temperatures.
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Lastly, the friction of the Caterpillar chromia-silica rings tended to
be slightly higher, with coefficients typically above 0.1. The
friction coefficients of the other two materials under the same
conditions were typically less than 0.1.

Curved Caterpillar Wear Specimens - In order to better duplicate the
ring and cylinder interface in actual engines, Caterpillar also
supplied wear specimens that were cut from engine components. Ring
sections coated with aluminum titanate (KP123) and cermet (KP107E) were
supplied, as well as cylinder liner sections coated with Kaman Science
SCA. These curved specimens were intended to be wear tested in
Battelle’s engine simulation rig without much modification.

When the specimens were undergoing initial test preparation, it was
discovered that the curvatures of the ring and cylinder liner sections
did not match. The ring sections had a radius of curvature equal to
that of the component ring in the relaxed state. Because this radius
of curvature was larger than that of the cylinder liner specimens, the
only points of contact between the wear specimens were at the ends of
the ring sections.

Several approaches were considered to correct the mismatch.
Plastically bending the ring sections to a smaller curvature was not
possible due to the brittle nature of the ring material. Heating the
sections and then plastically bending them was not considered feasible
because of the possibility it would affect the microstructure of the
base material and/or the coating. Relief slots cut into the back side
of the ring to reduce the stresses during bending were found to close
the ring curvature enough (presumably from internal stresses) so that
it matched the liner section. However, subsequent welding of the
slotted ring section to a backing (which could then be clamped in the
engine rig) returned the ring section to its original mismatched
curvature.

To hold the slotted ring specimens without welding, a properly
sized piston will be obtained from Caterpillar. A holder will then be
cut from a portion of the piston that contains the ring groove, as
shown in Figure 3. The piston section and end plates and will simply
capture the ring section, and the normal load applied to the ring
specimens will hold them in place during the tests as shown in
Figure 2. Wear tests will be conducted during the next reporting
period.

Status of Milestones

The study is progressing in accordance with the overall milestone
schedule.

Publications

None.
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Piston section containing
ring groove

Slotted ring section

FIGURE 2. PROPOSED RING SPECIMEN HOLDER
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FIGURE 3. PROPOSED CONFIGURATION FOR CURVED RING AND CYLINDER
SPECIMENS

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

Obijective/scope

The goal of this effort is to improve consistency in reporting ceramic wear data by
helping to develop one or more American Society for Testing and Materials (ASTM)
standard test methods for quantitatively determining the wear resistance of ceramics in
reciprocating sliding, a type of motion that is experienced by several types of engine wear
parts, including the piston/ring assembly. We are working directly with the ASTM G-2
Committee, "Wear and Erosion," in Task Group G02.40.07, "Reciprocating Sliding Wear
Testing." When approved, this standard should improve technical communication
between the transportation and ceramics industries on selecting ceramics for wear
applications.

Technical highlights

Effective comparison of the wear and frictional behavior of new materials for engine
applications can be greatly expedited and simplified if standard testing methods are
employed. It is the goal of Task 2.2.2.2 to help develop such standards for ceramics. To
accomplish this goal, interaction with the ASTM G-2 Committee on "Wear and Erosion"
resulted in the establishment of a special Task Group G02.40.07 on "Reciprocating Wear
Testing" with P. J. Blau as Chairman.

The testing standards development process, as conducted by ASTM, is rigorous
and iterative. A prescribed sequence of steps involves several levels of voting, resolution
of negative votes, and finally, adoption. Along the way, evaluation of the test method in
several independent laboratories is needed to establish its validity, precision, and
accuracy. But before any of this could occur in the present case, a number of technical
decisions were necessary:

determination of the contact geometry,

determination of the type of motion,

determination of whether lubricated or unlubricated tests would be developed,
selection of testing parameters for the first round-robin, interlaboratory test
program,

securing and characterizing materials for the first test program,

obtaining testing commitments,

preparing testing instructions (protocols),

conducting the round-robin tests,

collecting and analyzing data according to valid statistical methods, and
obtaining subcommittee approval on major decisions.

PN~
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In the last six months, the ball-on-flat test geometry and reciprocating motion was
selected. The test will be a reciprocating type because many engine components
experience this type of motion. We have chosen to use our commercial testing machine
(Cameron-Plint TE-77) as the basis for the procedure because there are more than 60
machines of that type in use all over the world. More importantly, several of the major
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engine companies like Cummins Engine Company and Caterpillar, Inc., own such
machines.

A diagram of the Cameron-Plint machine is shown in Fig. 1. The basic geometry is
ball-on-flat. The ball is clamped on the moving holder. Oscillating speeds typically range
from 5 to 50 Hz, and stroke lengths can be varied from about 1 to 10 mm. A survey of
Task Group participants was conducted to determine the range of capabilities of their own
machines. Some potential participants own Cameron-Plint machines, but others have
homemade reciprocating testers than might fall within the range of our testing conditions.
Initial testing protocols will be for unlubricated testing, but the manufacturer of the
machine is planning a concurrent lubricated testing program, and we will coordinate with
that effort to some degree.

ORNL-DWG 91-9694

NORMAL FORCE (10 TO 250 N)

RECIPROCATING MOTION

AT 5 TO30Hz

e o /6"/

©
,2 ;‘3 " T P
e
mmbD
CERAMIC BALL

CERAMIC SAMPLE
(CONNECTED TO
TRANSDUCER TO
MEASURE FRICTION)

Fig. 1. Schematic drawing of the Cameron-Plint TE-77 fixture showing
typical operating conditions. Initial tests at Oak Ridge National Laboratory will
help determine the conditions for the first round-robin test program with steel
and silicon nitride ball and flat specimens. Preliminary studies suggest that 5 Hz
with a 10-mm stroke is in the range of most Task Group members’ equipment.

A 25-N load will be used as the first for unlubricated tests. Lubricated tests
may require higher loads.

The acquisition of well-characterized wear test specimens for beginning a round-
robin testing program is continuing. Efforts to locate a commercial source of M-50 tool
steel, flat-specimen materials were unsuccessful. Therefore, it was decided to purchase a
more readily available material for the flat specimen. D-2 tool steel was felt to be a good
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candidate material, and a supply was ordered. M-50 steel balls are readily available, and
several hundred are already on hand.

Silicon nitride spheres will be obtained, as will silicon nitride modulus of rupture
(MOR) bars. These will be used as ceramic test specimens. The number of specimens
per set and the number of tests per material per laboratory are yet to be determined.
These numbers will in part be affected by the number of organizations involved and the
amount of material available.

Several companies, including Caterpillar, Inc., and Cameron-Plint, have expressed
an interest in participating in the round-robin testing program. Once specimens have
been procured and prepared as packages, with protocols included, final commitments to
participate will be obtained.

The development of a simple set of test protocol instructions (e.g., specimen
cleaning, handling, recording of data, etc.) to be included with the specimen sets will be
available for ASTM Task Group review at the G-2 meeting in Philadelphia, Pennsylvania, in
December 1991.

Status of milestones

All milestones are on schedule.
Publications

None.
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2.3 NEW CONCEPTS

Advanced Statistical Concepts of Fracture in Brittle Materials
C. A. Johnson and W. T. Tucker (General Electric
Corporate Research and Development, Schenectady,

NY 12301

Objective /Scope

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

 Optimum testing plans and data analysis techniques.

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

« Confidence and tolerance bounds on predictions that use the Weibull dis-
tribution function.

o Strength distributions in multiaxial stress fields.
The studies are being carried out largely by analytical and computer simulation tech-
niques. Actual fracture data are then used as appropriate to confirm and demon-
strate the resulting data analysis techniques.

Technical Highlights

During this reporting period, work has continued on assessing the effects of the
equivalence, as shown in recent semiannual contract reports, of the Batdorf-Heinisch
(B-H) (Ref. 1) and Lamon-Evans (L-E) (Ref. 2) approaches to multiaxial stress
states. In these reports, it has been further shown that by employing this equivalence,
a "size" factor, denoted by /, can be determined for general loading geometry, speci-
men geometry, and choice of multiaxial failure criterion. This size factor, I, can be
shown to be the multiaxial counterpart of the size factor, &, that is conventionally used
in the exponent of the uniaxial size-scaled Weibull distribution function. The product
of k times volume (or surface area, if appropriate) is often referred to as the effective
volume under uniform tensile stress. The product of I times volume (or area) can
now be interpreted in an analogous fashion as the volume that is effectively in a "stan-
dard" stress state. The standard stress state in the uniaxial case is almost universally
defined as the maximum principal tensile stress anywhere in the structure. The stan-

dard stress state in the multiaxial case could be any of several possible choices that
are being considered.

When finite element stress analysis is used for components with complex
geometries, non-uniformly stressed elements result in more accurate results than a
comparable number of constant stress elements. The benefit from non-uniformly
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stressed elements is even greater in the case of multiaxial probabilistic effects. The
equivalence of B-H to L-E shows that effects due to geometry, loading, and multiaxial
stress can all be accounted for by a generalized size factor. This size factor can be
applied on an elemental basis or to the component structure as a whole.

The remainder of this semiannual report will discuss the definition, interpretation
and importance of the multiaxial size factor, I. This will include the relationship to &
and potential uses of /.

A General Size Factor

As shown in earlier reports, another way to determine the probability of failure
for a component under multiaxial loading is from

Pr=1- exp[—I(m)VaX}/o’é’] ; (1)
where
1 . m/2.2n m
I(m) = 5[ [ [ (0e/op)™" dv cosgd ddp. 2

In (1) and (2) V' is the component size, m is the Weibull modulus (shape factor), oy is
the inherent strength (scale factor), o, is a stress function defined by the selected
failure criterion, and o), is the maximum value of ¢, in the component. Also o, is a
function of the local principal stresses (and hence location) and the orientation of the
principal plane of a potential failure producing flaw; this accounts for the limits of
integration in (2). The importance of (1) lies in the fact that all methods developed
to date for combining data and obtaining confidence bounds (via bootstrapping and
likelihood methods) have a direct application in (1). This follows since for a given
loading, geometry, and failure criterion, the I factor given by (2) is only a function of
m. Thus, at worst, for a particular problem (2) need be determined only once.
Evaluation of (2) may be laborious and the best way to proceed in the case of non-
uniformly stressed elements is open at this point.

I(m) as defined by (2) has some interesting properties. Since oy, is defined here
as the maximum of o, for any orientation and position in the component, then the
ratio o, /o)y must be less than or equal to one. Therefore the maximum possible
value of I (m) is unity in this setup. It is clear that the lower bound of (2) is zero, so
that 0<7/(m)<1. While any other value of the effective stress that is in a one-to-one
relationship to o)y could be employed in (2), the maximum is an obvious choice and is
consistent with the physical mechanism of failure. Furthermore, suppose that the
component is in a state of equal triaxial loading. Then with all presently proposed
forms for o, the ratio o, /o) is unity, since there is no shear component in any orien-
tation. In this case I (m) achieves its upper bound of unity with o), as defined. How-

ever, note that with this definition, /(rn) may not reduce directly to k, as will be
shown below.
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Orientation Independent Models

By assuming appropriate forms for o,, it can be shown that (2) is consistent with
the usual failure models developed by Weibull (Ref. 3). The first model studied by
Weibull was for a uniform stress state. In extending this model to non-uniform stress
states Weibull tacitly assumed that the failure criterion was independent of the angles
¢ and ¢ in (2). (See Ref. 3, Eq.’s 49-57.) With this assumption, (2) reduces to

10m) = 7 [ (e /on)"dv 3)

Possibly, the simplest form for o, for use in (3) is o, = o1 for o1 >0, and zero other-
wise, which was studied in some detail by Weibull. By further approximating o; with
the longitudinal tensile stress it can be shown that (3) gives the standard evaluations
of k for 3-point and 4-point bending, etc. For example, in the case of uniform axial
tension it is straightforward to show that the value of (3) is unity. In the case of three
point bending with a volume failure mode, (3) becomes

I(m) = 1/(2(m +1)?) 4)

where the integration is carried out only over that portion of the specimen that is in a
state of tension.

Moreover, any of the classical failure models, that are orientation independent,
(e.g., it is assumed that the critical flaw is in the worst orientation) can be used in the
context of (3). Indeed as noted by Nadai (Ref. 4), the model given by

o, =—;—[0+V?+sz], &)

(where o is the stress component normal to the crack surface, 7 is the shear com-
ponent parallel to the crack surface, and Q is a "material" constant), can be reformu-
lated as a functional relationship only involving the principal stresses o; and o3. In
the notation of (5) where o, is set equal to o, (the critical stress that just produces
failure), Equation (5) can be solved by finding the conditions at which the largest
principal Mohr’s circle just touches the parabola resulting from the failure criterion of
(5) when plotted as o versus 7. The result is

|
01'03] oA ok 1]_ 4 01t 03

[ ) J = Qzac[l QZJ Qzac[ 2 s (6)
when o1-03>(4/0?%)0,. Otherwise, a set of solutions exists with o, = o; which are
given by all o3 such that

4
EO'C > 0,-03. (7)
When (6) and (7) are used in (3), a failure criterion is produced that is shear sensitive
but, at the same time, is independent of orientation. The model given by (5) is based
on the assumptions that fracture does not occur in a state of equal triaxial



236

compression and that fracture does occur for some states of compressive loading
driven by non-zero shear stresses. All of this is discussed in great detail by Nadai,
(Ref. 4, Chapter 15). Also an in depth study of failure criteria is given by Nadai in
Chapter 15.13 in which various theories are discussed and compared.

Orientation Dependent Models

The second model studied by Weibull is given by o, = o for 0>0, and zero other-
wise. This is the so called normal stress model or criterion. For the normal stress
model and a loading of uniform axial tension, o, = oy cos?(¢). Then, since the volume
terms integrate out, (2) becomes

10n) = 2 cos™ A (@yaf ™ cos (W

1/2m+1). (8)

This is in effect Eq. 36 of Ref. 3. In the situation of biaxial loading o3 is zero so that
the failure criterion is o, = o= cos®(¢)(o1c0s*(¥) + o,sin*(1). Again the size terms
integrate out, but the remaining integral cannot be obtained in closed form. The final
result is

I(m) = % J(')"/ 2 j(‘)zwcos”" *1(9) [c052(¢)+ Z—?sin%,b)] dgdi, 9)

which is essentially Eq. 39 of Ref. 3. Equations (8) and (9) (and Eq.’s 36 and 39 of
Ref. 3) show that this failure model is not independent of orientation. Indeed I is
1/(2m + 1) for uniform axial tension and not unity as is the case for the maximum
principal stress model. Thus, if one were to employ the normal stress criterion and
wished that I were unity under uniaxial loading, then a rescaling of (2) is required. As
previously indicated, determination of the standard stress state for situations of mul-
tiaxial loading is under study.

Concluding Remarks

Careful study of these two models (or model forms) indicates that the essential
difference is in the way orientation effects are considered. For example, models such
as maximum principal stress that are orientation independent have the property that
failure always occurs when the o, just reaches a cutoff value. This is shown clearly by
(6) and (7). On the other hand, orientation dependent models, such as the normal
stress criterion or (5) applied directly in (2), can have values of o, at which failure
occurs for some orientations and not for others. This latter situation is much more
satisfying from a physical viewpoint, since a failure model that is orientation indepen-
dent requires that the critical flaw is always in the worst orientation, (i.e. there are an
infinite number of flaws of non-zero size, or that the flaws are spherical in nature).
While these conditions might be appropriate for certain special situations, it is doubt-
ful that any can hold in general.
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Status of Milestones

All milestones are on schedule.

Publications

None.
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3.0 DATA BASE AND LIFE PREDICTION

INTRODUCTION

This portion of the project is identified as project element 3 within
the work breakdown structure (WBS). It contains five subelements, in-
cluding (1) Structural Qualification, (2) Time-Dependent Behavior,

(3) Environmental Effects, (4) Fracture Mechanics, and (5) Nondestructive
Evaluation (NDE) Development. Work in the Structural Qualification sub-
element includes proof testing, correlations with NDE results and
microstructure, and application to components. Work in the Time-Dependent
Behavior subelement includes studies of fatigue and creep in structural
ceramics at high temperatures. Research in the Environmental Effects sub-
element includes study of the Tong-term effects of oxidation, corrosion,
and erosion on the mechanical properties and microstructures of structural
ceramics. Work in the Fracture Mechanics subelement includes development
of techniques for measuring the tensile strength and creep resistance of
ceramic materials at high temperatures, and testing ceramic materials at
high temperatures under uniaxial tension. Work in the NDE Development
subelement is directed at identifying approaches for quantitative
determination of conditions in ceramics that affect their structural
performance.

Major objectives of research in the Data Base and Life Prediction
project element are understanding and application of predictive models for
structural ceramic mechanical reliability, measurement techniques for long-
term mechanical property behavior in structural ceramics, and physical
understanding of time-dependent mechanical failure. Success in meeting
these objectives will provide U.S. companies with the tools needed for
accurately predicting the mechanical reliability of ceramic heat engine
components, including the effects of applied stress, time, temperature, and
atmosphere on the critical ceramic properties.
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3.1 STRUCTURAL QUALIFICATION

Microstructural Analysis of Structural Ceramics
B. J. Hockey and S. M. Wiederhorn

(National Institute of Standards and Technology)

Objective/Scope

The objective of this part of the program is to identify
mechanisms of failure in structural ceramics subjected to mechanical
loads at elevated test temperatures. Of particular interest is the
damage that accumulates in structural ceramics as a consequence of
high temperature exposure to stresses normally present in heat
engines.

Design criteria for the use of ceramics at low temperature differ
from those at high temperature. At low temperature ceramics are
elastic and brittle; failure is controlled by a distribution of flaws
arising from processing or machining operations, and the largest flaw
determines the strength or lifetime of a component. By contrast, at
high temperature where ceramics are viscoelastic, failure occurs as a
consequence of accumulated, or distributed damage in the form of small
cavities or cracks that are generated by the creep process. This
damage effectively reduces the cross-section of the component and
increases the stress that must be supported. Such increases in stress
are autocatalytic, since they increase the rate of damage and
eventually lead to failure as a consequence of loss in cross section.
When this happens, the individual flaw loses its importance as a
determinant of component lifetime. Lifetime now depends on the total
amount of damage that has occurred as a consequence of the creep
process. The total damage is now the important factor controlling
lifetime.

Recent studies of high temperature failure of the non-oxide
ceramics intended for use for heat engines indicates that for long
term usage, damage accumulation will be the primary cause of specimen
failure. Mechanical defects, if present in these materials, are
healed or removed by high temperature exposure so that they have
little influence on long term lifetime at elevated temperature. In
this situation, lifetime can be determined by characterizing the
damage and the rate of damage accumulation in the material at elevated
temperatures. In ceramic materials such as silicon nitride and
SiA1ON, such characterization required high resolution analyses
because of the fine grain size of these materials: hence the need for
transmission electron microscopy as an adjunct to the mechanical
testing of ceramics for high temperature applications is apparent.

In this project, the creep and creep-rupture behavior of several
ceramic materials will be correlated with microstructural damage that
occurs as a function of creep strain and rupture time. Materials to
be studied include: SiAlON; hot-pressed silicon nitride; sintered
silicon carbide. This project will be coordinated with WBS 3.4.1.3,
Tensile Creep Testing, with the ultimate goal of developing a test
methodology for assuring the reliability of structural ceramics for
high temperature applications.
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Technical Highlights

During the past six months microstructural analyses studies were
initiated on Garrett GN-10 silicon nitride to determine the effect of
microstructure on tensile creep behavior. As tensile creep invariably
results in cavitation, an emphasis is being placed on characterizing
cavitation damage and on describing the cavity nucleation and growth
processes. Although the study of this material is still in its
initial stages, results have been obtained on three different creep
samples tested to failure at 1250°C (100 and 150 mPa) and at 1375°C
(75 mPa) under Task 2. These results, Summarized in this report,
allow a generalized description of the microstructure and the
cavitation process.

Experimental Technique

The bulk of the results described in this report were obtained by
analytical transmission electron microscopy. So far, observations
have been limited to three tensile creep rupture samples, whose test
temperatures, supplied stresses, and failure times, respectively were:
1250°C, 100 mPa, ~1000h; 1250°, 150 mPa, 220h; 1375°, 75 mPa, 1.5h.

In each case, multiple slices were made parallel to the tensile
stress axis to obtain sections from the interior and from the near-
(exposed) surface. Prior to final TEM specimen preparation, these
polished sections were examined optically for evidence of creep
cracks.

Results and Discussion

Examination of GN-10 revealed a silicon nitride matrix of
variable grain size and morphology, Fig. 1. Grain shapes could be
broadly classified as either equi-axed or acicular (typically with
aspect ratios exceeding 3); grain dimensions generally ranged from
~0.2 to 3 microns, although acicular grains of 5 microns or more in
length were not uncommon. The microstructure of crept samples also
contained a relatively high volume fraction of a crystalline second
phase grains, generally of irregular morphology and sub-micron size,
Fig. 2. The presence of this second phase is clearly a result of
devitrification of intergranular glass, originally present within
multi-grain junctions, due to high temperature exposure either during
creep testing or post processing annealing. Identification of the
second phase has not been completed, however, EDS results indicate a
yttrium-strontium-calcium silicate(s). In most cases, these results
suggest a mole ratio of 1:1 for Y,0;:5Si0,, the primary constuients.
While no estimate can yet be made on the strontia content, the calcia
concentration is estimated to be I 2 wt%.

Preliminary analyses of interfaces separating both adjacent
silicon nitride grains and adjacent silicon nitride and second phase
grains suggest the presence of a narrow, glassy interfacial layer.
For adjacent silicon nitride interfaces, EDS spectra invariably show
detectable intensity peaks for oxygen, strontium, and yttrium.
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Figure 1. Representative view of microstructure of GN-10 silicon
nitride illustrating varied B-Si;N, grain morphology and
size.
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Figure 2. Region of GN-10 containing high concentration of
similarily-oriented second phase crystallites (dark

contrast), produced by devitrification of glass originally
present during sintering.
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Significantly, the strontium to yttrium ka peak ratios from these
interfaces are roughly three times larger than that for the
crystalline second phase, suggesting a relative enhancement of
strontia (or alternatively, depletion of yttria) occurs within the
glass phase upon devitrification. In addition to these general
microstructural features, examination also revealed the presence of
carbon/graphite inclusions. While these were generally of sub-micron
dimensions (~250 nm) and widely dispersed, one region was found to
contain clusters of these inclusions and covered an area several
microns in diameter. At the surface, such clusters conceivably can
act as sites of premature failure at high temperatures.

More generally, however, creep rupture occurs as a result of
interfacial cavitation. While all samples examined so far contained a
distribution of isolated cavities-most often at small triple junctions
and less frequently at two Si;N, grain interfaces - crack-like
cavities were also found. In most cases, these precursor creep cracks
appeared to result from cavity nucleation within small triple
junctions and rapid cavity growth along the intersecting two-grain
interfaces, Fig. 3a. Full-facet cavity growth was particular evident
along acicular grains (oriented normal to the tensile stress axis) to
effectively from a segmented creep crack, Fig. 3b. Continued cavity
growth along the surface of such large grains clearly leads to the
development of macroscopic size creep cracks which can propagate to
cause rupture.

Future efforts call for examination of samples tested under a
broader range of creep conditions to clarify both the deformation and
rupture processes. Particular emphasis will be placed on describing
the details of the microstructure (the nature of interfaces and the
second phases) and the cavity nucleation and growth processes.

Status of Milestones
All milestones are on schedule.

Publications

1. D. C. Cranmer, B. J. Hockey, S. M. Wiederhorn and R. Yeckley,
"Creep and Creep-Rupture of HIP-ed Si;N,", Ceram. and Eng. Sci.
Proc. 12[9-10] 1862-1872 (1991).

2. S. M. Wiederhorn, B. J. Hockey and T.-J. Chuang, "Creep and Creep
Rupture of Structural Ceramics", pp. 555-576 in Toughening
Mechanisms in Quasi-Brittle Materials, S.P. Shah, ed., Kluwer
Academic Publishers, 1991.
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None
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Intergranular cavitation produced in GN-10 during tensile
creep. a) initial stage: cavities appear to initiate
within small triple grain junctions and grow along two
grain interfaces. b) Crack development: continued
interfacial cavity growth in direction normal to tensile
stress eventually results in joining of individual grain
segments to form creep cracks.
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Mechanical Properties and Microstructural Characterization
of Si,N, Ceramics
Karren L. More (Oak Ridge National Laboratory)

Obijective/scope

The objective of the research is to use analytical and high-resolution electron
microscopy to characterize the microstructure of a Norton NT-154 Si,N, ceramic material
following mechanical strength (tensile) testing at elevated temperatures in air. This work
represents a collaboration with The University of Dayton. Work has also been started on
the microstructural characterization of a similar material, as well as Garrett's GN-10 Si;N,,
following high-temperature tensile creep in air and is a collaborative effort with K. Liu of
ORNL.

Technical highlights

The material under investigation in collaboration with the University of Dayton is a
hot-pressed Si;N, supplied by Norton (NT-154 designation) containing 4.0 wt % Y,0,
intentionally added as a sintering aid. The material was annealed to crystallize the grain-
boundary phase as part of the Norton processing procedure. Tensile rods were fabricated
from the bulk NT-154 and subjected to tension/tension (10% of maximum load/maximum
load) cyclic fatigue (TCF) testing or tensile stress rupture (TSR) in air at a temperature of
1300°C. The mechanical test matrix for the samples received for microstructural charac-
terization are given in Table 1. Longitudinal TEM and "new" transverse fracture SEM speci-
mens have been prepared from the hot zone of both the TCF and TSR specimens close to
the fracture surface from each tensile rod to evaluate microstructural changes and/or
failure mechanisms occurring during high-temperature cyclic testing.

Table 1. Tensile cyclic fatigue and stress rupture specimens
supplied for microstructural characterization (NT-154,
University of Dayton)

Sample Temperature Load Time

No. (°C) (MPa) (h) Cycles
18 (TCF) 1300 20 to 200 100.0 450,000

67 (TSR) 1300 200 712 -

74 (TSR) 1300 200 100.0 -
33 (TCF) 1300 30 to 300 -- 30,239
36 (TCF) 1300 30 to 300 100.0 450,000

113 (TSR) 1300 300 1.2 -
8 (TCF) 1300 35 to 350 - 4617
30 (TCF) 1300 35 to 350 - 246,381

21 (TCF) 1300 40 to 400 = 190
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The results given in Table 1 show that the TSR experiments were designed such that
if the specimen did not fail after 100 h, it was fast fractured in tension. Likewise, the TCF
experiments were designed such that if the specimen did not fail after 450,000 cycles
(~ 100 h), the specimen was fast fractured in tension.

An SEM image of sample 18 (1300°C, 20 to 200 MPa) is shown in Fig. 1(a).
Extremely small, shallow voids were found at many Si;N,/Si;N, two-grain junctions, as
arrowed in Fig. 1(a). These voids were difficult to image using the SEM, even at low
voltages. The TEM image shown in Fig. 1(b) clearly shows these small voids present at
Si,N,/Si;N, grain boundaries aligned perpendicular to the tensile axis. Similar voids have
also been observed in NT-154 subjected to tensile stress rupture at 1300°C and 200 MPa
(sample 67) as shown in the SEM and TEM images of Figs. 2(a) and (b), respectively. The
voids following TCF (20 to 200 MPa) and TSR (200 MPa) at 1300°C clearly did not reach
a critical size or number to ultimately cause failure as a result of damage accumulation
since each was ultimately fast fractured in tension after 100 h. The voids form within the
residual glass film present at most Si,N,/Si;N, grain boundaries, as shown in the high-
resolution TEM image of Fig. 3. The voids grow via diffusion at the elevated temperatures
until failure. This phenomenon is currently being investigated.

Larger voids were found at Si;N,/Si,N, boundaries in sample 36 (1300°C, 30 to 300
MPa), as shown in the SEM and TEM images of Figs. 4(a) and (b), respectively. This
specimen also lasted 450,000 cycles. Thus, a critical size and/or number of voids was not
reached during TCF under these conditions to result in sufficient damage accumulation for
failure. Results for specimen 113 (TSR at 1300°C and 300 MPa) are shown for compari-
son in Figs. 5(a) and (b). Relatively large voids were also observed in this sample.
Specimen 33 (1300°C, 30 to 300 MPa) was also examined in the SEM, but no voids were
found. This specimen failed after only ~ 30,000 cycles under TCF conditions similar to
those used for specimen 36. It is clear from these results that the voids do not form in the
early stages of testing, and, thus, premature failure of these specimens does not occur as
a result of damage accumulation. No voids were found in specimen 21 (1300°C, 40 to
400 MPa). Specimen 30 (1300°C, 35 to 350 MPa) has not yet been examined.

Samples for TEM and SEM examination have also been prepared from tensile
creep specimens of both NT-154 and Garrett's GN-10 Si;N, (in collaboration with K. Liu,
ORNL). The samples received thus far are summarized in Table 2. Both longitudinal and
transverse TEM specimens were prepared from each tensile rod close to the fracture
surface. New transverse fracture surfaces were created close to the original oxidized
fracture surface in order to view Si,N,/Si;N, grain boundaries lying perpendicular to the
direction of applied stress.

The creep behavior of the "precycled" NT-154 specimen was superior to that of
as-received and the annealed (100 h at 1370°C) NT-154 material at 1370°C (see Fig. 6).
Both the precycled and annealed NT-154 had much better creep resistance than the
as-received NT-154; thus, a direct comparison between these two specimens was
undertaken. Two SEM images of new fracture surfaces comparing the annealed and the
precycled specimens are shown in Figs. 7(a) and (b), respectively. Clearly, voids are
present at grain boundaries perpendicular to the tensile axis in both specimens and are
qualitatively just as numerous and in the same size range in both. The reason for the
superior behavior of the precycled specimen is as yet unclear.



Fig. 1. (a) SEM image showing small

1300°C and 20 to 200 MPa; and (b) TEM image of multiple voids at an Si,N,/Si,N, grain boundary aligned perpen-
dicular to the tensile axis (TCF at 1300°C and 20 to 200 MPa).

YP12885

Tensile
axis

» Shallow voids present at Si;N,/Si;,N, grain boundaries following TCF at

6v¢



1025297 YP12884

Tensile
axis

Fig. 2. (a) SEM image showing small, shallow voids present at Si;N,/Si;N, grain boundaries following TSR at
1300°C and 200 MPa; and (b) TEM image showing multiple voids at an Si;N,/Si;N, grain boundary aligned perpen-
dicular to the tensile axis (TSR at 1300°C and 200 MPa).
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YP12891

Fig. 3. High-resolution TEM image of a Si;N,/Si,N, grain boundary in
NT-154.

Status of milestones

Program on schedule.
Publications

1. K. L. More, D. A. Koester, and R. F. Davis, "Microstructural Characterization of a
Creep-Deformed SiC Whisker-Reinforced Si;N, Composite," presented at the Frontiers of
Electron Microscopy in Materials Science Meeting, Oak Brook, Ill., May 20-24, 1990; also
in Ultramicroscopy 37, 263 (1991).

2. K. L. More, D. A. Koester, and R. F. Davis, "The Role of Interfaces in the
Creep-Deformation of a SiC Whisker-Reinforced Si;N, Composite," p. 382 in Electron
Microscopy 1990, Vol. 4, ed. L. D. Peachey and D. B. Williams, San Francisco Press, San
Francisco, 1990.
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Fig. 4. (a) SEM image showing voids found at Si;N,/Si;N, grain boundaries following TCF at 1300°C and
30 to 300 MPa; and (b) TEM image of multiple voids at an Si,N,/Si;N, grain boundary aligned perpendicular to the
tensile axis (TCF at 1300°C and 30 to 300 MPa).
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Fig. 5. (a) SEM image showing extensive void formation at Si,N,/Si;N, grain boundaries following TSR at
1300°C and 300 MPa; and (b) TEM image of multiple voids at an Si;N,/Si;N, grain boundary aligned perpendicular
to the tensile axis (TSR at 1300°C and 300 MPa).
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Table 2. Tensile creep specimens supplied for microstructural characterization

Sample Cree
designZtion Manutacturer conditigns
20-072 Norton unannealed
20-09 Norton precycled, 1370°C, 100 MPa
20-24 Norton 1370°C, 100 MPa
89360F-1 Garrett 1150°C, 250 MPa
89333-4 Garrett 1200°C, 150 MPa
89360F-5 Garrett 1200°C, 225 MPa
89360A-1 Garrett 1250°C, 175 MPa
89360A-4 Garrett 1300°C, 125 MPa
89340-1-2 Garrett aged 1370°C-150 h, 1250°C, 175 MPa
89340-1-3 Garrett aged 1370°C-150 h, 1250°C, 225 MPa
89340-1-1 Garrett aged 1370°C-150 h, 1300°C, 125 MPa

dNote that all GN-10 and NT-154 materials are annealed as part of
processing with the exception of sample 20-07.

ORNL-DWG 91Z-12843
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Fig. 6. Strain versus time curve comparing the tensile creep behavior of as-received,
annealed, and precycled NT-154.
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Fig. 7. (a) SEM image showing voids at Si,N,/Si;N, boundaries in a "precycled" NT-154 specimen subjected
to tensile creep testing at 1370°C and 100 MPa; and (b) SEM image showing voids at SizN,/Si;N, boundaries in
an annealed NT-154 specimen subjected to tensile creep testing at 1370°C and 100 MPa.
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3. D. A. Koester, K. L. More, and R. F. Davis, "Deformation and Microstructural Changes
in SiC Whisker-Reinforced Si,N, Composites," J. Mater. Res. 6[12], 2735 (1991).

4. K. L. More, "Defect Charaterization in a CVD «-Si;N,," p. 936 in Proceedings of the
49th Annual Meeting of the Electron Microscopy Society of America, ed. G. W. Bailey, San
Francisco Press, San Francisco, 1991.

5. D. A. Koester, K. L. More, and R. F. Davis, "The High Temperature Creep of a SiC
Whisker-Reinforced Si;N, in an Air Ambient," submitted to J Mater. Res.
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Project Data Base
B. L. Keyes (Oak Ridge National Laboratory)

Objective/scope

The objective of this task is to develop a comprehensive computer data
base containing the experimental data on properties of ceramic materials
generated in the total effort. This computer system should provide a
convenient and efficient mechanism for the compilation and distribution of
the large amounts of data involved. The data base will be available in
electronic form to all project participants. In addition, periodic hard
copy summaries of the data, including graphical representation and tabula-
tion of raw data, will be issued to provide convenient information sources
for project participants.

Technical highlights

The Ceramic Technology for Advanced Heat Engines data base presently
contains 6309 test results on 27 different types of tests, 338 material
characterizations, 13 Tubricant characterizations, 101 coating characteri-
zations, and 1953 other associated records. A more detailed description is
shown in Table 1.

Recent efforts have centered around collecting and storing tribology
data generated by the project and analyzing each work breakdown structure
by facility from program beginning to present. Analyses and storage of
wear data from Battelle Columbus, Caterpillar, and Cummins Engine Company
have been completed.

Tribology test characterization proved to be quite intricate, often
involving several materials. The simplest test involved two specimens of
the same monolithic material; the most complicated, so far, involved multi-
coated substrate disks abraded by pins of other materials. Accurately de-
fining the multicoated surfaces and the various substrates required adding
new files to handle this special situation.

The entire structure of the existing tribology information file was
reworked to provide more information to the user. Better test definition,
more material fields, distinguishing between a coated and a monolithic
sample, and adding new files to accommodate the coating characteristics
were just a few of the improvements accomplished during this reporting
period. Although these additions were included for the wear data, data
base personnel plan to expand them to other test data as time permits.

Wear test data records now offer four material fields rather than only
one: two coating fields and two substrate fields. When monolithic,
alloys, or uncoated materials are tested, the coating fields will be blank,
leaving the substrate fields to identify the monolithics used. All
entries in the substrate fields will be further characterized in the main
material characterization file, MATLCHAR, and the coatings will be defined
in a new file appropriately named COATINGS. Multilayered coatings will be
named according to their component materials and will be defined as unique
coatings in the COATINGS file. For example, a coating named
"M461/ZIRCOA-2L" is actually a two-layer coating (the "2L" composed of a
METCO 461 base coat and a ZIRCOA Zr,0; top coat). "M461/ZIRCOA-3L" is a
METCO 461 base coat, followed by a %0:50 coat of METCO 461 and ZIRCOA,



Table 1.

CTAHE Data Base Summary as of September 30, 1991

Brazed specimens

Material Cyc]ic s Dyngmic asti
class MOR 4 Shear str. Toughness Torsion Tor fatigue reep fatigue pearce fatigue Bl

Alumina 15 9 28
Alumina + reinforcing fibers 7
Alumina + zirconia
Mullite 2
Mullite + reinforcing fibers 11
Silicon carbide 12 10 13 15
Silicon nitride 69 48 15 7 37 19 28 16 24
Silicon nitride + reinforcing fibers 15 2 16
Zirconia 160 58 2 51 158 119
Zirconia + reinforcing fibers
Other 6 4
Totals 229 118 2 21 7 100 209 38 215

Material Fracture  Hardness Interrupted MOR MOR Oxidation Poisson’s Shear Tensile Thermal Eﬁ

class toughness fatigue 3-Pt. bend 4-Pt. bend rate ratio modulus conductivity (o]

Alumina 39 4 411 28 3
Alumina + reinforcing fibers 39 144 11 34
Alumina + zirconia 7
Mullite 1 1 4
Mullite + reinforcing fibers 12 9 22
Silicon carbide 29 27 236
Silicon nitride 94 112 10 647 1 2 1 75 9
Silicon nitride + reinforcing fibers 53 144 3 17 16 86 9
Zirconia 347 24 239 1554 50
Zirconia + reinforcing fibers 2 36
Other 3 39 59
Totals 617 206 239 20 3230 4 19 17 286 55




Table 1 (continue)

Materi - - i .
cﬁear:s‘sa] co.rE:i:'g:} on di ;23'5.:‘:} ty elggg?ln ns‘ﬁ:'ga] Torsion di f)f('r'azg{i on Macthearr .a1 Chemistry
Alumina 1 2 13 14
Alumina + reinforcing fibers 18 6 94
Alumina + zirconia 23 21 8
Mullite 2
Mullite + reinforcing fibers 24
Silicon carbide 23 17 9 57
Silicon nitride 10 44 3 49 56 7
Silicon nitride + reinforcing fibers 17 14 53
Zirconia 72 38 44
Zirconia + reinforcing fibers 5
Other 35 4 36 17
Totals 23 45 142 8 7 138 338 139
Mact1ears1sal - s:"g::n . Coatings Lubricants

Alumina based 9 3

Alumina + reinforcing fibers 1

Silicon carbide 3

Silicon nitride 22

Chromia based 98 20

Zirconia based 13 15

Enamels 5 10

Other 126 53 13

Totals 277 101 13

Grand total (characterization data) 452

Grand total (test data only) 6309
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followed by a top coat of ZIRCOA. Four coatings would be defined in the
COATINGS file: "METCO 461," "ZIRCOA Zr02," "M461/ZIRCOA-2L," and
"M461/ZIRCOA-3L." (Note: "METCO" was shortened to "M" because of space
limitations.)

Another problem with tribology data has been determining which one of
the numerous types of test rigs was used. A brief literature survey
revealed that everything from complex engine emulation systems to rela-
tively simple roller-to-disk rigs are being used to determine a material’s
coefficient of friction and/or wear resistance. Each test data record now
contains a TEST RIG field that points to a description of the particular
test rig used.

Ceramics lack a standard identification system available for other
materials, such as the Unified Numbering System (UNS) for metals. A given
ceramic may be known by several different names (Z-191 is also called PSZ,
Zr02, and zirconia), each one correct but all different as far as a com-
puter query is concerned. The MATNAMES file was created to facilitate
choosing a material name for use in a data base query. This file contains
a list of material names used in the data base cross-indexed to composi-
tion, manufacturer’s, and generic designations all indicating the same
material. This file will be useful for locating the aliases for each
material.

As the data base grows, accessing specific data becomes more compli-
cated because of the shear number of records involved and the possible
combinations of search criteria needed. Data base personnel usually col-
lect and store the data by tracing a facility’s research on a particular
work breakdown structure (WBS) from its origin to present. Accessing all
the data for that WBS has been difficult for everyone except the person who
input the data initially. With the new WBS_STUDY field, each facility’s
work on a WBS is coded for easier retrieval. The data may still be
searched using material, test type, and a variety of other parameters.
Eventually, a computerized interface to facilitate this task even more will
be available, possibly for both Apple Macintosh and IBM-compatible
computers. ‘

Status of milestones

The seventh data base summary has been completed through the first
draft and will go into review soon.

Publications

The Ceramic Technology for Advanced Heat Engines Project Data Base:
September 1990 Summary Report is in revision.

The Ceramic Technology for Advanced Heat Engines Project Data Base:
March 1990 Summary Report is in revision.

The Ceramic Technology for Advanced Heat Engines Project Data Base:
September 1991 Summary Report is completed through first draft and will
soon go into review.
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3.2 TIME-DEPENDENT BEHAVIOR

Characterization of Toughened Ceramics
Jeffrey J. Swab and Michelina O'Day
(U.S. Army Materials Technology Laboratory)

Objective/scope

To evaluate and characterize toughened ceramic matrix
composite (CMC) materials for potential high temperature
structural applications. This includes all classes of CMC
materials. There will be no CMC materials produced as part
of this project. At the present time four-point flexure
testing is being used to determine the high temperature
performance of these CMCs.

Technical highlights

Ceramatec, Inc. of Salt Lake City, UT provided flexure
bars of SiC-fiber reinforced silicon nitride for elevated
temperature evaluation. Some of the bars which were
received were coated with a CVD coating of SiC in an
attempt to improve the oxidation resistance of the
material. Uncoated barg were subjgcted to flexural stress
rupture testing at 1000°C and 1100 C_in air while the
coated bars were tested only at 1000 °C in air.

The stress rupture results for_ the uncoated bars are
shown in Figures 1 and 2. At 1000 C this material was able
to survive 1000 hours under a 400 MPa applied stress
without failure and minimum plastic deformation. Above 400
MPa, as the applied stress approached or exceeded the
matrix cracking stress of 460 MPa, the time-to-failure was
significantly reduced and brittle fraSture dominated.
Similar results were observed at 1100 C where the material
was able to survive 1000 hours under a 300 MPa applied
stress without failure and a minimum amount of plastic
deformation. Above 300 MPa, as the applied stress
increased brittle failure dominated and the time-to-failure
was reduced.

The stress rupture results at 1000°C for the CVD bars
were very different from the uncoated bars. These bars
failed in a brittle manner with minimal fiber pull-out, at
very short times-to-failure over the same stress range as
the uncoated bars. The reason for this reduction in time-
to-failure is unknown at this time.

A sintered A4Y13-Si_N, monolithic ceramic manufactured
using a new continuous geit furnace process was obtained
from Dale Wittmer at Southern Illinois University.
Materials processed in this manner have demonstrated a
higher average strength than identical materials processed
using conventional batch furnace methods. Dale is
obtaining funding from DoE for the processing of this
material while MTL was providing the evaluation, also
through DoE funding. Room and high temperature fast
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fracture tests were done and the results are shown in
Table 1.

Further testing of this material (as well as testing of
a self-reinforced silicon nitride, processed in the same
manner) was scheduled, but DOE has terminated this project.
This will be the last report.

Silicon Nitride
Fast Fracture Results

Room Temperature 702 £ 148 MPa
1000°C 698 £ 50
1100°C 579 + 68
1200°C 586 + 79

Table 1

Status of milestones

Milestones are difficult to set and keep on schedule
when CMC materials are so difficult to obtain.

Publications

None
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Fracture Behavior of Toughened Ceramics
H. T. Lin, P. F. Becher, and W. H. Warwick (Oak Ridge
National Laboratory)

Objective/scope

Ceramic composites, such as fiber- and whisker-reinforced ceramics,
particulate phase composites, and ceramics with similar grain structures,
offer important advantages for heat engine applications. Chief among these
is the improved fracture toughness that can be achieved by appropriate de-
sign of microstructural and material parameters. Previous studies show
that these materials often exhibit substantial improvements in damage,
thermal shock, and slow crack growth resistances. However, design of such
systems must also consider those factors influencing their performance at
elevated temperatures.

In response to these needs, studies are conducted to determine the
mechanical properties (e.g., creep, delayed failure, strength, and tough-
ness) at elevated temperatures for these toughened ceramics. Particular
emphasis is placed on understanding how microstructure and composition
influence the mechanical performance at elevated temperatures and the sta-
bility of these properties for extended periods at these temperatures. The
knowledge gained from these studies provides input on how to modify mate-
rials to optimize their mechanical properties for the temperature ranges of
interest.

Technical highlights

Over the past six months, the research efforts were primarily directed
on (1) the compressive creep behavior of polycrystalline fine-grained alu-
mina and 20 vol % SiC whisker-reinforced alumina composites and (2) the
strength and toughness behavior of in-situ reinforced silicon nitride
ceramics that contain elongated grain structures. The objective of the
compressive creep study is to develop a data base for the comparison of
creep behavior in flexure and compression. This will provide an insight
into the effect of the stress state on the creep response and on creep life
of monolithic ceramics and ceramic composites. Finally, it can also pro-
vide some insight as to the tensile creep response.

Compressive Creep of Al,0; and Al,05-SiC, Materials

The compressive creep tests at temperatures from 1200 to 1400°C were
conducted on polycrystalline fine-grained alumina (1.5 pym) and alumina
composites reinforced with 20 vol % SiC, (2 pm) in air. Figure 1 shows the
creep data in both flexure and compression for polycrystalline alumina at
1200 and 1300°C. The applied stress for flexure creep ranges from 37 to
150 MPa, and that for compressive creep ranges from 25 to 75 MPa. Results
indicate that the creep rates in compression are slightly higher than those
in flexure for polycrystalline alumina. However, the creep stress expo-
nent, n, is independent upon the applied stress state. The creep stress
exponent is approximately 2 in both flexure and compression under the ap-
plied stress ranges in this study. The stress exponent of 2 was attributed
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Fig. 1. Strain rate versus stress curves for polycrystalline fine-
grained aluminas under flexural and compressive loading, respectively.

to the grain-boundary sliding mechanism.! It is emphasized that the be-
havior of alumina grains sliding out of the specimen surface due to grain-
boundary sliding is observed in the compressive creep specimens in this
study.

Figure 2 compares the creep data of alumina composites reinforced with
20 vol % SiC whiskers at temperatures of 1300 and 1400°C. The applied
stress range for compression is from 37 to 110 MPa, and that for flexure is
from 50 to 275 MPa. The results indicate that the stress state has only a
minor influence on the creep rates of this whisker-reinforced alumina under
the applied stress ranges at both 1300 and 1400°C. However, the creep
stress exponent, n, is altered by changing the stress state at 1300°C.
Regression analysis of compressive creep data at 1300°C reveals n of
approximately 1, while that at 1400°C is approximately 2, which is the same
as that for flexure creep. Previous studies have shown that poly-
crystalline fine-grained aluminas exhibited essentially the same cyeep
rates and exponents (n = 2) in both tension and compression tests.?> The
difference in creep rates between flexure and compression tests of fine-
grained alumina in the present study results from the difficulty of at-
taining alignment with small compression specimens, which introduces an
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Fig. 2. Strain rate versus stress curves for 20 vol % SiC whisker-
reinforced aluminas under flexural and compressive loading, respectively.

additional bending moment on the compressive specimens, leading to higher
deformation rates in compression. On the other hand, the change in stress
exponent for alumina composites at 1300°C may be due to the alteration of
creep-controlling mechanisms and/or suppression of the creep cavitation in
compression.

Strength and Toughness Behavior of SisN, Ceramics

Evaluation of the effects of the sintering additives and microstruc-
tures on strength and toughness behavior of in-situ reinforced silicon
nitride ceramics that contain elongated grain structures was one of the
primary efforts in this reporting period. The 7n-situ reinforced Si;N,
ceramics were fabricated under work breakdown structure (WBS)

Element 1.2.3.1 by hot pressing at 1800°C for 90 and 180 min to > 99.5%
theoretical density. The starting silicon nitride powder is UBE E10. The
sintering additive systems (in wt %) used in the present study are 2.0%
Sr0-6.0% Y,0; (2Sr6Y), 1.95% A1,0,-8.43% La,0; (2A18La), 1.97% A1,05-2.96%
Y,0.-4.27% La,0; (2A13Y4la), 3.93% Y,0,-5.67% La,0; (4Y6La), 11.14% La,0,
(i1la), 4% v,0," (4Y), 1.5% A1,0,-6% 9,0, (2A16Y); and 2%Ba0-6% Y,0, (2Ba6Y).
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A1l of the as-fabricated Si;N, materials contained 100% B-SizN, with minor
amounts of intergranular phases. The scanning electron microscope (SEM)
examinations indicate that grain size (length and diameter) is slightly
sensitive to sintering additives typically used in this study and to the
hot-pressing time (90 vs 180 min) at 1800°C. The flexural strength was
characterized via a four-point bending test (20-mm inner span vs 40-mm
outer span) at temperatures from 25 to 1400°C in ambient air under a
loading rate of approximately 100 MPa/s. For 2A16Y materials, the effects
of heating rate and initial f-Si;N, content on the strength behavior were
also evaluated.

The flexural strength data of Si;N, materials as a function of
sintering additives, hot-pressing conditions, and test temperature are
summarized in Figs. 3 and 4. Generally, the flexural strength of Si;N,
materials decreases with increasing test temperature, except for materials
sintered with 11% La,0; (SC163), which exhibits a constant value of
strength up to 1200°C followed by a slight increase in strength above that.
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Fig. 3. Flexural strength as a function of test temperature for Si,N,
ceramics with sintering systems of 2A13Y4La, 2A18La, 2Sr6Y, and 4Y6La.
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In addition, the strength of Si;N, materials is insensitive to hot-pressing
time (90 vs 180 min) at 1800°C, ﬁhich may be attributed to their similarity
in grain size. The 2A16Y materials (SC235) exhibit the highest room-
temperature strength among the materials investigated in the present study,
while the 11La materials (SC163) exhibit the lowest strength. Note that
the materials sintered with 4Y, 2Sré6Y, 2A18La, 2A13Y4La, and 2Ba6Y exhibit
similar strength at room temperature.

Both the 4Y6La (SC218) and 2Sr6Y (SC136 and SC152) materials exhibit a
slight reduction (8 to 15%) in strength between room temperature and 1200°C
in air followed by a marked decrease in strength above that. The 4Y mate-
rial also reveals a better retention of high-temperature strength up to
1200°C, which is similar to materials with 4Y6La and 2Sr6Y additives. On
the other hand, both the 2A18La (SC216 and SC217) and 2A13Y4La (SC138 and
SC154) materials reveal more of a reduction (28 to 36%) in strength between
room temperature and 1200°C as compared with 4Y6La and 2Sr6Y materials. In
addition, there is no apparent difference in flexure strength between
2A18La and 2A13Y4La materials at temperatures < 1200°C; however, the
strength curve reveals a significant division at temperatures > 1200°C



270

(i.e., 2A13Y4La materials exhibit a more rapid decrease in strength as com-
pared with 2A18La materials). The 2Ba6Y materials only show a good high-
temperature strength at < 1000°C, then followed by a severe degradation
above that. The materials containing 2A16Y (SC235 and SC236) also show a
substantial reduction in strength (32 to 34%) between 20 and 1200°C, fol-
lowed by a more severe reduction (55 to 60%) up to 1400°C. The strength
behavior of materials with 2A16Y is essentially insensitive to initial
p phase content. Moreover, the strength degradation tendency versus test
temperature for SC235 and SC236 is similar to materials with 2A13Y4La
additives (SC138 and SC154). Finally, the degree of reduction in strength
at elevated temperatures for 2A16Y systems is reduced by the increase in
heating rate (SC204) due to the more homogeneous nucleation of elongated
B-SisN, grains.

fhe degradation in flexure strength of Si;N, materials arises from the
softening of intergranular glassy phases and from the oxidation process at
elevated temperatures in air. The occurrence of significant degradation in
strength of 2A16Y, 2A18La, and 2A13Y4La materials at elevated temperatures
with respect to 2Sr6Y and 4Y6La materials is due to the addition of Al,0;,
which leads to a significant decrease in the softening temperature of
intergranular glassy phases and/or in oxidation resistance. The strength
results suggest that the materials with rare-earth oxides contain more
refractory glassy phases leading to better high-temperature mechanical
properties.

Status of milestones

Milestone 321310: Evaluation of flexural versus compressive creep for
A1,0; and A1,05-20 vol % SiC whiskers was completed.

Milestone 321311: Evaluation of strength and toughness behavior for
SizN, ceramics containing elongated grain structures was completed.

Publications
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Cyclic Fatique of Toughened Ceramics
K. C. Liu, J. L. Ding, H. Pih, C. 0. Stevens, and C. R. Brinkman
(0ak Ridge National Laboratory)

Objective/Scope

The objective of this task is to develop, design, fabricate, and
demonstrate the capability to perform tension-tension dynamic fatigue
testing on a uniaxially loaded ceramic specimen at elevated temperatures.
Three areas of research have been identified as the main thrust of this
task: (1) design, fabrication, and demonstration of a load train column
that truly aligns with the line of specimen loading; (2) development of a
simple specimen grip that can effectively Tink the load train and test
specimen without complicating the specimen geometry and, hence, minimize
the cost of the test specimen; and (3) design and analysis of a specimen
for tensile cyclic fatigue testing.

Technical progress

Cyclic fatigue behavior of SiC (Hexoloy-SA)

It was reported previously and shown in Fig. 1 (ref. 1) that the
1300°C fatigue data obtained from ORNL specimens (excluding specimens 7-1
and 7-2, which were tested during this reporting period) were generally
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Fig. 1. Comparison of UDRI and ORNL cyclic fatigue data
of SiC (Hexoloy-SA) tested at 1300°C.
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Tower than those obtained from University of Dayton Research Institute
(UDRI) specimens. Closed symbols in Fig. 1 indicate the specimens were
fractured at the test condition; open symbols indicate the test condition
was changed at the number of cycles indicated to the next higher cyclic
stress amplitude until failure occurred. A careful review indicated that
all of the ORNL specimens except specimen 4-4 were tested in the as-
machined condition. It was thought that the residual machining flaws might
be a detriment to the fatigue 1life of unannealed specimens because button-
head failures occurred in several tests. However, no significant enhance-
ment in fatigue resistance was observed when the fatigue performance of
unannealed specimen 1-2 was compared with that of specimen 4-4, which was
annealed at 1500°C for 100 h in air.

In 1ight of all successful utilization of copper collets in subsequent
tests at 1400°C with no buttonhead failures, two additional tests were per-
formed on specimens 7-1 and 7-2 at 1300°C. Both specimens were annealed,
side by side, with specimen 4-4 in the same batch, except that the speci-
mens were made from two different plates, which are identified by the
prefix of specimen numbers.

Specimen 7-1 was initially cycled to 250 MPa for the purpose of
comparison with UDRI 250-MPa tests, in which two tests fell far short from
the target number of 0.45 megacycles, as shown in Fig. 1. In contrast,
specimen 7-1 survived far beyond the UDRI target life in excess of one
megacycle. Subsequently, the applied stress was increased successively in
steps of about 14 MPa after each intermittent step completing a block of
about 150,000 cycles until failure occurred at 313 MPa with a total number
of cycles to failure at 1.56 megacycles. Specimen 7-2 was tested with a
starting cyclic stress of 281 MPa, which was about two 14-MPa steps higher
than that of specimen 7-1. After successfully completing the target number
of cycles with no indication of imminent failure, the peak stress was
increased by a step of 14 MPa at 0.503 megacycles. The specimen subse-
quently failed at 515,507 cycles in total. The reason for inability of
specimen 7-2 to attain the same level of fatigue strength as specimen 7-1
is not known, but it may be related to the amplitude of starting peak
stress used. Test results and parameters are summarized in Table 1, and
data are plotted in Fig. 1.

Additional results obtained from the above tests indicate that flaw
healing by annealing and adoption of copper collet in the gripping fixture
were useful techniques to avoid buttonhead failures. However, it is not
clear whether or not these measures have made any significant contributions
to the high fatigue strength of both specimens. A general observation of
the data suggests that the high fatigue strengths exhibited by these two
specimens may be attributed to some differences in microstructure of plate
samples investigated.

Cyclic fatigue testing of GN-10 Si;N,

Tensile and cyclic fatigue strengths were investigated for GN-10 Si;N,
at elevated temperatures. Test parameters and results are summarized 1n
Table 2, and data are plotted in Fig. 2. Due to the limited number of test
results, the fatigue behavior (portrayed by broken lines and shaded band)
of GN 10 Si;N, was approximately determined based on the 1200°C fatigue
data® obtalned previously for NT-154 Si;N,, also plotted in Fig. 2 to



Table 1.
tested at elevated temperatures

Summary of tensile and cyclic fatigue tests of Hexoloy-SA SiC

. . Number of
Tensile g{ﬁl;: Int§;2$?late cycles Nﬂgﬁ?;:f Locations
Specimen sﬂ;ﬁﬂsfh to failure stress inter;:diate to fraég;res
(MPa) (MPa) cyclic loading failure
Temperature = 1300°
1-9 220 1
1-3 199 2
1-1 204 165
1-4 189 239,361 (239,361)2 BH & SHNKD
1-2 187 231,000 (231,000)
200 193,800 (424,800)
208 394,000 (818,800)
222 352,513 (1;171,313)
235 1,171,415
4 - 4 189 551,960 (551,960)
202 596,901 (1,148,861)
215 567,000 (1,715,861)
228 75,647 1,791,508
7-1 250 1,004,570 (1,004,570)
265 133,930 (1,138,500)
278 167,270 (1,305,770)
289 123,470 (1,429,240)
302 5,206 (1,558,110)
313 5,206 1,563,316
7-2 281 503,382 (503,382)
295 12,125 515,507

aNumber of cycles accumulated at the end of intermediate loading.
bBH = Buttonhead failure; SHNK = shank failure.

€L2
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Table 2. Results of tensile and cyclic fatigue tests of GN-10 Si;N,
at elevated temperatures

Speci Temp. Tensstvees/scyt%hc clynct.]eiv;mesd;rztses Number of cycles Nautmbienrteorf;ne?ica]t?
pecimen (°c) fracture [MPa, (ksi)] to failure loading
[MPa, (ksi)]
357-2 1150 585.6, (84.9) 1
350-1-2 1200 514.2, (74.6) 1
340-2-5 1200 350, (50.8) 41,845
350-2-4 1200 300, (43.5) (1,139,464) 1,139,464
313, (45.4) (1,198,796) 59,332
326, (47.3) (1,286,018) 87,222
337, (48.9) 1,329,464 43,446
338-1-2 1250 472.5, (68.5) 1
331-1-1 1250 285, (41.3) 59,308
350-2-5 1250 250, (36.3) 221,774
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Fig. 2. Tensile fracture and cyclic fatigue behavior of GN-10 Si;N,
tested at 1150, 1200, and 1250°C. Cyclic fatigue data of NT-154 Si;N,
tested at 1200°C are also included for comparisons.
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facilitate comparison. Test results at 1200°C show that both the tensile
and cyclic fatigue strengths of GN-10 were lower than those of NT-154 by
about 20%. The tensile strength of GN-10 tested at 1150°C hints that the
cyclic fatigue strength of GN-10 at 1150°C would be comparable to or
slightly lower than those of NT-154. Although not compared in Fig. 2, the
tensile and cyclic fatigue strengths of GN-10 at 1200°C and those of NT-154
at 1300°C were about the same, indicating NT-154 was one notch better than
GN-10 in terms of temperature.

Acoustic emission studies of ceramic fatigue

Progressive damage in three different ceramic materials subjected to
tension-tension cyclic fatigue was monitored using acoustic emission (AE)
technique. Silicon nitride, alumina, and SiCw/A1,0; matrix composite were
chosen to vary in microstructure, composition, ané flaw sizes in order to
investigate the effects of these variables on the ability of the AE tech-
nique to detect failure before it occurs and locate the potential failure
sites.

Figure 3 shows the energy versus time plot for a silicon nitride
specimen that was cycled initially to a peak stress of 442 MPa for 14,200
cycles and subsequently raised to 480 MPa, upon which failure occurred
after 11,100 cycles. The spike at the end of the test indicates high
intensity of AE energy at failure time, as expected. However, this graph
did not show an increase in energy rate (warning that failure is imminent)
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prior to fracture. Upon further study and by filtering the AE data to
maintain only the relatively high-amplitude hits (50 dB and greater), it
was found that no events were registered within the reduced gage section of
the specimen except the final AE event that occurred at failure (see

Fig. 4). This observation led to the conclusion that by the time the
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Fig. 4. Plot shows few events occurring within the gage section, when
the thresholds were set at 50 dB.

events occurring within the reduced section arrive at the sensors (located
50 mm apart at each end of the gage length), the signal amplitude would
have been attenuated below the present threshold values and thus not
registered. This observation underscored the necessity to reset the
thresholds at a lower value for the detectors to capture hits occurring
within the gage section.

To verify this hypothesis, another silicon nitride specimen was tested
in the same fatigue loading condition mode, whereas this time the
thresholds were set at the lowest possible value without being self-
triggered by noise. Figure 5 shows the results of this test. An increase
in energy rate prior to failure was detected by the AE system, as should be
the case. This finding boosts our confidence in AE technique as a poten-
tial method of predicting failure before it actually occurs.

The refined AE technique also managed to accurately indicate the posi-
tion of the failure sites in both specimens. Figure 6 shows the counts
versus position for one of the silicon nitride specimens tested. The spike
at x = 15mm seen in this graph coincides with the location of failure in
this specimen.

Similar analyses are currently underway for specimens made of the
alumina and SiCw/A1,0;. Preliminary studies indicate that the AE system
also accurately predicted the locations of failure in these two specimens.
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Furthermore, for the composite material, the AE system predicted the immi-
nence of failure by showing an increase in energy/count rate prior to
failure. Alumina specimens did not show an increase in energy/count rate
because in earlier studies, the thresholds were not lowered to detect most
of the AE hits occurring within the gage sections.

Creep testing of NT-154 Si;N,

Experimental efforts were continued on creep testing of NT-154 Si;N,.
Activities that occurred during this reporting period are as follows.

Creep behavior at 1200°C (Fig. 7)

Specimen 20-42 (annealed at 1370°C for 150 h): Tested initially under
200 MPa. To investigate the effect of strain history on subsequent creep
behavior, the applied stress was increased from 200 to 250 MPa after 1600 h
of testing. The second leg of this creep test was terminated abruptly with
a premature specimen failure that occurred outside the gage section due to
a general power outage. The open arrowhead shown at the end of the creep
curve indicates the test would have continued if the premature failure had
not occurred.

Specimen 20-48 (annealed): Tested under a constant stress of 250 MPa.
This specimen also failed prematurely due to the power outage after 1440 h
of testing (Fig. 7). The creep behavior of specimen 20-48 and that of
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Fig. 7. Creep curves of NT-154 Si;N, tested at 1200°C under indicated
applied stresses.
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specimen 20-42 subjected to the second leg of loading are compared in

Fig. 8. They have been replotted such that both start at zero time to fa-
cilitate comparison. Both creep curves are about the same, except that
specimen 20-48 crept more than specimen 20-42 by about 200 microstrain
during the first 5 h. This observation suggests that the material may have
weak memory of previous strain history at the temperature or the applied
stress might be too low to have stimulated the material memory.
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Fig. 8. Comparison of creep behavior of specimen 20-48 under 250 MPa
and that of specimen 20-42 under the same stress during the second leg of
loading.

Specimen 20-38 (annealed): Tested under a constant stress of 300 MPa
for 2257 h with a total strain of 0.4%; test completed.

Specimen 20-49 (annealed): Tested under a constant stress of 325 MPa
for 979 h with a total strain of 0.42%; test completed.

Specimen 20-41 (annealed): Tested under a constant stress of 350 MPa
for 150 h with a total strain of 0.39%; test completed.

Specimen 13-10 (annealed): Test (Fig. 9) was initiated at 1200°C
under an initial stress of 250 MPa, which was increased from 250 to 275 MPa
at t ~ 1000 h and increased again from 275 to 300 MPa at t ~ 2000 h; test
is continuing.

General observations indicate that the creep behavior of annealed
NT-154 at 1200°C was reasonably consistent and predictable when tested
under constant loading conditions.
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Fig. 9. Creep curve of NT-154 Si N, (specimen 13-10) tested at 1200°C
under an initial stress of 250 MPa, which was increased to 275 MPa at
t = 1000 h and again to 300 MPa at t = 2000 h. The test is continuing.

Creep behavior at 1250°C (Fig. 10)

Specimen 20-62 (annealed): Tested under a constant stress of 275 MPa
for 100 h with a total strain of 0.33%; test completed.

Specimen 20-57 (annealed): Tested under a constant stress of 250 MPa
for 340 h with a total strain of 0.49%; test completed.

Specimen 20-59 (annealed): Tested under a constant stress of 225 MPa
for 2153 h with a total strain of 0.46%; test completed.

Specimen 20-56 (annealed): Test is continuing under a constant stress
of 175 MPa with a total strain of 0.3% accumulated to this date.

Specimen 13-04 (annealed): Test began initially under 150 MPa, which
was increased to 175 MPa at t ~ 1000 h. A comparison of the creep behavior
of the first 1000 h shows that this specimen is less creep resistant than
specimen 20-56. The creep strain rate of specimen 13-04, after increased
to 175 MPa, was also higher than that of specimen 20-56. A plausible
explanation is the Tot variation as the prefix of the specimen numbers
indicates. Until microstructural analyses are completed, no conclusive
remarks can be made at this time.

Specimen 13-14 (annealed): Test (Fig. 11) was initiated under an
applied stress of 175 MPa at 1200°C, which was increased to 1250°C at
t = 1000 h. Although the furnace power was shut down at t = 777 h due to a
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controller failure for about 2 days, subsequent creep behavior was not
changed by the power outage. A comparison shows that the creep strain rate
at t = 2000 h for this specimen was about the same as that of specimen
20-56 (Fig. 10). The test is continuing.

Observations further indicate that the creep behavior of NT-154 at
1250°C was also consistent and predictable provided that the material is
annealed and obtained from the same lot.

Creep testing of GN-10 Si;N,
A series of creep tests on GN-10 was completed for modeling of creep
behavior and rupture time. Test conditions and creep rupture times are

summarized in Table 3. A1l experimental work was performed using a single
lot of GN-10 Si,N,.

Table 3. Summary of creep tests on GN-10 Si;N,

1150°C 1200°C 1250°C 1300°C

75 MPa xd (> 936.9 h)
100 MPa XS (> 1029.5 h) X (1721.33 h)
125 MPa X3 (> 1030.9 h) X (2996.35 h) X (15.2 h)

150 MPa X (1203.6 h) X (135.9 h) X (0.2 h)

175 MPa xb (> 3405.2 h) X (25.5 h)
200 MPa X (203.13 h)
225 MPa X (96.3 h)
250 MPa X (733.8 h) X (7.5 h)

275 MP
300 MPa X (365.4 h)

aStress increased to 225 Mpa after 1030.9 h of testing.

bSpecimen fractured at the buttonhead due to the power outage.

CSpecimen fractured at the shank part.

dSpecimen was cooled down and unloaded and then reheated and reloaded at
the end of 936.9 h.

For the purpose of comparing the creep behavior of specimens with dif-
ferent heat treatments, an additional test was performed using a specimen
that was in-situ annealed in the Toad column at 1370°C for about 150 h.

The specimen was, in turn, tested at 1250°C with an applied stress of
175 MPa without cooling the specimen to room temperature. In contrast, a
specimen annealed in a laboratory furnace under stress-free conditions must
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be reheated from room temperature to the test temperature. To maintain a
good alignment in the load column during in-situ annealing, the specimen
was lightly loaded with a stress of 16.6 MPa. Despite the 1ight loading, a
significant amount of creep deformation was measured, as shown in Fig. 12.
The subsequent creep test was very short, indicating that the specimen
might have failed prematurely. This creep curve and those obtained previ-
ously for two specimens tested in the as-received and furnace-annealed con-
ditions are compared in Fig. 13. The hardening characteristic of the
material in the as-received condition was clearly different from that of
annealed material. However, the hardening effects introduced by different
annealing methods remained unclear due to the incomplete information ob-
tained from the short test.
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