AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

LRV

3 445k 03240bLA8 7 ORNL/TM-11586

OAK RIDGE
NATIONAL
LABORATORY

Ceramic Technology for

Advanced Heat Engines Project
Semiannual Progress Report for

October 1989 Through March 1990

CAK RIDGE NATIONAL LABORATORY

CENTRAL RESEARCH LIBRARY
CIRCULATION SECTION
4500N ROOM 175

LIBRARY LOAN COPY

U0 NOT TRANSFER TO ANOTHER PERSON

it you wish somecne e¢lse to see this

report, send in name with report and

the library will arrange o loan
.

CERAMIC TECHNOLOGY FOR
ADVANCED HEAT ENGINES

OPERATED BY

MARTIN MARIETTA ENERGY SYSTEMS, INC.
FOR THE UNITED STATES

OEPARTMENT OF ENERGY



This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Techni-
cal Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from (615)
576-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Rd., Springfieid, VA 22161.
NTIS price codes—Printed Copy: Microfiche AO1

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily consti-
tute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.




ORNL/TM-11586

Metals and Ceramics Division

CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT
SEMIANNUAL PROGRESS REPORT FOR
OCTOBER 1989 THROUGH MARCH 1990

D. R. Johnson
Project Manager

Date Published: September 1990

NOTICE: This document contains information of
a preliminary nature. It is subject to revision
or correction and therefore does not represent

a final report.

Prepared for
U.S. Department of Energy
Assistant Secretary for Conservation and Renewable Energy
Office of Transportation Technologies
Advanced Materials Development Program
EE 04 00 00 O

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6285
operated by
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the
U - S . DE PARTMENT OF EN ERGY MARTIN MARIETTA ENERGY SYSYEMS LIBRARIES

e Contract pe-acos-erorzioe [ NHNIIEHAINAAI

3 445k D3240kLA 7




REPORTS PREVIOUSLY ISSUED

ORNL/TM-9325 Period March 1983-September 1983
ORNL/TM-9466 Period October 1983-March 1984
ORNL/TM-9497 Period April 1984-September 1984
ORNL/TM-9673 Period October 1984-March 1985
ORNL/1M-9947 Period April 1985-September 1985

ORNL/TM-10079 Period October 1985-March 1986
ORNL/TM-10308 Period April 1986-September 1986
ORNL/TM-10469 Period October 1986-March 1987
ORNL/TM-10705 Period April 1987-September 1987
ORNL/TM-10838 Period October 1987-March 1988
ORNL/TM-11116 Period April 1988-September 1988
ORNL/TM-11239 Period October 1988-March 1989
ORNL/TM-11489 Period April 1989-September 1989

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-AC05-840R21400 with Martin Marietta Energy Systems, Inc.



CONTENTS

SUMMARY & . L o o e e e e e e e e e e e e e e e e e e e e e 1
0.0 PROJECT MANAGEMENT AND COORDINATION . . . . . . . . . . . . .. 3
1.0 MATERIALS AND PROCESSING . . . . . . . . . . . . . ... .. 5
INTRODUCTION . . o v v v v v s o e e e e e e e e e e e e e 5
1.1 MONOLITHICS . . . . . . . o o o v v v o v v v v e v v v v 7
1.1.1 Turbomilling of SiC Whiskers (Southern Il1linois

University) . . . . . . . . . . . 000000 7
1.1.2 Silicon Nitride . . . . . . . . . . ... ... .. 18
Microwave Sintering of Silicon Nitride (ORNL) . . . 18
Silicon Nitride Milling Characterization (NIST) . . 30
1.1.4 Processing of Monolithics . . . . . . . . . . . .. 36
Improved Processing (Norton) . . . . . . . . . . .. 36
Improved Processing (ORNL) . . . . . . . . . . . .. 73
Improved Processing (GTE) . . . . . . . . . . ... 77

Processing Science for Si3N, Ceramics (University
of California) . . . . . . . . . . . . .« . . ... 106
1.2 CERAMIC COMPOSITES . . . . . . o o v o v v v v v v v v . 110
1.2.2 Silicon Nitride Matrix . . . . . . . . . . . . ... 110
SiC-Whisker-Toughened Silicon Nitride (Garrett) . . 110
Silicon Nitride-Metal Carbide Composites (GTE) . . . 132

Fabrication of Si3N4/SfC Composites by Transient
Liquid Phase Sintering (University of Michigan) . . 150

1.2.3 Oxide Matrix . . . . . . . . . . . . . . . ... 161
Dispersion-Toughened Oxide Composites (ORNL) . . . . 161
Processing and Characterization of Transformation-

Toughened Ceramics with Strength Retention to
Elevated Temperatures (Ceramatec) . . . . . . . .. 163



1.2.4 Silicate Matrix . . . . . .« « v o « v v v v v« « 174

Low Expansion Ceramics for Diesel Engine

Applications (VPI) . . . . . . . . . . . . . .« .. 174
1.3 THERMAL AND WEAR COATINGS . . . . . . . . « .« .« o o o o . 200
1.3.1 1Zr0, Base Coatings . . . . . . . . . . . . . .. .. 200
Advanced Coating Technology (ORNL) . . . . . . . . . 200
Development of Adherent Ceramic Coatings to Reduce
Contact Stress Damage of Ceramics (GTE) . . . . . . 204
Wear-Resistant Coatings (Caterpillar) . . . . . . . 214
Development of Wear Resistant Ceramic Coatings
for Diesel Engine Components (Cummins) . . . . . . . 219
1.4 JOINING . . . . . . . . o o v v v e e e e e e e e 238
1.4.1 Ceramic-Metal Joints . . . . . . . . . . . .. . .. 238

Joining of Ceramics for Heat Engine Applications
(ORNL) . . . o v o v v e e e e e e e e e e 238

Analytical and Experimental Evaluation of Joining
Silicon Nitride to Metal and Silicon Carbide to
Metal for Advanced Heat Engine Applications (GTE) . 243

Analytical and Experimental Evaluation of Joining

Ceramic Oxides to Ceramic Oxides and Ceramic Oxides

to Metal for Advanced Heat Engine Applications

(Battelle Columbus Laboratories) . . . . . . . . .. 255

Analytical and Experimental Evaluation of Joining
Silicon Carbide to Silicon Carbide and Silicon
Nitride to Silicon Nitride for Advanced Heat Engine

Applications (Norton) . . . . . . . . . . . . . .. 262

2.0 MATERIALS DESIGN METHODOLOGY . . . . . . . .« .« « « « o « o« . . 281
INTRODUCTION . . . . v v v v e e et e e e e e e e e e e e e e e s 281
2.1 MODELING . . . . . « v v v v v it i e e e e e e e 283
2.1.1 MOdeling « o v v v e e e 283

Microstructural Modeling of Cracks (University
of Tennessee) . . . . . « . . o o o0 e 283

iv



2.2

2.3

3.1

3.2

CONTACT INTERFACES . . . . . . . . v v v v v v v v e v
2.2.1 Static Interfaces . . . . . . . . . . .. ...

Elastic Properties and Adherence of Thin Films
and Coatings (University of Tennessee) . . . . . . .

2.2.2 Dynamic Interfaces . . . . . . . . . .. S e e e e

Studies of Dynamic Contact of Ceramics and
Alloys for Advanced Heat Engines (Battelle)

NEW CONCEPTS . . . . . . . . . . .. e e e e e e e e

Advanced Statistical Concepts of Fracture in
Brittle Materials (GE) . . . . . . . . . . . . ..

3.0 DATA BASE AND LIFE PREDICTION . . . . . . . . . o o o o o o o
INTRODUCTION . . . . v v v v vt ot e v e e e v e e e e e e e e e

STRUCTURAL QUALIFICATION . . . . . . . o o o v v v v o ..

Microstructural Analysis of Structural
Ceramics (NIST) . . . . . . . . . . o o o o ..

Microstructural Characterization (ORNL) . . . . . .
Project Data Base (ORNL) . . . . . . . . . . .. ..
TIME-DEPENDENT BEHAVIOR . . . . . . . . . . . . . . . . ..

Characterization of Transformation-Toughened
Ceramics (AMTL) . . . . . . . . . . o o . oo o ..

Fracture Behavior of Toughened Ceramics (ORNL) . .
Cyclic Fatigue of Toughened Ceramics (ORNL)
Rotor Data Base Generation (ORNL) . . . . . . . ..

Toughened Ceramics Life Prediction (NASA-Lewis
Research Center) . . . . . . . . . . o o . . o ...

Life Prediction Methodology (Allison) . . . . . ..
Life Prediction Methodology (GAPD) . . . . . . . . .



3.3 ENVIRONMENTAL EFFECTS . . . . . . . . . . . . . . . . ... 412

Environmental Effects in Toughened Ceramics

(University of Dayton) . . . . . . . . . . . .. .. 412
Low Heat Rejection Diesel Coupon Tests (ORNL) . . . 438
3.4 FRACTURE MECHANICS . . . . . . . . . . . . .« . ... 440

Testing and Evaluation of Advanced Ceramics at
High Temperature in Uniaxial Tension (North

Carolina A&T State University) . . . . . . . . . .. 440

Standard Tensile Test Development (NIST) . . . . . . 447

3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT . . . . . . . . . . . 453

Nondestructive Characterization (ORNL) . . . . . . . 453

NDE Standards for Advanced Ceramics (ORNL) . . . . . 461

X-Ray Computed Tomographic Imaging (ANL) . . . . . . 462

Nuclear Magnetic Resonance Imaging (ANL) . . . . . . 468

Powder Characterization (ORNL) . . . . . . . . . .. 476
Spectroscopic Characterization (University of

Wisconsin-Madison) . . . . . . . . . . ... ... 478

Surface Adsorption (Pennsyivania State University) . 487

Surface Thermodynamics (Rutgers University) . . . . 490

4.0 TECHNOLOGY TRANSFER . . . . . . . . . . . . . . . .. ... 499

4.1 TECHNOLOGY TRANSFER . . . . . . . . . . . . . . . . ... 499

4.1.1 Technology Transfer (ORNL) . . . . . . . . . . . .. 499

IEA Annex 11 Management (ORNL) . . . . . . . . . .. 500

Standard Reference Materials (NIST) . . . . . . .. 504

vi



CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL
PROGRESS REPORT FOR _OCTOBER 1989 THROUGH MARCH 1990

SUMMARY

The Ceramic Technology for Advanced Heat Engines Project was developed
by the Department of Energy’s Office of Transportation Systems (now the
Office of Transportation Technologies, OTT) in Conservation and Renewable
Energy. This project, part of the OTT’s Advanced Materials Development
Program, was developed to meet the ceramic technology requirements of the
OTT’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. 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 reliability. 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 and is closely coordinated with complementary ceramics tasks
funded by other DOE offices, NASA, DoD, and industry. A joint DOE and NASA
technical plan has been established, with DOE focus on automotive
applications and NASA focus on aerospace 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 Monolithics

.2 Ceramic Composites

3 Thermal and Wear Coatings
.4 Joining

2.1 Materials Design Methodology

2.1 Modeling
2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Base and Life Prediction

3.1 Structural Qualification
3.2 Time-Dependent Behavior
3.3 Environmental Effects
3.4 Fracture Mechanics

3.5 NDE Development

4.0 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) 0ak Ridge Operations Office (OR0) and the Office
of Transportation Technologies. This task includes preparation of annual
field task 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 ceordination 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.






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
currentiy 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 nitride and oxide-
based composites, which, in addition to the work activities cited for
Monolithics, include fiber synthesis and characterization. Research
conducted in the Thermal and Wear Coatings subelement is currently limited
to oxide-base coatings and involves coating synthesis, characterization,
and determination of the mechanical and physical properties of the
coatings. Research conducted in the Joining subelement currently includes
stusies of processes to produce strong stable joints between zirconia
ceramics and iron-base alloys, as well as Si;N,- and SiC-to-metal joints,
and SiC-to-SiC and Si N, -to-Si;N, joints.

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

Turbomilling of S$iC Whiskers
D. E. Wittmer (Southern [11linois University)

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
conposite processing.

Technical Progress

Phase II is divided intoc 4 major tasks:

Task 1. Beneficiation of £iC whiskers.

Task 2. Development of aspect ratio reduction
parameters.

Task 3. Improved dispersion of particulate matrices.

Task 4. Final Report

Task 1. Beneficiation of SiC whiskers

During this reporting period, Task 1 was completed.
Both coarse and fine whisker fractions were heat treated in
Ar/4%H, for 1 hour at 1400°C and then stored under vacuum
for use later in Task 3. Spectrographic analyses showed
that this heat treatment reduces the boron, silica and
calcia content in the as-received whiskers. Reduction in
these constituents should lead to better high-temperature
properties.

Task 2. Development of aspect ratio reduction parameters

Work continued, during this reporting period, to
determine the effects of turbomilling on the SiCw aspect
ratio during turbomilling and processing of the whiskers
alone and whisker/ceramic matrix composites for both Al,0
and Si;N, matrices. Direct optical measurements and
measurements from SEM photomicrographs of AMI SiCW



processed by turbomilling have been compared to results
obtained from an image analysis system. The results
indicate a close agreement between lengths and aspect
ratios measured directly by image analysis and indirectly
from SEM photomicrographs. Direct optical measurements
techniques appear more prone to operator error and eye
fatigue.

In addition to the data obtained from the turbomilled
AMI SiCW analyzed prior to addition to the matrix
materials, volume fraction of whisker, particulate and
matrix was determined for both Al,0; and Si;N, matrix hot-
pressed composites. Both optical microscopy and scanning
electron microscopy were utilized to make measurements of
the 8iCw diameters and lengths for 4 length ranges, L<4 Um,
4 pm<L<8 um, 8 pm<L<16 pm, and L>16 pm. Volume fraction
distributions of $iCw for each whisker length range, both
excluding and including the particulate fraction, were
calculated based on the average diameters and lengths for
each range. The particulate was assumed spherical for all
calculations. The results are given graphically in a
series of bar charts (Fig. 1 through 6).

Fig. 1 shows the effect of turbomilling on the volume
fraction of SiCw with and without the Al,0; matrix,
excluding the contribution due to the particulate fraction.
For the SiCw alone, the aspect ratio distribution appears
to decrease almost linearly from L>16 pm to L<4 pm. When
the SiCw were added to the Al,0; matrix in volume fractions
of 20 and 30 vol.% (AR-20 and AR-30, where AR stands for
American Matrix, Inc. SiCw in Reynolds RCHP-DBM matrix),
the volume of high aspect ratio whiskers appear to be
reduced considerably.

Fig. 2 is for the same whiskers and composites
analyzed in Fig. 1, only now the particulate fraction has
been taken into account in the calculation of the volume
fractions. For the SiCw alone, the fine fraction is
increased considerably. The effect of the addition of the
whiskers to the matrix is seen to have an even greater
effect, with a large increase in the volume of low aspect
ratio whiskers (L<8 pm) and corresponding decrease in the
volume of higher aspect ratio whiskers.

Fig. 3 shows a comparison of the S$iCw data for the
Al,0; matrix composites both with and without the
particulate fraction considered. When the particulate
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fraction is considered the volume of the SiC in the range
of 4 pm<L<8 pm is almost double that shown when the
particulate fraction is excluded from the calculations.

A similar behavior was observed for the Si;N, matrix
composites containing 15 and 35 vol.% SiCw (AU-15 and AU-
35, where the AU stands for American Matrix, Inc. SiCw in
UBE E-10 Siz;N,). Fig. 4 shows the results where the
particulate was excluded from the calculations, while Fig.
5 includes the particulate fraction. Fig. 6 shows a
comparison of the Sicw data for the Si;N, matrix composites
both with and without the particulate fraction considered.
When the particulate fraction is considered, the volume
fraction of the SiCw is almost linear and equivalent for
the 4 length ranges considered. The largest increase
though is for the SiCw with L<4 pm.

From observations made during this Task, the following
conclusions can be made:

® Processing of the SiCw in the Al,0; and Si;N, matrices
appears to reduce the volume fraction of whiskers with
L>8 pm and increase the particulate fraction for L<8 pm.

® The total volume of SiC in the composite is comprised of
both SiCw and a substantial portion of SiC particulate.

® Removal of the particulate prior to composite processing
would lead to higher SiCw volume per unit weight for any
given composite formulation.

® Renmoval of the particulate should also lead to an
enhancement in the strength and fracture toughness.

Presently work is continuing to develop techniques for
the measurement of SiCw aspect ratio in situ during
processing of SiCw/Si;N, matrix composite slurry utilizing
a Lasentech 150 Fiber Analyzer. This instrument is
basically a scanning laser microscope that can be
calibrated to measure whisker lengths in high solids loaded
slurries.
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Task 3. Improved dispersion of particulate matrices

During this reporting period, Task 3 was altered to
focus on the effect of temperature, dispersant and pH on
the flocculation/dispersion behavior of the Al,0; and S5i;N,
matrix materials to determine optimum conditions for
turbomilling and pressure filtration of the monolithic
matrix, prior to the addition of SiCW. Prior work
indicated that turbomilling for 1-2 hours using PSZ media
is sufficient to physically disperse and deagglomerate any
of the matrix materials and wet screening through a 600
mesh sieve following turbomilling will remove the large
particulate and any hard agglomerates remaining. However,
the stability of the dispersion and control of the
flocculation behavior, following turbomilling and
screening, appear to greatly affect the success of
subsequent processing.

Presently the 2 sources of Al,0,, 3 sources of SizN,,
and 2 sources of Y,0; powders used for processing both Al,0;
and Si;N, matrix composites are being analyzed for their
flocculation/dispersion behavior as functions of pH, time
and temperature. The results of this task should be of
benefit to processing of monolithic ceramics,
self-reinforcing ceramics, and whisker reinforced ceramics.

Status of Milestones

Phase 'II:
Task 1. Beneficiation of SiC whiskers Oct. 789
(Completed)
Task 2. Development of aspect ratio reduction July /90
paranmeters.
Task 3. Improved dispersion of matrices Aug. ‘90

Task 4. Final Report Sept.’90
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1.1.2 Silicon Nitride
Cr interi il il

T. N. Tiegs. H. D. Kimrey, Jr., J. O. Kiggans, Jr., and P. A. Menchhofer
(Oak Ridge National Laboratory)

Objective/scope

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

Technical progress

Sintering of silicon nitride

As reported previously, SisNy is very difficult to heat uniformly by microwaves and
produce crack-free specimens. Analysis of power curves for various SiaNg compositions
from successful and unsuccessful sintering runs showed that the heating is dependent on
the heating rate and the amounts of additives. Unsuccessful sintering runs showed high
initial power requirements and low efficiency. Examples of the temperature and power
curves are shown in Figs. 1 through 4. In the analysis it was observed that a power relaxation
occurs for the SisNg-Y,03-AbO3 materials in the temperature range of 1200 to 1400°C.
Reaction of the sintering aids to form a complex qlass was observed in essentially all
samples and is believed to be responsible for the coupling ehavior (Fig. 5).

Previous results showed SiaNg-6% Y203-2% AlbO3 (with and without TiN and SiC
additions) could be sintered in the 28-GHz microwave furnace to densities of 90 10 93% TD at
1750°C for 1 h. Compaositions of SiaNa-12% YoO3-4% Al,O3 (with and without the TiN, TiC, and
SiIC additions) were fabricated and fired in the 2.45-GHz and 28-GHz fumaces at 1750°C.
Those results are summarized in Table 1. As shown, higher densities were achieved with
microwave heating as compared 1o conventional fiing. However, for the compositions
with high sintering aid contents the difference is not very significant. Of major concern is the
fact that we are still unable to obtain fully dense materials even with excessive amounts of
sintering qids. Some of the problem may be with the starting SisNg powder used (Ube E10)
which is difficult to pressureless sinter under 1 atm of nitrogen and with short holding times at
temperature. Extending the firing times to 2 h improved the conventionally fired densities,
but gave mixed results with the microwave-heated samples tested so far. Extending the
time at temperature may have resuited in volatilzation and weight loss problems which are
exaggerated in the microwave system. Immediate plans will examing use of other SiaNg
starting powders (such as Ube E03 and Starck LC-12) and also develop alternate packing
powder combinations to minimize weight losses during microwave sintering.

While the sintered densities achieved were not as high as desired, significant
progress was made in the ability to produce crack-free specimens in the 2.45-GHz furnace.
The initial resuits in that cavity, reported previously, were dismal. However, improvements in
sample configuration and packing powder compositions have been made to permit more
uniform heating.
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Fig. 1. Temperature profile in 2.45-GHz microwave fumace for sintering of SizNg-
6% Y203-2% Al,O3 which showed specimen cracking.
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Fig. 2. Power curves in 2.45-GHz microwave fumace for sintering of SigNg-6% Y203-

2% AlL,O3 showing high initial power requirements and low efficiency. Samples generally
developed cracks.
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Fig. 3. Temperature curves in 2.45-GHz microwave furnace for sintering of SizNg-
12% Y,03-4% Al,O3 samples that were generally crack free.
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Fig. 4. Power curves in 2.45-GHz microwave furnace for sintering of SigN4-1 2% Y503~

4% Al,O3 showing lower initial power requirements and higher efficiency. The samples were
crack free.
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Table 1. Sintered densities of silicon nitride materials
by conventional and microwave heating?

Conventional heated Microwave hedated
Composition
Th 2h 28 GHz 245 GHz 245 GHz
1h 1Th 2h

SigNg-2% AlxO3-6% Y03 754 - 89.9 80-85 -
SisNg-2% SIiC-2% AlLb,O3- 799 - 93.3 80-85 -

6% Y903
SiaNg-2% TIC-2% Al,O3- 787 - - 80-85 -

6% Y203
SiaNg-2% TiN-2% AlLO3- 818 - AR 80-85 -

6% Y203
SiaNg-4% Al,O3- 87.3 29 210 96,0 96.4

12% Y503
SiagNg-2% SIC-4% AlLO3z- - - 95.6 5.7 943

12% Y¥5O3
SisNg-2% TiC-4% AlO3z- - - 93.5 Q3.1 -

12% Y203
SigNg-2% TiN-4% Al,0O5. 946 97.3 Q6.6 961 -

12% Y203

aAll samples sintered at 1750°C for the times shown at 1 atm of nitrogen. Samples
packed in excess SigNg powder with 2 % Y203,
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Reaction-bonded silicon nitride (RBSN)

Previous results showed enhanced reaction rates for the nitridation of silicon in the
2.45-GHz microwave furmnace as compared to conventional heating. While the nitridation
was usually uniform, the center of the samples always contained some unreacted silicon
that would experience metlting in some cases. The sample sizes were typically 100 g of
Si-6% Y2O3-2% AlxO3 with cross sections of 3.8 mm (1.5in.). Such sampiles are rather thick in
comparison to others in much of the nitridation experiments in the literature. To establish the
parameters required to nitride samples of this size, a series of tests were done varying the
heating rate, insulation configurations, and nitrogen gas additions.

The tests showed significant temperature gradients existed in the silicon parts that
were most likely due to a nonuniform microwave field in that location of the cavity.
Modification of the insulation configuration, using a slower heating rate (0.2-1°C/min), and
making the nitrogen additions at elevated temperatures resulted in uniform nitriciation of the
Si-6% Y203-2% AlbO3 samples and weight gains that corresponded to 295% reaction of the
initial silicon. However, the full cycle times went from ~22 1o 36 h for the current sample size.
It is anticipated that the cycle time can be significantly reduced by use of specimens with
smaller cross sections, but for the near term the larger sample size will be used.

Microstructure development

As reported previously, an annealing study was performed to investigate
ricrostructural development of silicon nitride in a microwave furnace. Samples of SisNg-
4% Y-0O3 and SiaNa-6% Yo03-2% Al,O3 were hot-prassed to full density and annecled both by
microwave and conventional heating at 1200, 1400, and 1500°C for times of 10 and 20 h.

Initial results showed increased elastic modulus and enhanced grain growth for the
microwave-sintered samples. The changes in grain structure are shown in Fig. 6. However,
it was also noted that the microwave-annealed specimens had higher weight losses as
shown in Fig. 7. Apparently, the microwaves couple 1o the grain-boundary phases and
cause the greater weight losses by voldtilization of the glass phase. There is also an effect
on the fracture toughness, as shown in Figs. 8 and 9. As shown, the fracture toughness is
apparently degraded by the microwave annealing, which is believed to be a result of
changes in the intergranular bonding caused by the loss of grain boundary phases. Further
tests will seek to minimize the weight losses and the grain-boundary phase degradation.

New microwave furnace construction

A new microwave furnace was constructed and is currently being tested under
manual control. Test loads have been heated and controller adjustments are being
performed. The furnace will operate at 2.45 GHz with up to 12 kW of power and have more
than double the volumetric capacity of the previous cavity. These additional features will
significantly increase the capabilities over the current furnace. Of most importance will be
the improved uniformity of the microwave field.

Publicgti

T. N. Tiegs. J. O. Kiggans, Jr., and H. D. Kimrey, Jr., ‘Microwave Processing of SizNg."
to be published in proceedings of Materials Research Society Spring 1990 Meeting. San
Francisco, CA.

tat f mileston

Milestone 112402 was completed.
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Fig. 6. Fracture surfaces of SizNg-6% Y203-2% Al,O3. (a) After conventional annealing
at 1400°C for 20 h; (b) after microwave annealing at 1400°C for 20 h.
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Fig. 7. Weight losses for SizNg-6% Y203-2% Al,O3 during microwave annealing.
Conventional heating counterparts showed weight losses <0.5 wt % for all heating
conditions.
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Fig. 8. Fracture toughness of microwave versus conventional annealed SizgNg-
4% Y,O3. Samples were hot pressed to full density prior to annealing.
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Silicon Nitride Milling Characterization
S. G. Malghan, L. H. S. Lum and D. Minor
(National Institute of Standards and Technology)

Objective/Scope

Ceramics have been successfully employed in engines on a
demonstration basis. The successful manufacture and use of ceramics
in advanced engines depends on the development of reliable materials
that will withstand high, rapidly varying thermal stress loads.
Improvement in the starting ceramic powders is a critical factor in
achieving reliable ceramic materials for engine applications. Milling
of powders is an integral unit operation in the manufacture of silicon
nitride components for advanced energy applications. The production
and use of these powders require the use of efficient milling
techniques and understanding of characteristics of the milled powders
in a given environment. High energy attrition milling appears to
offer significant advantages over conventional tumbling and 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 the past six months, significant progress has been made in
terms of characterization of milling kinetics as a function of milling
variables, influence of milling liquid and surface chemistry of milled
powders.

Milling Kinetics. The kinetics of milling a 50/50 mixture of
Ube’s? SNE-3 and SNE-5 powders under a variety of milling conditions
was studied as a function of particle size distribution and specific

! Certain commerical equipment, instruments and materials may be
identified in this report in order to adequately specify the
experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials
or equipment identifies are necessarily the best available for
the purpose.
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surface area. Fipgure 1 shows that increase of specific surface area
is a linear function of milling time. However, the rate of evolution
of specific surface area is a strong function of rotor speed and feed
flow rate. The power input to the will is a direct function of cube
of rotor speed. As a result the rotor speed is expected to have the
maximum effect on the milling kinetics. When the rotor speed was
increased from 2000 to 2600 rpm at the feed flow rate of 4 ml/sec, a
significant increase in the surface area was achieved. Under the
conditions of 4 ml/sec flowrate and 2600 rpm rotor speed, the specific
area of the feed can be doubled from 4 m?/g to 8 w?/g in 60 minutes.

The particle size distributions (PSD) of the milled powders follow
the same trend as that of the specific surface area. However, at
different milling periods, different milling mechanisms appear to
dominate., Initially, deagglomeration appears to be the primary
mechanism of milling. This is demonstrated in Fig. 2 for the 60 min.
milling data, in which the coarsest size of the particles are broken.
As the milling continues, though deagglomeration is continuing, wmore
fines are being produced. This is an indication of shear forces being
dominant under these conditions, in relation to compression forces.

To promote breakage of larger particles, both suspension rheology and
milling speed will be modified in the next stage tests.

Influence of Milling fLiquid. Isopropyl alcohol (IPA) was used in
place of water as a milling fluid. The solids loading of the feed
slurry could not be increased beyond 22% v/v when IPA was used. As
the solids loading in the slurry increased from 12% to 22% by volume,
the milling rate decreased significantly. This type of decrease in
the milling rate is related to the increased concentration of
agglomerates in relation to the number of media contacts. For
comparison, the specific surface area of the powder milled in aqueous
environment under the same feed rate and rotor speed is shown in
Figure 3. Though the kinetics of milling in water are slower than
that in the TPA, the effective milling rate in terms of powder surface
area per unit volume (taking into account increased solids loading) is
higher for the aqueous suspension,

Surface Chemistry of Milled Powders. Surface chemistry of the
milled powders was examined by the measurement of oxygen
concentration, acoustophoretic mobility and electron spectroscopy for
chemical analysis (ESCA). These data indicate that oxygen content of
the milled powders is related to the amount of attrition of the
powders in the mill. Higher the feed rate, higher the oxygen content
of the milled powders to achieve the same specific surface area. The
acoustophoretic mobility data indicated that higher surface area of
the powder resulted in a lower pH;,,. These results indicate the
formation of a thicker oxide surface on the powders milled for longer
periods of time.




Specific Surface Area, m2/g

14

(O 4 ml/sec, 2000 rpm
12+ A 4 ml/sec, 2600 rpm A
e
| [1 8 ml/sec, 2600 rpm ) /A/
10 —
T ~
o
..// . e
4"/'/ e
8 - /,/ - /B’
//, _’,/’B-"‘
6 A B o
. /"/ Jp—— PP
/' // e e
25— —9 O
2 + F : ;

o) 30 60 90 120 150
Milling Time, minutes
Figure 1. Comparison of specific surface area of milled powders as a function of

milling time. Milling was conducted using water as solvent at two
different feed flow rates and rotor speeds.

4



Cumulative Mass Percent Finer

100

— As received powder

— - Milling time—60 min.

—+= Milling time~120 min.

8 mi/sec flow rate
2600 rpm

0 el P +
0.1 1.0

Particle Size, microns

Figure 2. Comparison of particle size distribution of powders milled at 60 and 120 min.

at one set of milling conditions in water.

T

£t



Specific Surface Area, m2/g

14
Solids, /v
12+ O 8 mi/sec, 2600 rpm (Ho0) . 40
A 8 mi/sec, 2600 rpm (IPA) , 12
10+ U g mi/sec, 2600 FPM (1PA), 22
84
6+ ,
4 F
2 - } : +

0 30 60 90 120 150
Milling Time, minutes

Figure 3. Comparison of specific surface area of milled powders as a fuanction of milling
time. Milling was conducted at the same feed flow rate and rotor speed using
isopropyl alcohol and water as solvents.

ve



35

Status of Milestones

On target.

Publications

1. S. G. Malghan and L.-H. Lum, "Factors Affecting Interface
Properties of Silicon Nitride Powders in Aqueous Environment"
Accepted for publication in Powder Processing ITI, Ed. G. L.
Messing, ACerS, February 1990.
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1.1.4 Processing of Monolithics

Improved Processing
V. K. Pujari, K. E. Amin, P. H. Tewari, C. A. Willkens, N. I. Paille,
G. A. Rossi, R. D. Creehan, M. R. Foley, and L. C. Sales {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 is described. 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.



37

In this period development efforts in the individual unit
operations (sub tasks) leading to the total process are
described. Where found suitable, fractional factorial design
experiments based upon the Taguchi method were conducted to
optimize a particular unit operation. No attempt was made at
this stage to 1ink various unit operations for the sake of total
process optimization.

TASK 1

Material Selection _and Characterization

The procedure for characterizing starting powder and
additives along with all the processed material at each unit
operation (as shown in Figure 1 of a previous bimonthly report'
has been established and is being implemented.

A broad spectrum of analytical tools has been used for
characterization of the materials used in the program.

The powder analysis basically has two segments; 1) chemical
analysis: chemistry of the powder, powder impurities, analysis
of the additives used for different processes; 2) physical
analysis: particle size distribution, surface, morphology,
phases, etc.

Apart from these analyses of the powders, scanning
transmission microscopy, SEM and TEM, has been routinely used
where needed.

X-ray photoelectron spectroscopy and Auger analysis has
also been used on powders to study their surface chemistry.

Colloidal characterization has been done by Pen Kem 7000
acoustophoretic technique which not only determines the charge
on the particles but also assesses the role of impurities and
their extent on the powder surface.

Rheological measurements on the slurry have been performed
by Bohlin rheometer model VOR and constant stress rheometer C.S.
These two units combined are powerful enough to analyze slurries
completely in viscometry, oscillatory and relaxation tests.
Injection molding compound is fuily characterized rheologically
using capillary rheometer.

Oxygen Analysis Oxygen content in the silicon nitride
powder is analyzed by LECO method. The oxygen in samples
combines with carbon at high temperature to produce CO which is
analyzed by infra-red detection.
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The water content in the as-received powders is determined
by the Karl Fisher method and is generally below 0.1%.

The oxygen in the powder after yttria precipitation on the
surface is a combination of oxygen generated during milling, the
original oxygen in the powder, moisture content of the powder
and the colloidally precipitated Y,0;,. Therefore, two values of
the oxygen is determined: 1) from the powder after controlled
drying, which contains the contributions from all the sources
discussed above: and 2) after calcining the powder at high
temperature in N,.

Thermal Gravimetric analysis of yttrium salt showed that
the material has 6H,0 molecules as specified. It decomposes to
Y,0, at ~700°C with a 70% weight loss. Also, the TGA for Y(OH),
showed that the full conversion to Y,0; occurs between 800°C and
900°C with a 35% weight loss. Therefore, the calcination of
Y(OH), to a 1000°C is needed to give a corresponding oxygen for
Y,0,. However, the oxidation of Si,N, needs to be minimized.
Various calcination treatments in vacuum and/or nitrogen to
800°C have consistently shown additional oxygen pick up.

The final value of the oxygen on the presintered bar as
well as on the MOR bars after HIP'ing and machining have also
been determined using LECO analysis. For these determinations,
the bar 1is crushed to small pieces, while taking precautions
that no contamination or oxidation occurs in the bar while
crushing. These pieces (50-60 mg) are used for the LECO
analysis.

Analysis of Metallic Species

The metallic species were extracted by acid digestion of
the powder. The powder is digested first in sodium hydroxide.
The fused material is then dissolved in hydrochloric acid. The
yttrium analysis is performed on this solution by atomic
absorption (AA) techniques.

The dissolved solution is also analyzed by inductively
coupled plasma (ICP) technique. The choice of the equipment
depends on the sensitivity of the determination of the element.

For yttrium both AA and ICP is used; however, ICP gives a
better sensitivity for the yttrium species.

We have also determined yttrium by x-ray fluorescence
(XFS). We will continue to use ICP and AA for yttrium in
solutions but for solids MOR bars XFS is being evaluated and
compared with the AA and ICP after digestion of the bars. The
data base being generated will establish the reproducibility and
ease of many of these techniques.
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Emission spectroscopy technique has been used to analyze
metallic impurities in the powder. For aluminum, zirconium and
iron, this technique is exclusively used, although the analysis
is applicable to B, Ni, Cu, V, Na, Cr, Ca, Ti, Mg, and Li also.

The anionic species in the powder is being analyzed by ion
chromatography. The material is digested and the solution is
analyzed for anionic species.

Injection molding binders have been characterized for
thermal conductivity, specific heat, glass transition
temperature and pressure-volume-temperature (p-v-t) correlation.
These properties have also been used for the FEM (finite element
method) analysis of the injection molding process. DSC and Gel
Permeation Chromatography techniques were also utilized +to
characterize the virgin binder and the molding compound for Q.C
purposes.

Particle Size and Surface Area of the Powder

Both the surface area and the particle size distribution of
the powders have been routinely measured to assess the extent of
milling of Si;N, powders, while simultaneously measuring the
oxygen content.

The particle size distribution has been determined
routinely by two techniques: 1) sedigraph; 2) wicrotrac. These
two instruments combined give a reasonable picture of the size
distribution of the particles. We measure d,,, ds,, and d,,, for a
general comparison from batch to batch.

The surface area is determined by BET gas adsorption using
N, as the gas. These two combined measurements give a reasonable
state of the milled powder along with the oxygen values.

TASK 2

Material Processing and Process Control

i) Powder Processing

Effort in this unit operation includes comminution of
powder blends and addition of yttria (4w%) in aqueous
suspensions using a solution precipitation technique. The
procedure for aqueous milling is being developed in a vibratory
mill. After solution precipitation of yttria, the slurry is
rinsed and concentrated to be used for colloidal consolidation
or dried to powder for test tiles and injection molding. The
powder is CIP'ed into rectangular tiles and subsequently HIP'ed
to achieve near theoretical density. MOR bars, 3mm x 4mm x 50mm,
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are machined out of tiles in order to evaluate the room and high
temperature mechanical properties of this powder.

Procedures have been implemented in the class 10,000
hardwall clean room to minimize the risk of contamination. A
closed process stream has been implemented throughout powder
processing to further minimize the risk of contamination.
Sampling and process control features are being introduced, such
as sampling ports on the mill and automatic pH control for
solution precipitation.

The entire aqueous milling process has been scaled up to
provide large batch sizes, meeting the goal that was required
for a single iteration (30kg). Three large powder batches have
been supplied to enable full scale casting and injection molding
studies using water milled powder. Media wear has been extremely
low with the in-house fabricated media. The iron level has been
very low throughout powder processing, partly due to the high
purity media used.

Powder was processed on schedule using single batch sizes.
This material showed promising MOR fast fracture data at room
temperature and 1370°C and also Weibull modulus (see Task 4).
Fracture origins have been almost entirely surface flaws. Final
properties of the scaleup (4X) batches (W008, W009) were also
promising. Further improvements are being sought by addressing
the yttrium distribution, as discussed below, and by further
optimizing materials of construction.

The effect of solids content, milling time and batch size
on particle size distribution is being studied. Conditions were
established that produced a particle size distribution similar
to the baseline alcohol milled powder in both single and 4X
scaleup batches. Packing density was acceptable for both casting
and injection molding. Refinement of the fines (less than 0.2
micron) has been difficult due to the accuracy of the Sedigraph
5100 in this range. A Colter N4 equipment is being evaluated.
The precipitated oxygen (with 4% Y, 0;) is still higher than
expected when compared to the as-milled oxygen value. This
discrepancy is thought to result from the heat treatment used
prior to Leco oxygen measurement.

The yttrium distribution for single batch size was
extremely uniform as observed using SEM/EDXA. However, on scale-
up from 1X to 5X, large regions rich in yttria were observed.
These regions were attributed to the mixing conditions in the
precipitation reactor not scaling properly. Actions have been
taken to address this problem and improvements are now evident.

A water co-milled (Si.N,/Y,0;) batch (C001) was produced to
separate the effects of water milling and precipitation of the
sintering aid on total oxygen pickup. Co-milled powder showed no
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additional oxygen pickup as observed with the Y,0; precipitated
powder. Segregation during storage occurred, which made casting
results ambiguous. The fast fracture properties of powder made
from this process were promising.

ii) Colloidal Consolidation

Two key steps in the colloidal consolidation process, i.e.
slip formulation and tensile bar forming are being developed
simultaneously:

a. Slip Formulation

The objective of these experiments is to develop an aqueous
suspension of silicon nitride containing 50-70 w/o solids for
centrifugal/pressure casting of crack free NSF (Net Shape
Formed) specimens. This requires development of suitable
dispersant-binder system(s). Slips were developed using both
alcohol milled (baseline) and water milled powders.

Using baseline alcohol milled (Si;N, + 4% VY,0;) powder,
various slips containing 60-70 w/o solids were pressure cast
(into 76 mm dia. x 13 mm thick discs) at 0.1 MPa using colloid
presses. The time required for visible cracks to develop during
drying in air under ambient conditions was monitored for these
discs.

Based on these experiments, several binder systems were
identified which produced crack-free green discs.

STip development to cast water milled Si,N, + 4% colloidally
precipitated Y,0, was also carried out. An excellent dispersant
for alcohol milled (Si,N, + 4% Y,0;) powder was found to be
ineffective for the water milled powder. Therefore, an alternate
surfactant was identified for the water milled systems. However,
cast pieces invariably showed cracking after drying. This is
suspected to be caused by segregation of the suspension due to
the lower solids loading in the suspension and/or segregation
caused by excessive longer casting time. Since the cracking and
fluffiness (low packing dense) of the green specimens (made from
water milled Si;N, + 4% colloidally precipitated VY,0;) is
tentatively attributed to low solid loading caused by the
hydroxide surface of the particies in suspension, it is of
interest to develop a water-milled suspension with “non-
hydroxide" yttria. A suspension was developed by water milling
of SisN, and then mixing 4% Y,0; suspension.

This "mixed"” system was evaluated for casting. Specimens
(discs 76 mm dia., 13 mm thickness) pressure cast at 0.1 MPa,
remained in one piece after drying. However, some surface cracks
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developed during drying. These surface cracks may be attributed
to segregation caused by low (25 w/0) solids suspension. Glossy
upper surface of these specimens corroborate the segregation
hypothesis. It is anticipated that crack free specimens could be
cast using higher solids loading in the suspension.

Crack free discs cast from 1) aqueous suspensions of
alcohol milled powders and 2) "mixed suspensions" obtained by
blending Y,0; powder with water milled Si;N, suspension were
analyzed by mercury porosimetry. Analysis of the best discs of
the two series has shown that the bulk density is about 57-58%
of theoretical for all discs, even though the solids loading of
the suspensions was very different, i.e. about 25% for "mixed"
and 75% for alcohol milled. Slight differences in bulk density
(between 2 and 7%) were measured between top and bottom of the
same disc and are believed to be caused by particle segregation
during casting as a result of the Tow solids loading.

In the case of water milled Si;N, with 4 w/o colloidally
precipitated Y,0; [Y(OH);] as mentioned previously the cracking
problem in the cast discs was found to be mainly due to the low
solids content suspension used in the casting experiments.
Therefore, a novel technique was developed to prepare
suspensions containing greater than 70 w/o solids and discs were
pressure cast using several binder systems. Virtually all discs
were uncracked after drying, and had a density of 58% of
theoretical, with a standard deviation of 1.2% (24 discs).

Several pressure cast discs were also analyzed by mercury
porosimetry for Y,0; concentration and by SEM for possible
particle segregation during casting. The samples submitted for
porosimetry were cast from slurries containing no binder and
binders B3, B5 (previously used), Bll and B12 and were fired in
air at 600°C. The porosimetry results are shown in Table 1.

The data of Table 1 shows that the highest packing density
was obtained without binder and that aging of the suspension
resulted in lower density. No significant differences were found
among binders, except for Bll, which gave a relatively low bulk
density. Y,0; concentration was analyzed by AA on selected discs
on top and bottom portions. Maximum differences found were 3%.

The SEM photographs did not show any significant particle
segregation,

b. Tensile Bar Casting

Those suspensions which rendered crack free discs (as
described in section (a)) were used for tensile bar casting.

Both pressure casting and centrifugal casting techniques
were employed to fabricate tensile bars. Furthermore, three
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different tensile bar shapes, i.e. NSF, bow-tie and straight
cylinder were cast to examine the effect of geometry on the
cracking pattern. For both casting techniques higher solids
loading (>65 w%) was necessary to achieve crack free bars. With
lower solids Tloading suspensions severe cracking was
experienced. Preliminary results from the two casting techniques
are described below.

Pressure Casting

A limited number of NSF specimens were cast crack free
using suspensions with and without binder additions. A limited
number of water soluble binders or emulsions screened so far did
not show any improvement over unbinderized suspension. Green
densities in the range 1.8 to 1.95 gm/cc (58 to 60% T.D.) were
measured in the cast bars.

Using alcohol milled powder suspensions tensile bars with
the three different shapes were cast at 0.1 MPa pressure using
plaster of Paris molds. In most cases, a longitudinal crack was
observed immediately after removal of the part from the mold. In
some cases, cracks developed only after a few days of drying in
air under ambient conditions. Prior to drying, these bars were
held in a sealed plastic bag to complete the strain recovery
process. For these slip formulations no cracking was observed
due to the strain recovery process as mentioned in Reference 2.
It must be emphasized that these slip formulations in cast discs
(using colloid press) did not show any cracking problem under
identical drying conditions.

Tensile bars cast from mixed suspension (obtained by
blending Y,0; powder with water milled silicon nitride
suspensions) did not show any longitudinal cracks as observed in
the case of alcohol milled powder, However, some shrinkage
related radial cracking was noticed. Further results using this
suspension will be reported in future reports.

A new batch with water milled powder and precipitated Y(OH),
was prepared, with a solids ioading greater than 70 w/o.

NSF tensile bars were pressure cast using no binder and
binders B5, together with two new binders, B13 and Bl4.
Rheological properties of the four suspensions were measured,
and the results are under evaluation.

Table 2 shows the number of bars that survived after
casting, drying and firing.

As shown in Table 2, best results were obtained without
binder. Binder B13 was the best of the three used.

Table 3 shows the results of mercury porosimetry performed
on pieces taken from gauge section and shank of NSF bar prefired
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at 600°C/1lhr in air. Binder B5 has given the highest bulk
density and smallest pore size, but unfortunately no bars
survived after drying.

Centrifugal Casting (CC)

Similar to pressure casting, crack free bars were made
using suspensions  without binder additions. However,
centrifugally cast bars showed poor strength near the gate
causing eventual breakage. This was observed both in the porous
and non-porous mold castings. Due to this inconsistency, no
further effort was devoted to centrifugal casting experiments.

iii) Injection Molding (IM)

The three sub-steps in the injection molding process (mold
design, molding process optimization, and dewaxing) have been
addressed concurrently. To date all of the experimental work has
been carried out using the alcohol milled powder with the
exception of Batch D, the initial test batch using water milled
powder. The purpose of this is two-fold, to establish the
baseline mechanical properties using the Initial Process Route
(IPR) and to develop the information necessary for mold design,
molding, and dewaxing of tensile bar shapes.

a) Mold Design

In order to optimize the mold design, two techniques were
used. The first was experimental including experimental design
and analysis of the molded parts using both the destructive and
non-destructive methods. A second task was conducted in parallel
to the experimental work which involved finite element modeling
(FEM) of the mold filling process. This made it possible to
evaluate changes in the mold design without having to make
changes in the actual hardware. A total of three different gate
designs were evaluated experimentally which are designated as
"Gl", "G2", and "G3" as shown in Figure 1. A sub variation of G2
was also evaluated which differed only in depth. The
experimental work provided both information on initial
conditions necessary for the FEM work, and later, confirmation
of the results generated by the modelling.

Experimental

- The experimental work was carried out using an aluminum
tool with a single tensile bar cavity. The original design, G1,
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used a double runner design gated into the buttonhead area of
the part. This was an unbalanced runner design to avoid weld
lines in the gage area of the bar. This design resulted in
excessive void formation and was dropped from subsequent
evaluations. The second design, G2, was a single end gate
design. This resulted in a reduction or elimination in voids
within the part. A third modification of the mold was made to
allow the use of an edge or fan gate to feed the material into
the middle of the part. Tests of this design also yielded good
parts based on reduction of voids. This design was designated
G3.

Factorial experimental designs were utilized in order to
evaluate both mold design as well as molding parameters. Figure
2 comparing the two gate designs, G2 and G3, shows that there is
little difference between the two designs based on voids. Both
gate designs are capable of molding tensile bars of similar
quality and indicate that some other factor, such as residual
stress or ease of molding, should determine the choice of gate
design.

Finite Element Modeling

The finite element modeling required of two steps; first,
materials characterization and then the modeling. The materials
characterization determined the density, specific heat,thermal
conductivity, rheclogy and pressure-volume-temperature behavior
of the ceramic molding compound. The rheological properties are
shown in Figure 3. Table 4 summarizes the remaining thermal and
physical properties of the material. The following comments from
the analytical laboratory were made concerning the material: 1)
The rheology was typical for highly filled polymers with a
tendency to Tevel off at high shear rates. 2) The DSC curve
showed muitiple transitions reflecting the different polymers
present. 3) The thermal conductivity was high because of the
high ceramic content and 4) The PVT measurements did not record
any noticeable transitions because of the low polymer content.

The above information was then used, along with the initial
molding parameters determined experimentally, to conduct the
computer simulations for mold filling and packing. The two gate
designs G2 and G3 were modeled in varying sizes. Preliminary
analysis indicated that the end gate should give hetter results
based on a more uniform distribution of shear rates during
filling of the part. The edge gate showed a tendency for the
gate to freeze off in certain areas resuiting in a split flow of
material, resulting in the possibility for air entrapment during
the filling. Further analysis confirmed that the end gate, with
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the proper speed profile, would yield a nearly consistent melt
front velocity, illustrated in Figure 4, and a more consistent
bulk temperature throughout the part. These, along with other
factors, should lead to a part with minimal stresses in the
as—-molded part.

This information, combined with the experimental design
work done earlier as well as practical considerations, resulted
in the final design for the molding tool now in use.

b) Molding Process Optimization

A total of five molding batches were prepared including
one, weighing 24 Kg, which was used to mold the base line NSF
bars by the initial process route. One of the other four
batches, Batch D, used the water milled powder. A1l of the
batches except the last, Batch E, were molded using the smaller
tensile bar mold. Batch E was molded using the new two cavity
tool. Each cavity produces an NSF bar which is 1.84 times the
volume of the original small bar.

Experimental design was used to evaluate the effects of
both the tool design, as mentioned earlier, and the molding
parameters on the quality of the parts. The measures of part
quality include weight, dimensions,and runout, or out of
roundness. In addition, the parts were checked using microfocus
X-ray which is discussed in Task 3 section of this report. These
measurements are being used to generate preliminary SPC
information.

Batch A was used to evaluate gate designs Gl and G2 as
well as several molding parameters. As a result of this
experiment, gate Gl was dropped and it was determined that
injection speed and barrel temperature were the most important
settings. Figure 5 shows the affect of these settings on part
weight.

Batch B was used to evaluate gate design G3. During this
experiment, it was determined that the changeover position
during molding had a significant effect on part weight. NDE
results later confirmed that there was a reduction in defects.

Molding Batch C was used to compare gate designs G2 and G3.
The analysis showed that there was little difference between the
two gate designs, as noted earlier, and that the barrel
temperature and injection pressure profiles are significant.
This is shown by the contour plot in Figure 6 which indicates an
area of temperatures and pressures yielding the fewest defects.

The water milled powder was used to prepare Batch D. This
was used with gate G2 to confirm the results of the preceding
experiments and to investigate another mold design feature,
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sprue size or mold opening. From this experiment it was learned
that the molding parameters used were satisfactory and the sprue
size could be reduced, thereby saving material.

Batch E was the large batch used to mold the initial
process route (IPR) NSF bars. The new two cavity tool was used
along with operating parameters developed during the preceding
experiments and the FEM work. The molding proceeded with no
problems and all samples have been weighed and measured and
should prove sufficient to provide for testing and deliverables.
As reported earlier, the variation in weights and lengths is
0.2% and 0.3% respectively for the more than 200 samples
checked.

C) Dewaxing

Dewaxing procedures were developed using a combination of
time, temperature, pressures, and atmospheres which resulted in
a yield of approximately 85% for the smaller NSF bar. Initial
results for the larger NSF bar gave considerably lower yields,
but the latest modifications in the dewax cycle and setting
procedures have resulted in yields approaching those obtained
with the smaller bars. Dewaxed full sized bars have been
submitted for further processing.

iv) HIP Densification

During this period two principal tasks were carried out.
Evaluation of water-milled silicon nitride compositions required
several qualification runs where test tiles from water-milled
powders were CIP'ed and densified by a Norton proprietary
HIP'ing process. Concurrently, an experimental evaluation of
fixturing approaches to eliminate part warpage during HIP'ing
was conducted with both CIP'ed and injection molded tensile
rods. Both densified tiles and tensile rods were submitted for
testing.

Water-Milled Powder Qualification Runs

In comparing the HIP'ing behavior of alcohol-milled silicon
nitride-yttria compositions with water-milled compositions, the
results to date indicate that water-milled materials, when
milled to the same powder specification as alcohol-milled
materials, do not achieve the density of alcohol-milled
materials when processed with the same HIP schedule. Typ1ca1
densities for alcohol-milled mater1a1 would be 3.23 g/cm’® while
water-milled materials are 3.22 g/cm’ on average. The reason for



48

this density difference has not been confirmed to data although
it can be attributed to different levels of oxygen and/or yttria
content in the aqueous milled powder. Mechanical properties of
these two powders are reported in Task 4.

As with water-milled materials, injection-molded samples,
which had been fabricated from alcohol-milled powders, produce
lower densities than observed with CIP'ed, alcohol-milled
materials. On average, injection-molded samples had densities of
3.21 g/cm® compared with 3.23 g/cm’ for CIP'ed, alcohol-milled
samples.

HIP Fixturing Experiments

In Table 5, preliminary results of tensile rod warpage
(measured as rod runout due to bowing) are provided for the HIP
fixturing experiments. Results for tensile rods which were
machined from CIP'ed blanks as well as rods which were injection
molded to net shape are presented. Note that the runout on green
tensile rods is reported along with HIP'ed sample data since
green rod runout varies dramatically with the CIP'ed and
injection molded samples. While green machined CIP'ed rods have
reasonably good tolerances (< 0.010"), green injection molded
samples tend to have widely variable tolerances (0.004" -
0.070") due to warpage which occurs during handling after
molding. Recently with better fixturing procedure the upper
1imit of molded part tolerance has been reduced to less than
0.030".

As indicated by the results provided in Table 5, rigid
fixturing designs are fairly successful at eliminating warpage
of tensile rods during HIP'ing.

As shown in Table 5, the results for flexible fixturing
designs are obviously inferior for both machined CIP'ed rods as
well as injection molded rods where runout is increased
dramatically and exceeds the maximum runout observed in green
tensile rods.

v) Machining

Based upon the machining study at various machine shops,
Norton Northboro Advanced Ceramics Machine Shop has been
selected to perform final machining of tensile bars. This
decision was based on such issues as quality of the machined
parts, production control, cost and delivery schedules.

vi) Process Control and Optimization




49

a. SCHEDULING: Schedules for the first two (2)
iterations, Initial Process Route, and the Water-milled/
Colloidal consolidation Route have been drawn-up, and are
currently under way. Disregarding a couple of operations that
required rescheduling (due to power/equipment maintenance),
these have been on time. One area that could necessitate
additional modifications to the schedule has been yield. This
has as yet not been a problem, but based on information obtained
from the first iJjteration, the second iteration incorporates
provision for lower yields.

b. SPC: SPC charts have been set-up for performance
variables of unit operations that are thought to be critical to
the overall process. An impediment in this area has been the
inability to set specifications on certain unit operations, as
some of these were still under development, and it was not known
apriori what would be "good" limits. A related problem has been
the identification of appropriate tests, and sample preparation
schemes to obtain performance data. Based on the best knowledge
to-date, an SOP has been implemented which guides unit
operations, and the sampling, and sample preparation required
for monitoring the process. The examples of the SPC charts
shown in Figure 7 are a product of this effort.

c. EXPERIMENTAL DESIGN: Experiments are currently being
carried out in the areas of molding, casting, and densification
(and are covered in detail 1in those sections). An issue
currently under study is the incorporation of data obtained from
Non Destructive Evaluation, into a form effective for manipula-
tion by statistical methods. A potential benefit from this study
would be the ability to predict which pieces could fail due to
inherent flaws, and corrective measures that would be taken to
reduce and/or correct these before incurring additional
processing costs. This could also be helpful in increasing the
yield of the process, by re-working flawed material.
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TASK 3

Development and Application of NDE

In-house NDE:

Technique development:

a. Film digitization capability for defect quantification:
The hardware/software setup was established 1inhouse with
guidance of Argonne National Laboratory (ANL). The most useful
features of such software has been contrast enhancement using
grey level stretch/slide and threshold operations and the use of
non-convolution filters and edge enhancement filters. A
composite of frame averaging and edge enhancement appears to
provide appropriate images for defect sizing and counting.

An example of such defect quantification module (Image
Measure/IP-IM5100) is shown in Figure 8 for a Si,N, reference
sample with seeded 200 uzm Fe inclusions (made inhouse). By
adjusting the grey level threshold of a digitally enhanced image
at selected areas on the sample radiograph defects were counted
and quantified (length, width, etc.). The units of the
statistics data shown in the diagram are unnormalized.

Alternate software module and densitometry/fluorometry
(IM4100) are also being evaluated to explore the feasibility of
quantifying material density gradients from optical density
variations in radiographs.

ANL has developed a dual field image analysis computer
program which we hope to acquire soon to compare and evaluate
NDE images obtained using different techniques (radiography,
NMRImaging and ultrasonics).

b. Reference Samples: SisN, rods with known seeded
inclusions and simulated voids using PMMA beads of different
sizes were fabricated for evaluating the detection sensitivity
of the various NDE techniques employed in the program. Si;N,
powder was mixed with various weight percentages of such seeds
(precalculated to give a known total defect number per sample).
The mix was then CIP'ed into rods, some kept for study on green
ceramics, others were presintered and then machined into tensile
samples. Some of those samples were then HIP'ed to full density.
Between each processing step, microfocus film radiographs were
obtained on the samples. An example of microfocus radiography
detection sensitivity data on the CIP'ed samples is shown in
Table 6. It may be noticed that the use of film digitization
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technique helps improve reliability of detection (compare
columns for manual versus digitized data).

Other Si,N, samples were CIP'ed at different pressures
ranging from 5 to 30 KSI for density gradient study. The rod
densities varied from 1.660 to 1.878 g/cc. Manual microfocus
radiography film density measurements done using a densitometer
do not show a correlation with the rod density. Further
evaluation is underway.

c. Microfocus Radiography: This work is still in the early
stages. Experiments with a variety of target materials, film
sensitivity, exposure conditions, filters, and mating surfaces
are being conducted to offset the thickness gradient. A
Panasonic high resolution CCD camera (768 X 493 lines, 0.5 loux
screen illumination) was acquired for improved real time
imaging. This camera does not suffer from target depletion, a
problem encountered with Plumicon type cameras. A converted Dage
camera (x-ray sensitive vedicon with a 1-inch CSI screen) was
installed to achieve high magnifications.

d. Dye Penetrant: A number of tensile samples were
indented at various loads ranging from 1 to 30 Kgf to generate
cracks with known lengths for fluorescent detection sensitivity
and optimization study.

Processing Iterations:

Microfocus film radiography evaluation was conducted on the
as-molded tensile rods of first iteration. The average flaw
indications per sample was around two which represents a
significant improvement over past molding experiments. The
majority of flaws are voids located either in the shank or the
buttonhead section of the rod; some inclusions were detected.
The average void size is > 500 um and the inclusions around 200
to 500 um.

Previously it was reported in earlier molding experiments
that those rods which did not survive during binder removal/
handling/presintering had a larger void size distribution, as
molded, than those which survived. Based on this, flaw
parameterization analysis reported previously will be modified
to include a weighting factor that accounts for survivability at
subsequent processing steps. A software program was written for
the parameterization computations. This work will be integrated
with the strength separation/flaw maps work to be conducted soon
with Prof. KJdakus of the University of Massachusetts.
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Subcontractors/Consultants:

a. Precision Acoustic Devices (PAD): PAD started on
ultrasonic development work on November 27, 1989. They have been
concentrating on system manufacturing (Task 2A under Technique
Development of Subcontract ACS936555) which includes building
the rotating scanning stage, test fixtures and transducer
mounting fixtures to handle round tensile samples on the CCS
3000 scanning system. A cantilevered scan arm was designed and
installed as well as a tilting mechanism for surface wave
imaging.

Acoustic transmission measurements were made on a Norton-
supplied tensile bar in the molded state. Because this material
had not been tested acoustically, there was uncertainty as to
the value of its properties, particularly attenuation. PAD found
that at 5 MHz, attenuation was sufficiently low that a through
transmission signal was easily obtained through the length of
the sample. This may allow conducting velocity measurements
across the samples at frequencies as high as 20 to 50 MHz,
yielding measurement accuracy considerably better than 1%. The
velocity and impedance obtained for this sample were 2.3 mm/sec
and 5.3 MR, respectively.

Design specifications for 20, 30, 50, and 100 MHz contact
and immersion transducers were completed, and orders have been
placed for parts. Silicon nitride wedges were made by Norton Co.
and delivered to PAD for shear wave transducers {mating
surfaces) and transducer fabrication has begun. The rotating
stage and time of flight electronics are under construction.
Other equipment was purchased including a Panametrics pulser-
receiver and scanner parts. Pulser/T-R switch modules with 50
and 100 MHZ capacity were constructed.

b. Argonne National Lab.: The subcontract with ANL has
been awarded (contract No. 85093) and work was scheduled to
commence early April, 1990,

TASK 4

Property Testing and Microstructural Evaluation

i) Tensile Testing of Green Specimens

Fixtures for tensile testing green (as-molded) and
presintered NSF bars have been designed and built. Eighteen as-
injection molded NSF specimens have been tested with an average
strength of 3.3 + 1.5 MPa. Sixteen specimens failed in the gauge
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section and two failed in the shank region between gauge and
buttonhead.

i1) Tensile Testing of Dense Specimens

Procedures for tensile testing at room temperature (R.T.)
and elevated temperature have been established. Tests were
performed on NT154 silicon nitride cylindrical buttonhead
specimen at three gauge diameters. The R.T. strength data is
summarized in Table 7 and the 1370°C data is in Table 8. Optical
fractography of the R.T. specimens show 35 of 37 specimens
failed at the surface while the 1370°C specimens all failed from
bulk flaws. Also approximately 20% of the R.T. specimens failed
at the gauge/transition vregion. Finite element modelling
indicates a stress rise at this location.

iii) Comparison of Alcohol and Aqueous Milled Powders

Mechanical properties of the two powders were compared
using four point bend MOR bars (Mils Std. 1942 (MR) B). Thorough
chemical analyses were performed (see Task 1 and 2) on aqueous
milled powder at each stage of the processing. Physical and
chemical properties of the alcohol milled powder and resulting
mechanical properties used in this comparison were those
developed in ATTAP program (for NT154 material)
by Norton/TRW.

As shown in Table 9, RT and 1370°C fast fracture (FF)
strengths measured from several batches of aqueous milled powder
are consistently above 900 MPa and comparable to those of
alcohol milled powder. The stress rupture lives at 1230°C/350
MPa (test condition defined in this program) also consistently
meets and exceeds 100 hour as required in this program. However,
the stress rupture life data for alcohol milled powder have been
generated (by Norton/TRW for NT154 material) at 1370°C/300 MPa
as required in the ATTAP program. Consequently, most of the
stress rupture testing for aqueous milled powder was also
performed under ATTAP conditions. Whereas baseline alcohol
milled powder consistently achieves 200 hours stress rupture
1ife (data provided by Norton/TRW), the aqueous milled powder
shows greater scatter in the data. On seven aqueous milled
powder batches, approximately 40% of the bars were found to
survive 200 hours stress rupture 1ife. This anomaly could be
attributed to, as mentioned in Task 1 and Section (i) Task 2,
relatively high varjation in yttria distribution (standard
deviation of 0.3 vs. 0.03 for alcohol milled powder) and 20%
higher oxygen content in the aqueous milled powder as compared
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to alcohol milled variations. These variations seem to be
processing related and hence suggest further process improvement
needs which is consistent with the scope of this program.

It is therefore being recommended that aqueous milling of
powder be continued during the remainder of the first stage of
the program with emphasis on process improvements and/or
modifications to existing approach while generating a tensile
strength database for the two forming techniques, eg. injection
molding and colloidal consolidation.
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Status of Milestones

A1l milestones are on schedule.

Publications

Vimal K. Pujari presented a paper entitled, "Powder
Characteristics and Its Effects on the Binder Removal
Process," at a poster session of the Third International
conference on Ceramic Processing Science, February 4-7,
1990, San Diego, California.
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Table 1 Mercury porosimetry results of pressure cast discs
with and without binders
SAMPLE TIV MPD TPA BD SD ¥TD
NB™-T 0.216 107 15.53 1.90 3.21 59
NB"~C 0.206 110 12.76 1.89 3.09 59
NB'-B 0.202 110 10.67 2.66 5.76
NB™-T 0.252 127 15.91 1.74 1.74 54
NB"-C 0.254 127 16.74 1.76 3.19 55
NB"-B 0.271 127 22.25 1.72 3.21 54
B5-C 0.222 115 14,22 1.85 3.14 58
B11-C 0.240 128 12.32 1.77 3.09 55
B3-C 0.228 110 18.19 1.86 3.23 58
B12-C 0.237 123 16.39 1.82 3.20 57
0.237 0.054 17.47 1.82 3.19 57
0.252 0.058 17.29 1.79 3.26 56
NOTE: NB = No Binder; T = top; C = Center; B = Bottom;
* = Aged Slurry (8 days)
#+ = Unaged Slurry
TIV = Total Intrusion Volume (cm?/g)
MPD = Median Pore Diameter (nm)
TPA = Total Pore Area (m%/g)
%TD = Percent of Theoretical Density
BD = Bulk Density (g/cm’)
SD = Skeletal Density (gm/cm’)
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Table 2 Number of tensile bars that survived after
casting, drying and firing

Bars Binder # Broken # Broken # Broken # Survived
Cast Used in Mold in Drying | in Firing Firing

10 no bind. 1 0 3

10 B5 2 7 + 1* 0 0

10 B13 1 2 5 2

10 Bl4 3 4 + 1* 2 0

Note: * broken in handling. A1l samples dried in controlled humidity

oven.

Firing done in air at 600°C/1lhr.

It is suspected

that 100°C/hr heating rate during air firing may have been
too fast and caused cracking in bars made using binders.
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Table 3 Mercury porosimetry results for tensile bars
with and without binders

Sample TIV MPD TPA BD SD 1D
NB-G 0.235 111 15.06 1.80 3.14 56
NB-S 0.238 110 15.73 1.82 3.20 57
B13-G 0.233 112 14.65 1.82 3.16 57
B13-S 0.237 110 16.15 1.83 3.22 57
B14-G 0.236 115 13.17 1.78 3.07 55
B14-S 0.240 113 17.14 1.81 3.21 56
B5-G 0.209 104 14.69 1.90 3.14 59
B5-S 0.203 105 12.93 1.93 3.17 60
Note: NB = No Binder
G = Gauge Section
S = Shank
TIV = Total Intrusion Volume (cm’/g)

[ S { S N O A LI

MPD = Median Pore Diameter (nm)
TPA = Total Pore Area (m/g)
BD = Bulk Density (g/cm’)
SD = Skeletal Density {(g/cm’)
#TD = Percent of Theoretical Density



58

Table 4 Material property summary

Density - Instrument: Capillary Rheometer (melt)

State Temperature °C Density g/cc

solid 23 2.287

Specific Heat - Instrument: DSC

State Temperature °C Specific Heat J/g°c
solid 80 1.14
melt 100 1.191

Tg 92°C

Thermal Conductivity - Instrument: K-System

State Temperature °C Press Bar Thermal Cond. w/m°k

melt 90 0 0.35
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Runout measurements for initial

HIP fixturing experiments (inches)

As-HIP'ed Runout
with Fixturing

Sample Type Green Rod Rigid Flexible
Injection Molded
Max. + 0.070 + 0.009 + 0.080
Min. + 0.004 + 0.003 + 0.000
Typical + 0.015 + 0.006 + 0.030
Machined-CIP
Max. + 0.010 + 0.009 + 0.032
Min. + 0.002 + 0.002 + 0.029
Typical + 0.005 + 0.004 + 0.027
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TABLE 7 TENSILE STRENGTH DATA FOR NT154
AT ROOM TEMPERATURE

GAUGE DIAMETER 4.5 5.5 6.35
(MM)

AVERAGE STRENGTH 715.6 685.1 710.6
(MPa)

STANDARD DEVIATION 83.0 76.4 76.7
(MPA)

WeriBurLL MobuLus 9.3 8.2 9.6

# OF SPECIMENS 12 12 13
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Table 8 Tensile Strength Data for NT154 at 1370°C

Gauge Diameter 4.5 5.5 6.35
(mm)

Ave. Strength 430.6 427.8 449.0
(MPa)

# of Specimens 2 2 3
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TABLE 9 COMPARISONS OF MECHANICAL PROPERTIES RESULTING
FROM AQUEOUS AND ALCOHOL MILLED POWDERS

STRENGTH {(MPa) Fracture Vickers

= WersuLL MoouLus Toughness Hardness
BATCH Room Temp. 1370°C MPa m" (GPa)

O m Of m

SWM04-CO 790 7.8 610 16 -—- -—-
SWM04-CC 624 8.8 549 28 ——= —=
W005 950 10.4 576 18.2 6.06 16.0
W006 931 8.3 603 11.9 5.97 16.1
W007 903 10.5 525 —= 6.10 16.2
W008 1000 14.4 555 - 5.98 16.1
W009 999 12.0 584 28 6.40 -
C001 1027 17.3 556 21.3 6.42 ——
NT154 896 19 579 11 4.7-5.5 15.9
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Figure 1

G3

Gate design for tensile bar mold
(G1l) Double Gated

(G2) Single Gated

(G3) Fan Gate
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Analysis of variance
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Source of variation Sum of Squares d.f. Mean square F-ratio Sig. level
Setween Gate designs 423014 1 423013.56 .490 .4934*
Within Gate designs 66458767 77 863100.86

Total (corrected) 66881780 78

= A significance level cf >.10 indicates no difference in Gate designs
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C-PACK VISCOSITY DATA FIT (6-CONSTANT MODEL)
Material : CONFID (NORTON/CERAMIC MIX A)
{n, Tau, D1, D2, A1, A2)

=(0.4278,4.431E+06,1.047E+05,6.0000E+01,1.086E +01,5.160E+01)(CGS)
(RMS-F, RMS-M)=( 8.2%, 0.0%)
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Figure 3 Rheological properties of injection molding compound
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1/3/90
MFV (MELT-FRONT-VELOCITY) VERSUS TIME

AVERAGE IN RUNNERS = 7.3772E+01, DEVIATION = 2.5436E+01 (IN/SEC)

AVERAGE IN CAVITY = 1.5394E£+01, DEVIATION = 1.7122E401 (IN/SEC)
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Figure 4 Melt front velocity in the end gated mold
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47 .8355

Weight of injection molded NSF bars as a

function of Barrel Temperature and Injection

Speed

Figure 5
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ImageMeasure/IP: Counting and Sizing DATE/TIME: 04-03-1990/08:41:15
FILE: C:SI3N4FE
DESCRIPT: si3n4 with 200 um fe seeds frame ave. plus edge enhanced

OWNER: K.E. Amin, Norton Co., USER:
Equation: Y = -1.184465 + .9728301 * X
Correlation Coefficient: 0.9537
Explained variance: 90.95
28.333
W
i s
d
t .
h
11.000 |..
12.400 Length (Units) 29.048

Figure 8- An example of sizing and counting
of defects ( Fe inclusions ) in a Si3N4 rod,

¢l
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Improved Processing
R. L. Beatty, R. A. Strehlow, and O. O. Omatete (Oak Ridge National Laboratory)

Obiective/

The purpose of this task is to determine and develop the reliability of selected
advanced ceramic processing methods. This task is to be conducted on a scale that will
permit the potential for manufacturing use of candidate processes to be evaluated.

Technical progress
I. Silicon nitride gelcasting and sintering

Attempts continued to fabricate silicon nitride by the gelcasting method. Several
commercial powders were tested: Denka 9-S and 9-FW; Starck S, $-1, LC10, and LC12-SX;
and UBE - EO3 and E10 silicon nitride powders. Approximately 12 successful castings were
made at loadings of 45 to 50 vol %.

Casting runs were also made using fine-grained Vesuvius AA sialon powder. This
material was dried, debindered, and sintered to a density of 3.13 g/cm3 (the range of
values for four specimens was 0.005 g/cm3). This is 97.5% of the theoretical density for this
composition and more than 99% of the hot-pressed density according to manufacturer's
data.

Sintering schedules for the various formulations being studied are to be examined
using pressed peliets made of the same powder and composition as the test castings.
(The compositions for pelletizing are ball-milled in i-propanol with poly-vinyl alcohol, die
pressed in 1.27-cm (0.5-in.), 1.000-g peliets, and debindered to provide the test specimens.)

instaliation was completed of a specially designed controlied atmosphere furnace
obtained for silicon nitride sintering. The furnace was successfully tested 1o 2300°C and 1o
1900°C at the full design nitrogen pressure of 0.2 MPa (2 atm). Two graphite crucibles were
siliconized in preparation for sintering studies. A second fumace designed for 10 MPa
(100 atm) operation was acquired and is being installed.

II. Drying studies

A controlled humidity, ambient temperature drying cabinet was built that permits
control from approximately 40 to 95% relative humidity. Although the drying procedure has
not been optimized for any of our test formulations, data are being developed using a
separate gravimetric system that permits drying under controlled humidity-temperature
conditions. The design conditions of the experimental system include a temperature
range of 20 fo 40° C and relative humidity from 70 to 95%. We believe this covers the range
of greatest interest for drying of gelcast parts.

The drying schedule that is being used now for our plate specimens is 3 days at
room temperature and 92% relative humidity, followed by accelerated drying to finish.
initial data suggest that 1 or 2 days would be sufficient for the early stage drying.

. Machining and testing of tensile test specimens

The experimental method for this program is to measure the uniaxial tensile strength
of product ceramics as the dependent variable with selected processing variables serving
as the independent ones. A slicing machine for specimen preparation was obtoined. The
first six of a series of alumina plates were cut into tensile test specimens.



74

Two sets of specimens were tested. The specimen design is that of a 5.5-mm-
square cross section bar with chamfered edges ond a gage length of approximately
40 mm. The first processing variable examined was the extent of de-airing.

Air is introduced during mixing of the suspension. If air is not removed adequately,
smali bubbles may be entrained that are expected to lead to strength impairment. Two
levels of de-airing were examined for these specimens.

The tensile strengths of the specimens are shown in Figs. 1 and 2. it is evident that the
de-aired specimen has a higher strength. Using an estimate for Kic of 4 MPa-m1/2 the
critical flaw sizes were estimated. For these two sets the average estimated flaw size
decreased from 0.2 to 0.08 mm. These values corespond to the observed void size in the
inadequately de-aired specimens and to the measured agglomerate size in the well
deaired series. For continuing studies, milled slips are being investigated.

V. Environmental, safety, and health studies

A series of experiments was conducted to verify the neutralization procedure used
for wastes containing monomeric acrylamide. The procedure is based on the addition of
sodium bisulfite to the carbon-carbon double bond of acrylamide in the presence of
peroxide:

Q

[ 2
CH,-CH-C-NH, +NaHSO; — CH;CH-C-NH,,

SONa

The resulting suifonic acid is not considered hazardous. Three series of samples were
examined with the two reagents separately and mixed. Reagents were added over a 2-h
period. The resulting solutions were analyzed rapidly by Analytical Division personnel af the
close of the period. The data are shown in Fig. 3.

The rate of the reaction was found to be high, reducing the concentration of test
sampiles from 7000 to less than 10 ppm in 0.5 h. This level is deemed satisfactory for
neutralization of waste and spills.

V. Cooperdative research agreement

A cooperative research agreement has been concluded with Garrett Ceramic
Components Division of Allied-Signal Aerospace Company. The purpose of the research is
to determmine the applicability of the gelcasting technique to Garrett's silicon nitride
components.
Statys of milestones
On schedule.
Publications and Presentations

None.



MPa

MPa

75

ORNL-DWG90-13940
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Fig. 1. Tensile strengths of alumina specimens

that were not well de-aired.
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Fig. 2. Tensile strengths of cluming specimens

that were well de-aired.
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Fig. 3. Acrylomide remaining after addition of
sodium metabisulfite and ammonium persuifate
solutions separately and mixed.
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Improved Processing
A. E. Pasto and S. Natansohn (GTE Laboratories Incorporated)

Obicctive/s

The overall project objective is to develop and demonstrate a process for reproducibly
fabricating (by injection molding and HIPing) a series of tensile specimens of PY6 silicon
nitride with the following properties:

Average tensile strength of 900 MPa at 25°C
Average tensile strength of 500 MPa at 1370°C
Weibull modulus of 20 in both instances.

This will be accomplished by determining the source(s) of failure-causing defects,
and modifying and controlling the manufacturing process to minimize their occurience.
All potential sources of defects will be evaluated, from raw materials through individual
powder processing and densification steps and finally through machining and surface
finishing of the test specimen.

hnj ighligh

Task 1 - Material Selection and Characterization
CHARACTERIZATION OF SILICON NITRIDE:

The silicon nitride powder chosen for establishing the baseline properties of the
process is from UBE Industries, Ltd., (Tokyo, Japan), designated by GTE as "UBE-B".
The baseline lot of powder (200 kg) was received. This lot ( designated lot #0) consists of
four 50 kg drums. The powder to be used in the lot-to-lot reproducibility study was also
received. It consists of five separate 20 kg samples taken from each of five separate 200
kg lots (numbers 1 through 5).

The baseline materials were riffled to obtain representative samiples for analysis and
characterized. Seven samples were submitted for each characterization technique except
for the detemination of Si and N which was based on three samples only.

The vendor also provided five bags containing powder samples taken at random from
this lot in a routine procedure used in the plant to collect material for analytical and archival
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needs. Samples were taken from each of these containers and characterized by selected
analytical techniques to obtain a comparison between the results of the evaluation of riffled
and unriffled samples. The data obtained in this evaluation are presented in Table 1; the
following is a brief discussion of the results.

The x-ray diffraction patterns of all powders are quite similar; the only positively
identified crystalline phase is alpha-silicon nitride which is present in the amount of at least
95%. There is an indication of the presence of beta-silicon nitride in amounts not
exceeding 5%.

Silicon was determined by a classical analytical technique in which the initial
dissolution of the sample was achieved by alkali salt fusion. The results are typical for
silicon nitride powders and confirm the applicability of this technique to the quantitative
determination of silicon in silicon nitride.

Nitrogen was initially determined by the inert gas fusion technique but the results
were poor. The measurement was therefore repeated by the classical Kjeldahl method
which provided data not only far more consistent with the silicon nitride composition but
also more precise. The former technique does not seem appropriate for high nitrogen
concentration.

Both oxygen and carbon were determined by the inert gas fusion method which is
quite useful in measuring small amounts of these elements. The data show no difference
in the average oxygen content of the riffled vs. the unriffled samples. The carbon content
is typical of the silicon nitride powders prepared by the vendor's method.

The concentration of impurities in the powder was determined by Glow Discharge-
Mass Spectrometry (GD-MS). Only those impurities exceeding a concentration of 1 ppm
by weight are listed. The impurity levels are within the specifications for this material
except for chlorine which is present at about twice the concentration generally found in this
powder. A comparison of the data for riffled and unriffled samples shows that, at least
within the accuracy and precision of this analytical technique, there is no difference in the
contaminant levels.

The surface composition of the powder was determined by X-ray photoelectron
spectrometry (XPS). In addition to the expected major constituents of the powder
(silicon, nitrogen, and oxygen), carbon and fluorine are also present on the surface.
Chlorine, iron, calcium and aluminum, although present in greater amounts than fluorine
in the bulk sample, were not detected on the surface in measurable quantities.

The photoelectron spectra of O 1s and C 1s binding energies have complex structures
(Fig. 1) indicating more than one chemical bonding structure for these atoms. A curve
fitting technique has been applied to resolve these spectra in an attempt to identify the
chemical nature of the binding energies; this effort is continuing.
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The concentration of the elements was calculated from the measured integrated
intensities of all detected lines. The atomic concentration of Si and O implies that the
oxygenated species on the surface are primarily silicon oxynitride, in which the atomic
ratio of Si:0 is 2:1, rather than silicon dioxide (1:2 ratio) but the latter compound is
probably present as well. The photoelectron energy spectrum of carbon is even more
complex, possibly stemming from the presence of fluorine. This ¢lement has been
detected unambigously in powders supplied by this vendor and, while its bulk
concentration in this lot is very low (< 4 ppm), it is clearly present on the surface. This
aspect is under investigation.

The soluble Si was obtained by treating the silicon nitride powder with an HF
solution for a fixed time period and analyzing the Si content of the aqueous filtrate. 1t was
found in earlier extensive investigations that the amount of the dissolved Si reaches a
maximum value, characteristic of a powder, which does not increase upon continued acid
treatment, even at higher acid concentrations and/or higher temperatures. This indicates
the presence of a discrete, HF-soluble, oxygenated layer on the surface of the silicon
nitride powder particles. Once this layer is removed, there is no dissolution of the
underlying silicon nitride substrate by HF solutions.

The average amount of dissolved Si is the sarue for both the set of riffled and
unriffled samples but the measurement precision of the former determination is much
better. The improved sampling inherent in the riffling process manifests itself only in
analytical techniques capable of good precision, of which this is one. The amount of
dissolved Si can be used to calculate the surface oxygen content. This calculation is based
on the generally plansible assumption that the oxygenated surface layer consists of equal
molecular amounts of silicon oxynitride and silicon dioxide, i.¢. that the atomic ratio of Si
0 O 1n this layer is one. Using this assumption, the amount of surface oxygea in this
powder is 0.26 w/o, that is 22% of the total oxygen in the powder is located on its
surface.

There is also an observed difference in the specific surface area of the riffled versus
unriffled powders, not only in the improved precision of the former but also in the average
value of the parameter. There is a 90-95% probability, based on the limited database, that
this difference is statistically valid and if so, it would imply that samples obtained by
riffling result in a different value of a material parameter or, alternately, that some particle
reduction occurred in the riffling process. The independently determined particle size
distribution (PSD) also provides a different value for the median particle diameter of the
two sample sets, consistent with their respective surface areas. The powders are not
strongly agglomerated as evidenced by the value of the equivalent spherical diameter
calculated from the specific surface area which is comparable to that obtained from the
PSD determination. This is also demonstrated by the SEM photograph of the powder
(Fig. 2.).
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Characterization of the five silicon nitride powder lots acquired to establish lot-to-lot
reproducibility has been completed. Three of these lots were selected, based on the
uniformity of their properties, for use in the program and their remainder, i.e., 180 kg of
each for a total of 540 kg of powder, is being purchased. The data obtained in this
evaluation as well as in that of the baseline powder lot (lot #0) are summarized in the tables
below.

The characteristics of the six silicon nitride powder lots are presented in Table 2. The
x-ray diffraction patterns of all powders are quite similar; the only positively identified
crystalline phase is alpha-silicon nitride which is present in the amount of at least 95%.
There is an indication of the presence of beta-silicon nitride in amounts not exceeding 5%.

The specific surface areas of the powders are comparable and statistically
indistinguishable. The same comment applies to the particle size distribution as expressed
in the median particle diameter. A possible exception is the somewhat higher value for the
lot #0 powder but this is probably indicative of agglomeration rather than primary particle
size.

Measurable differences are observed in the total oxygen content of the six powders.
The oxygen concentration of the baseline material is lower than that of lots 1 and 2 but
higher than that of the other three powders; the latter three powder lots have identical
values of many of the parameters measured. The determination of the soluble silicon also
identifies a difference between two sets of powders; the powders #0, 1 and 2 having a
common value with lots # 3, 4, and 5 having a lower amount of silicon dissolved under
identical conditions. Silicon solubility is an independent parameter and the measurement
results corroborate the finding that there are subtle differences in the properties of these
two sets of materials.

A spectrophotometric technique for the determination of ammonia, known as the
indophenol blue method, has been adapted for use in the analysis of the silicon nitride
surfaces. The data show that the amount of dissolved nitrogen is comparable in all
samples; however, because of the different Si solubility, the molar ratio of Si:N shows a
differentiation between sample groups. These molar ratios are high; a value of 3.0 implies
that the dissolved layer consists of 4 moles of silica and 1 mole of silicon oxynitride or 9
moles of silica and 1 mole of silicon nitride or any combination thereof. This also
indicates that the oxygen concentration on the surface is greater than the amount which
was calculated assuming, as cited in the literature, that the surface layer consists of
equimolar fractions of silica and silicon oxynitride. In spite of the clearly established
differences in the surface composition of the powders, the isoelectric point of all samples
is the same.

The impurity content of the six powder lots is listed in Table 3. Only elements whose
concentration exceeds 1 ppm (by weight) are reported. Within the limits of the analytical
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technique used, there are no differences in the impurity levels among the powders, and
they are acceptable levels for these powders.

The flexural strength of PY6 ceramics made by hot-pressing of these six material lots
was measuted in an attempt to identify correlations between powder and ceramic
properties. Results of four-point bend testing are summarized in Table 4, which also
includes data obtained in an evaluation of an early lot (#EL) of this material. Samples
made from the baseline powder lot (#0) were broken both at 1370°C and 1400°C. The
data show some variation in flexural strength of the ceramics made from the various
material lots but it is likely that this is caused by uncontrolled processing factors rather
than differences in powder properties. Onge manifestation of this effect is the room
temperature data for the iwo billets made from lot #1; they show a rather large difference in
average flexural strength bur the standard deviation of the lower strength sample is much
larger so that the two values are statistically equivalent.

As a result of these studies, powder lots #3, 4 and 5 were selected for use in this
program. This decision was based on the fact that ail the measured properties of these
powder lots were virtually identical and that the flexural strength of ceramics made from
them was comparable to that of ceramics made from the other lots. Uniformity of powder
properties is thought to be essential because it will provide a base against which the effects
of future process and/or powder modifications can be clearly assessed. Selection of these
powders for use in the program constitutes accomplishment of Milestone #114301.

CHARACTERIZATION OF YTTRIA:

The ytiria to be used in the project is Molycorp's Grade 1600. A total of 55 kg of this
powder was received. The entire powder lot was riffied and samples were submitted for
evaluation of the material's properties. The results are summarized in Table 5 and briefly
discussed below.

The X-ray diffraction pattern of the powder showed cubic yttrium oxide with a trace
of impurity, either an yttrium hydroxide or carbonate. The determination of the surface
atomic composition by X-ray photoelectron spectroscopy showed the O 1s peak as an
unresolved doublet, probably because of its presence in both oxide and hydroxide or
hydrate bonding configuration. Application of curve fitting procedures to the binding
energy spectrum permitted its resolution into an "oxide" (Binding energy: 535.4 0.2 ¢V)
and “hydroxide” (Binding energy: 537.9 0.2 eV) bands as shown in Fig. 3. The surface
composition was then determined from the integrated intensities of the detected peaks.

The data show that there are about equal atemic amounts of oxygen as the oxide or
hydroxide species on the powder surface. Yiiria is the dominant form, however, as
indicated by the Y concentration which at 36.7 a/o is close to the theoretical value of 40 a/o
for stoichiometric yttrium oxide. The concentration of carbon is too low to be detectable
as a crystallographic impurity. The presence of hydroxide on the surface is not unusual in
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yttria materials and can be reduced or eliminated by treatment at elevated temperatures.
This is indicated by the loss on ignition of about 0.7% and also observed by the decreased
intensity of the "hydroxide" band in the XPS spectra.

The specific surface area of the powder is typical for these materials. The median
particle size diameter is large for a powder of this surface area indicating considerable
agglomeration. The equivalent spherical diameter calculated from the specific surface area
value is 0.17 micrometers, about a factor of 20 smaller than determined directly.

The concentrations of impurities, as determined by GD-MS, are comparable to those
measured in silicon nitride and present no concern for the intended application. It is
interesting to note that the concentration of Cl and F (which is not detected) in this material
is far lower than that in the silicon nitride powder indicating that it is not a measurement
artifact.

Task 2 - Material Processing and Process Control

This task has two major thrusts: the first is to develop and apply appropriate
techniques for controlling the injection molding/HIPing processes for the chosen silicon
nitride composition and shapes through statistical process control (SPC) so as to minimize
the occurrence of defects. The second thrust is to improve each individual process step
and incorporate these improvements into the overall process. The task is divided into
several subtasks detailed below.

BASELINE PROCESS:

A simplified dogbone tensile specimen having near-net-shape gage section has been
designed for use in the initial ten months of the program, prior to establishment of a near-
net-shape buttonhead sample. A drawing of the specimen after HIP densification is
shown in Figure 4, with the outline of the final buttonhead specimen to be cut from it
shown inside. Using this configuration, a preliminary injection molding tool was
designed and procured. In keeping with a desire to allow careful process control, the tool
allows control of cavity temperature, incorporating several optional cooling/heating
arrangements within it. Measurements of cavity pressure and temperature can be made at
both ends of the specimen during molding. The design depicted results in a HiPed
specimen requiring removal of approximately 1mm thickness by grinding to form the final
tensile rod.

A similar tool for the ASCERA tensile test sample configuration was purchased and
made operational.

Preparation of the first PY6 material for the baseline properties demonstration was
initiated. The silicon nitride and yttria powders were batched in SWECO milis to make up
approximately 20 kg total batches. These were then milled and discharged. Three
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batches, utilizing material randomly sampled (i.e.- not riffled), were prepared, with about
63 kg total PY6 resulting. These batches were compounded with the binders in sub-
batches of approximately 10 kg each. Other, separate PY6 batches were milled, utilizing
materials which were riffled from the main lot of material, to allow determination of the
effect of riffling on material performance.

These compounded PY6 batches were injection molded into ASCERA- and dogbone-
style tensile rods. Both molds were found to exhibit moderate to severe flashing of the
mix, and were consequently returned to the mold-maker for rework. This situation was
repeated twice, until the mold yielded parts with minimal flash. Table 6 lists the number
of components fabricated from each of the three bascline lots. These components are
undergoing NDE evaluation prior to burnout and densification.

Chand-Kare Technical Ceramics, Worcester, MA has been selected to provide the
final grinding of buttonhead tensile specimens for the program.

STATISTICAL EXPERIMENTATION:

The subcontract with American Supplier Institute, who will be providing support in
the areas of statistical experimentation (especially with Taguchi techniques) and statistical
process control, has been signed. A meeting has been set at GTE Laboratories for 10- 11
April to initiate activities on this effort.

DATABASE DEVELOPMENT:

A prototype database for tracking wmaterials and operations in this program has been
designed using Double Helix relational database software for the Macintosh from Qdesta
Corp., Northbrook, Ill. In the present version, data are stored in 26 files, and linkage
between the files is effecied vsing codes unique to each file. The codes identify each
material, formulation, batch, method, specimen, test, and analysis. To minimize operator
error, much of the coding is done automaticaily or with the use of defaulted values.
Although the software is fully relational, the ceramic process is hierarchical in nature.
Therefore, an hierarchical overlayer has been impressed on the database siructure o
greatly increase the ease and speed of data retrieval at a small sacrifice in the ease with
which the database structure can be modified.

The first stage of the design process was completed with a successful test of the
prototype structure using dummy data. In the second design stage, entry and output forms
are currently being custom designed for each operation in the process. This is essentially a
process of mutual accommodation and fine tuning of the database to personal preferences
and to actual operations, and some minor structural modifications have already been made.
Real data, relating to powder inventory and chemical and physical powder analysis, have
been entered into the database to aid in this effort.

The final stage of database design will consist of putting the program on a four station
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Appleshare network and enlarging that to approximately eight stations for convenient
operation. A more detailed description of the database structure and operation will be
presented at the completion of the second design stage.

LIQUID PROCESSING:

An investigation of liquid processing procedures was begun according to the flow
diagram illustrated in Figure 3.

The Si3N4 and Y203 raw materials of the PY6 composition were first assessed for
the presence of coarse material not detectable in conventional particle size analysis by
Sedigraph X-ray sedimentation or Microtrac light scattering techniques. These powders
were independently suspended in 2-propanol by milling, then screened through stainless
steel screens down to approximately 20 pm aperture. A vacuum was applied to the
screens and the slurry agitated manually to prevent blinding of the mesh and assist the
process. Only a very small amount (less than 0.1 gm) of coarse fraction was retained on
the screens from processing of 10 kgms of Si3N4 and 0.6 kgms of Y203; this will be
studied by SEM.

A preliminary investigation of several processing variables was then conducted to
compare the following:

Type of milling
Screening

Milling medium
Surface Area of Y203

Powders milled in solvents were either dried in trays using a forced air explosion
proof dryer or in a rotary evaporator. Dried cakes were then granulated by screening
through an 80 mesh nylon screen.

Studies of powder processing effects on properties are in progress via
isopressing/HIPing, hot-pressing, and injection molding.

MOLDING IMPROVEMENTS:

A portion of this task has the objective to develop and construct a combined
compounder/molder under subcontract. Expected improvements to the process are in the
areas of contamination reduction, entrapped air reduction and superior integrity of large
cross section molded parts. This task is being completed in two stages; firstly a feasibility
evaluation using an existing (Mk. 1) compounder/molder to highlight design factors, and
secondly the construction and demonstration of a full-scale compounder/molder (Mk. 2)
customized for silicon nitride ceramics.
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A redesign of the standard(Mk.1) injection unit barrel and was completed prior to the
beginning of this program. The redesign, which included the construction of associated
hardware, improves temperature control and reliability of opération of the Mk. 1 Molder.
The reactivation of this molder involved reassembly, debugging and test molding using
polyethylene.

A tool was sclected for use in completing preliminary molding tests. The tool
produces a ceuter, sprue gated disk approximately 4 inches in diameter and 5/16 inches
thick. The thickness of the disk can be increased as desired to evaluate large cross section
paris. Itis fitted with a transducer for the measurement of cavity pressure.

The prototype (Mk. 1) compounder/molder was operated using PY6 material with the
center-gated disk mold. The number of parts produced was limited to approximately
twenty due to operating difficultics described below. The results are considered positive
in that the Mk. 1 machine functioned to provide good guality molded parts. The PY6
material flowed easily, without bleeding, through the complex path between compounder
and molder. Several cool downs and restarts were accomplished without difficulty. The
parts showed a clear and significant reduction of "fold lines". These trials were successful
in that moldings were produced and difficulties specific to the PY6 material have been
identified. Several problems were encountered involving the flow of the abrasive
materials creating excessive wear. Solutions to these problems appeared to include
redesign of critical wear areas, incorporation of more wear-resisiant materials, and better
control of temperatures to prevent the mix from losing viscosity.

A tentative design for the Mk. 2 compounding and injection unit was devised. Initial
discussions concentrated on how best to ensure rheologically consistent compounding. It
is presently assumed that continuous operation of the twin screw exiruder is required for
this condition. A design comprising two injection units was accordingly considered. This
would allow continuous operation of the twin screw extruder through the filling of the ove
of the injection units during the injection of the other injection unit. These and other
design issues were discussed at a meeting between GTE Laboratories and its subcontractor
on December 27, 1989.

A second conceptual design was then been formulated for the Mk. 2
compounder/molder, and a plan and schedule for its procurement and construction
formulated. The plan allows for the program to proceed as scheduled with delivery of the
completed Mk. 2 molder to GTEL in April 1991. A detailed review of the design has been
scheduled for April 3, 1990 at GTEL.. The Mk. 2 compounder/imolder will be asserabled
from the following:

*A 200 ton HPM injection molder base with toggle clamp. A 220 ton hydraulic clamp unit
was also considered. The toggle clamp unit is expected to be less costly by approxirmately
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10%.

*A twin screw extruder. This compounder will have standard temperature control system.
The drive unit will be selected to provide sufficient powder for GTE's compounder needs
and sufficient output for up to a 300 cc shot within required cycle times.

Manufacturers have been identified for these components.

FINISHING STUDIES:

An annealing study has been initiated to evaluate optimum annealing conditions for
machined PY6. The object of this experiment is to determine what occurs in the annealing
process (healing of machine damage, crack blunting, etc) and what effect this process has
upon the mechanical properties of machined samples. The temperature range to be
examined is 1000 to 1400°C, since previous testing has shown this reatment to yield
improved mechanical strength.

Task 3 - Development and Application of NDE Methods
ULTRASONIC TESTING SYSTEM:

An ultrasonic inspection system was specified for nondestructive evaluation of
ceramics. Several meetings with a preferred vendor (Panametrics Inc., Waltham, Ma)
resulted in preparation of a final quotation for the system. The system will provide GTEL
with four major capabilities:

1) High resolution pulse-echo imaging of subsurface structures

2) Time-of-flight scanning for mapping density gradients

3) Surface wave (Rayleigh wave) inspection of flat specimens

4) Surface wave (Rayleigh wave) inspection of cylindrical
speciméns.

Experience has shown that pulse-echo imaging and density mapping are extremely
valuable for characterizing the homogeneity of ceramic specimens. Surface wave
inspection complements radiographic methods, providing enhanced detectability of surface
and near-surface flaws. The most novel attribute of the system is the capability of
performing surface inspection of cylindrical specimens. To meet this requirement, an
additional rotational stage will be incorporated in the specimen manipulator, and software
for motion control and image reconstruction will be developed. Surface wave inspection
will allow for direct NDE of tensile specimens.

Dr. Ron Roberts of the Ames NDE Center at Iowa State University is the selected
subcontractor on ultrasonics for this program. An engineering review of our new system
was conducted at Panametrics on 3/20/90 in conjunction with Iowa State and GTE
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Laboratories ultrasonic NDE personnel. Development of the custom designed ultrasonic
system has progressed well ahead of schedule with several required capabilities fully
demonstrated during the review. The delivery time for the ultrasonic system is 9 months.
In the interim, the quotation allows for both toll testing at Panametrics and rental of a
standard Hy-scan system.

Image quality indicators (1Qls) were fabricated for use in development and acceptance
testing of the ultrasonic inspection system. Silicon nitride test bars (3.5x4.5x50 mm) with
known internal voids, characterized by microfocus radiography, are being utilized to
benchmark the pulse-echo imaging capability.

Alumina slabs approximately 75x75x10 mm which have been ultrasonically mapped
for relative density gradients will be used to test time-of-flight scanning. Density
variations across the slabs span the range of 0.1 to 1.0 percent.

Silicon nitride specimens with laser-machined simulated voids are being used for
assessing surface wave imaging. Flat test bars (1.27x2.54x25.4 mm) have been prepared
with a single 10, 20, 50, and 100 mm void having an aspect ratio of one machined into
their surfaces. Two cylindrical ASEA style tensile rods (6 mm diameter, 120 mm long)
have been laser-machined with multiple voids approximately 10, 20, 50, and 100 mm in
width and depth.

The images shown in Figure 6 were obtained by surface wave (Rayleigh wave)
inspection of 4 silicon nitride modulus of rupture test bars with laser-machined simulated
voids. The technique utilized a focused 50 MHz transducer designed to produce a radial
surface wave. Centrally positioned surface voids of 100, 50, and 20 micrometers were
readily detected. One bar (shown on bottom) had a 10 micrometer surface void, indicated
by a marker pen, which would probably not have been detected. Longitudinal grinding
marks were also apparent.

A major technical hurdle anticipated in the ultrasonic system development did not
materialize when surface wave imaging was successfully applied to inspect cylindrical
tensile rods (6-mm in diameter). A novel rotational stage was incorporated in the
prototype specimen manipulator. Software for manipulator control, data acquisition, and
image reconstruction was developed concurrently. The technical requirements included:

1) maintaining the footprint of the focused 50 MHz transducer to ensure it is small
in comparison with the radius of curvature of the tensile rod

2) assuring orthogonality of the transducer with respect to the specimen

3) concentrically rotating the specimen and precisely preserving the transducer to
specimen spacing during the longitudinal scan

4) reliably gating on the surface wave signal.



88

Surface wave imaging was performed on an ASCERA style tensile rod, 6-mm in
diameter and 120-mm long, containing laser-machined simulated voids. The tensile rod
was rotated 360 degrees in 2-degree increments and scanned longitudinally. An optical
image of the tensile rod at low and high magnification and a representative surface wave
image are shown in Figure 7. Initial experiments detected voids 50 micrometers in size
and larger.

High resolution C-scan images of silicon nitride test bars revealed all the naturally-
occurring internal voids previously detected and characterized with microfocus
radiography (voids nominally 50 micrometers or greater in size). The C-scans were
produced via pulse-echo imaging using a 50 MHz transducer.

The ultrasonic system is being integrated by Panametric's Automation Division,
Ithaca, NY. The full-scale precision manipulator and enhanced software should be
available for testing at Panametrics in June 1990.

SURFACE PROFILOMETRY:

A non-contact laser surface profilometer which allows for precise characterization of
surface profile has been purchased from Rodenstock Precision Optics. Profiles of
microscopic surface terrain over spans of up to 60mm are achievable at a scan rate of 30
mm/min. The laser beam allows surface height resolution on the order of one micron. In
initial tests with the system, both longitudinal and radial profile scanning were
successfully performed on cylindrical tensile test specimens. Radial scanning is possible
because the footprint of the focused solid state laser (0.8 pm) is small compared to the
radius of curvature of the specimen.

Results were acquired from the gage section of an ASCERA-style zirconia tensile
specimen. The specimen was a right circular cylinder with a 6-mm diameter that was
cylindrically ground and lapped. Digital filtering was utilized to remove the curvature
from the radial direction surface trace. It was observed that the surface roughness (Ra)
was greater in the longitudinal scan, where radial grinding marks from cylindrical
machining were profiled.

The surface profilometer software calculates numerous parameters from the surface
roughness profile. As the Advanced Processing Program continues, the research effort
will be focused on determining which of these roughness parameters or additional spectral
analysis (max peak/unit distance, fractal dimension, etc.) are predictive of mechanical
behavior, and relating them to fabrication variables.

Scans of precision ground and lapped silicon nitride tensile specimens have revealed
steep-sided 'valleys' as deep as 20 pum in the surface profiles. These valleys would be
critical flaws at the stress levels required (900 MPa at room temperature). A representative
profile is shown in Figure 8.

Traditionally, lapping of tensile specimens is employed to reduce surface roughness;
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however, surface profiles have shown that, while lapping is operative in minimizing
peaks, it is not necessarily affecting valleys. Aggressive lapping with coarse diamond
pastes (e.g. 30 micron) may exacerbate the problem by causing pullouts. Optical
micrographs of tensile specimens machined in this way have revealed pitting of the
surface. Presently, this NDE information is being used to modify the machining
procedures. Investigation of the cause-and-effect of surface roughness will continue as
the baseline process tensile specimens become available.

IN-PROCESS NDE:

Microfocus film radiography was employed to nondestructively evaluate as-received
and milled powders for the baseline process. Samples of the as-received powder showed
no indications of high density inclusions. This result was consistent with Task 1 powder
characterization which quantified iron contamination as less than 50 ppm.

Three samples of milled PY6 powder were taken from each of the baseline batches
and radiographed in uniform plastic vials. Batch-to-batch differences in the radiographic
density of the samples were apparent. Variation in the yttria content of the PY6 was
suspected; however, wet chemical analysis showed the powder stoichiometry was correct.
Modeling of the X-ray attenuation, based on mass attenuation coefficients of the
constituent elements, indicated that the change in radiographic density measured (0.54
change in the worst case) could be explained by a 0.35% variation in yttria percentage or a
3.5% variation in bulk (packing) density.

X-ray attenuation is an order of magnitude more sensitive to variation in yttria content
than to changes in bulk density. Bulk density is not controlled precisely in the milled
state. Therefore, monitoring yttria content and distribution with radiography will be
investigated in the as-molded and densified states, where bulk density is controlled more
exactly. Radiography of vials packed to different tap-densities in a controlled experiment
confirmed the attenuation modeling results and indicated that the difference in radiographic
density observed was due to variation in packing density of the powder.

Microfocus radiography of milled powders readily detected agglomerates, which
were determined to be relatively rigid. The radiograph shown in Figure 9 exhibits the
agglomerates in one batch. The agglomerates are imaged as low radiographic density
areas (high X-ray attenuation). Wet chemical analysis showed that agglomerates from the
milled powders were stoichiometric PY®6, and not yttria rich. The method of densification
aid addition to the mill was changed for the next batch and the agglomerates were absent.
The efficacy of microfocus radiography as a monitoring tool for powder quality, requiring
little or no sample preparation, will be investigated as the program continues.
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OPTIMIZATION OF DEFECT DETECTABILITY:

Image quality indicators (IQIs) are being fabricated to assess defect detectability limits
of the various NDE methods in use. In the past, the use of flat IQIs containing laser-
machined simulated voids was beneficial in evaluating and optimizing microfocus
radiography for NDE of ceramics. Cylindrical IQIs are now being prepared to determine
the detectability of flaws in ceramic tensile test specimens.

Resonetics Inc. of Nashua, NH has successfully machined simulated voids in silicon
nitride specimens with an Excimer laser. Two longitudinally ground and lapped tensile
specimens have been provided to them with plans for machining 100 each of 10, 20, 50,
and 100 mm voids. One of these IQIs was provided to Panametrics, Inc. for use in
development of their surface wave technique for ultrasonic inspection of cylindrical
specimens.

A theoretical analysis of x-ray image contrast was developed to help explain
empirically-observed behavior in microfocus x-ray projection radiography of silicon
nitride components. This involved the relationships among film contrast, x-ray attenuation
coefficient, object thickness, projective magnification, accelerating potential, film exposure
characteristics, and x-ray scattering. The analysis showed that an accelerating potential
can always be found that maximizes image contrast, and that the optimum accelerating
potential depends in part on the degree of image magnification employed. Simply stated,
for magnification greater than 3 or 4, the optimum condition for film is px=k, where k is
the film gradient, L is the linear attenuation coefficient, and x is the nominal thickness of
the part under inspection. Because x and k are known for a given test, il can be
determined explicitly. Then, the accelerating potential is chosen from tables relating
attenuation coefficient of materials to accelerating potential. This predicted maximum
contrast property has not been found in standard NDE or radiography texts, but it has been
observed qualitatively in real-time and film radiographic studies.

In order to quantitatively validate the theory, a test was performed with a silicon
nitride step wedge. A set of exposure conditions (accelerating potential, beam current,
exposure time) was arbitrarily chosen to produce a given film density on the projection
image (10X magnification) of the thin portion of the step wedge. Contrast was determined
by measuring the difference between the film densities in the thin and thick regions. The
accelerating potential was then changed in increments of 5 kilovolts, requiring concomitant
changes in beam current and/or exposure time to produce the same film density in the thin
section. The density difference was again measured. Additional data were obtained to
generate a plot of film density difference as a function of accelerating potential. The
results are displayed in the Figure 10, which clearly shows a contrast maximum occurring
at 30 kilovolts for this example. The asymmetric nature of the curve shows that image
contrast decreases much more rapidly for accelerating potential below the optimum than
for kilovoltage above the optimum. With this information, accelerating potential can be



91

chosen a priori to realize maximum contrast in the detection of defects in silicon nitride
tensile test specimens. It has also been shown that the maximum contrast condition
corresponds directly with previous probability of detection studies, which have taken
weeks to perform (the test described here required two days and twenty-two separate film
exposures).

Task 4 - Property Testing and Microstructural Evaluation

Tensile testing of ceramic rods with the ASCERA tensile test system has generated
valuable daia and practical experience for the mechanical testing requirements of this
program. In evaluating the ASCERA system, mechanical failure of 10 ground and lapped
zirconia rods was achieved, with fractures originating primarily at internal defects. It was
shown that for machined specimens, rod-piston eccentricity contributed negligibly to
directly measured fracture strength, indicating that bending moments were minimal.
However, the adhesive bond for three rods failed before sufficient stress was realized to
fracture the rods. The stress at which the bonds released was less than the stress at which
other rods fractured, revealing a repeatability problem. It was determined that the
allowable stress of the adhesive must be improved to make it sufficient to break the
strongest tensile rods of silicon nitride.

To resolve this problem, experiments are were begun to determine the cause of the
bond failure. The rod-to-piston clearance has been changed to meet the exact thickness
specified by the adhesive manufacturer. An etching technique was developed for
increasing the surface area of the ends of the tensile specimen. Redesign of the pistons
and modification of the specimen chamber has been employed to allow larger gripping area
for a longer specimen. The allowable stress increases with increasing surface area of the
adhesive bond and surface area increases linearly with an increase in length of the tensile
specimen. The three tensile rods which slipped from their associated pistons before
fracture were successfully tested to failure when the adhesive joint conditions were
modified. Of the modifications cited, increasing the rod-piston clearance was determined
to be the critical factor limiting adhesive bond strength.

Redesign of the pistons and ASEA specimen chamber has been completed to
accommodate the larger gripping area of a longer specimen. Prototype pistons (long) and
spacers required to modify the specimen chamber have been fabricated. Analysis shows
that the system should exceed the 900 MPa requirement based on the strength of the
adhesive bond specified by the manufacturer and increased allowable stress afforded by
the modified test configuration.

On Sept. 20, a visit was made to the HTML, and on Oct 16 a visit was made to UDRI
for the purpose of preliminary buttonhead specimen tensile testing trials. Sixteen
specimens were tested at the HTML. and an additional four samples were tested at
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UDRI.(The specimens used are described below). Fifteen of the twenty samples failed
either at the buttonhead or the tansition area of the sample. The data from these tests were
considered preliminary but it was felt that an effort was required to identify and understand
the critical factors that relate to buttonhead failures. Consequently, follow-up testing was
pursued in-house.

During November '89, an Instron Supergrip system for tensile testing was received
and installed on an Instron Model 1332 servohydraulic test machine. This setup has been
made operational for manual tensile testing. An Instron upgrade allowing computer
controlled testing and data acquisition has been purchased. Computers have been acquired
for the purpose of Instron control and strain gauge readout and are now being outfitted for
these purposes.

Five tensile tests were run on samples of injection molded PY6 made prior to
program commencement from UBE SigNy. The objectives of these tests were to: 1)
verify operation of the tensile tester, 2) understand the problem of buttonhead failures
recently experienced by GTE samples at ORNL and UDRI, and 3) provide the GTEL
machine shop with immediate feedback on their tensile sample and copper collet machining
techniques(see below). All 5 samples failed either in the gage section or at the beginning
of the gage to shank transition. All tests were run in a worst case scenario, with neither
the specimens nor the collets being annealed. One sample failed from an inclusion that
was obvious to the unaided eye. Sample strengths are reported in Table 7. These test
results indicate that the samples and collets machined by the GTEL shop are acceptable
with respect to avoidance of buttonhead failures.

The GTE Labs shop is using its longitndinal grinding attachment on 2 Weldon CNC
grinder to provide samples to ORNL- print specifications. These are being ground from
injection-molded and HIPed rods of various vintages, which were prepared with several
types of silicon nitride powder outside of the Advanced Processing Program. Several of
these samples, along with samples ground by four private shops, were taken to the HTML
and UDRI as noted above for tensile testing. The GTEL shop reviewed the grinding
process and found a need to improve the radius at the button head. The problem was
determined to be a curvature inconsistency from one side of the grinding wheel to the
other. Consequently, a new, plated, 400 grit diamond wheel was purchased to correct this
problem. The data in Table 7 were derived from specimens ground to the exact
dimensions specified with this new wheel.

The copper collets provided with the Instron tensile test system were examined for
shape and dimensional accuracy. Based on these examinations, the GTEL shop made
several experimental sets of collets with a tighter inside and outside diameter specification.
Buttonhead failures were noted when the three copper collets were not evenly inserted into
the grip/specimen interface. When these factors were brought under control, gage section
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failures predominated, with failure originating from internal defects, usnally metallic
inclusions.

Status of Milestones

Selection of the silicon nitride and yttria powders for use in the program constitutes the
accomplishment of Milestone #114301. The test specimen geometry and test procedure
are considered satisfactory for the accomplishment of the program. This completes
milestone #114319. Overall execution of the remainder of the program is on schedule.

Publicati

None.

None.
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Table 1. Summary of Silicon Nitride Powder Characterization Data

Phase Content (XRD)

Si (w/o)
N(w/o) (Leco)
(Kjehdaht)
O(w/o)
C(w/o)
impurities (ppm) by GD-MS
F
Na
Mg
Al
Ci
Ca
Cr
Fe
Ni
Cu
Surface Composition - XPS
Si(a/o)
N{a/0)
O(a/o)
C(a/o)
F(a/o)
HF-soluble Si (Mmg/g)
HF-soluble (mmol/m?)
Surface oxygen (w/0)
Surface oxygen as fraction
of total oxygen (%)
Specific surface area (m2/g)
PSD, d,, 0.5 (um)

deale (M)

Average of Seven

__Ritfled Samples
a-SizNg
(<5% B-SigNy)
58.67+0.16
42.5+0.8
38.4+0.2
1.15+0.04
0.16+0.01

3.8+0.6
6.8+1.7
3.1£3.4
11.0:+4.6
194.0+£26.0
22.0+3.8
8.3t2.6
52.0+14.0
3.1+0.4
24.0+6.3

34.5+3.1

31.941.6

20.3+1.3

12.3+2.8
1.1+0.1
4.61x0.13
0.026
0.26

22.0
7.79+0.14
0.49+0.01
0.24

Average of Five

_Vendor Samples

1.14£0.03

1.9+:0.4
3.9+1.8
1.0+0.2
21.0+30.0
217.0+23.0
27.0£11.0
3.410.1
58.0+63.0
6.2+1.8
16.0+2.4

4.40+0.34

0.025
0.24

21.0

7.54+0.25
0.58+0.01
0.25



95

Table 2. Characteristics of Silicon Nitride Powders

Lot No, Q 1 2 3 4 =1
XRD: Alpha phase is the only crystalline phase positively detected, beta phase possible.
Surface area
(m2/g) 7.5410.25 8.0810.25 8.05+0.19 7.8310.32 7.4940.23 7.77+0.24
PsSD
dSO {um): 0.58+0.01 0.,5010.03 0.5110.03 0.52+0.01 0.5240.02 0.5410,02
O(w/o): 1.141£0.03 1.2940.02 1.2410.03 1.07+0.01 1.0410.02 1.0610.01
(mg/m2):  1.51 1.59 1.54 1.37 1.39 1.36
Sal. Si
{(mg/q): 4.40+0.34 4.6710.18 4.35+0.79 3.541+0.14 3.62i0.14 3.5910.09
(mmoVm?): 0.021 0.021 0.019 0.016 0.017 0.016
Sol. NHg
{mg/g): 0.65+0.10 0.8110.05 0.7810.13 0.731+0.05 0.7310.01 0.74%0.08
(mmol/m2): 0.0051 0.0044 0.0057 0.0055 0.0057 0.0056
Molar ratio
SiN : 4.1 4.6 3.4 2.9 3.0 3.0
Surface O
(w/o): 0.24 0.36 0.24 0.19 0.20 0.20
(% of total): 21 28 19 18 19 19
I1soelectric Point:
6.5 6.5 6.4 6.6 6.5 6.6
Table 3. Impurities in Silicon Nitride Powders(ppm®*)
Lot No, 4] 1 2 3 4 2
F 1.9+0.4 2.2+1.0 2.7+1.2 2.810.6 2.3+0.3 2.9+0.3
Na 3.9+1.8 23t15 5.4+1.9 1+0.4 3.7x1.1 5.114.5
Mg 1.010.2 1.1x0.6 1.4+0.5 2.412.3 2.3£2.4 1.81:0.8
Al 21+30 7.5+4.8 8.0+£3.4 8.7+3.9 8.9+3.5 33+60
Cl 220123 140+29 90175 220+37 220+24 20015
Cl (NAA)** 93+9
Ca 27+11 23111 25+5.1 37+29 24145 25+6.7
Cr 3.4+0.1 4.5+0.2 4.1+0.2 4.0+£0.4 3.9+0.1 4.2+0.5
Fe 58+63 37+1.3 37+10 33+1.2 3514.7 33+0.7
Ni 6.2+1.8 4.2+0.3 3.7+0.6 3.2+0.6 3.310.2 3.56+0.3
Cu 16+1.8 15+7.0 13£10 25+23 12+3.5 17+6.1

* Measured by glow discharge mass spectrometry, except ** by neutron activation analysis.
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Table 4. Comparison of Flexural Strength of PY-6 Ceramics
Made from Different Silicon Nitride Powder Lots

Flexural Strength (MPa) at
LotNo,  _Billet # 2%° 1200°C 1370°C 1400°C
EL 1030 770 - 570
0 1 1020£100 - 550+30 510+20
2 1050+ 60 - 560+50 460+25
1 1 930+£140  670%25 515:35 -
2 1080+55  710%25 560+40 -
2 920+115  700+35 55016 -
3 905£95 635+70 56016 -
4 845t160  680%25 500£10 -
5 935+75 585163 540+25 -

Table S. Surnr—nary of Yttria Powder Characterization Data

ITEM RESULT
XRD Cubic Y04 (trace of impurity)
XPS
Yitrium 36.710.2 a/o
Oxygen (as oxide) 30.1x0.9 a/o
Oxygen (as hydroxide) 31.5+0.8 a/o
Carbon 1.8£0.3 a/o
LOI 0.67 w/o
SSA 10.940.2 m?lig
D(V, 0.5) 3.5+0.3 um
Impurities (ppm)
Na 14.01£5.0 Cr 17.0£10.0
Al 5.0x3.0 Fe 54.0+35.0
Si 55.0+15.0 Ni 9.0+5.0
cl 22.019.0 Cu 31.0+22.0
Ca 6.0+2.0 La 59.0+90.0

Ti 15.0+18.0
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Table 6. Baseline PY6 Tensile Rods Fabricated

PY6 Batch # # ASCERA Rods # Dogbone Rods
900223 30 19
900327 69 19
900330 10 24

Table 7, Tensile Test Results

Sample Gauge Section Tensile Strength
1D Surface Gringd —{MPa)
#32 320 797
#31 320(P) 691
#41 400(P) 711
#181 220(P) 547
#171 220 703

A Wheel grit size used during final grinding step. (P) means polished.
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Figure 1. X-ray photoelectron spectrum of species on baseline silicon nitride.
a) Oxygen 1s b) Carbon s
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Figure 2. SEM micrograph of baseline silicon nitride powder.
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Figure 3. X-ray photoelectron spectrum of oxygen 1s on baseline yttria powder.
(Oxide binding energy: 535.4 eV,
hydroxide binding energy: 537.9 eV)
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Figure 4. Sketches of buttonhead tensile specimen fabrication shapes.
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Figure 5. Flow diagram for liquid milling process.
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Figure 6. Ultrasonic Inspection of a Cylindrical Tensile Specimen. Optical image of the
tensile rod at low (top) and high (middle) magnification. Surface wave image (bottom)
revealed voids. Note, that the optical and ultrasonic images are reversed.
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Figure 7. Surface Wave Image. The images shown were obtained by surface wave
inspection of 4 silicon nitride modulus of rupture test bars. Centrally positioned surface
voids of 100, 50, and 20 micrometers were readily detected.




103

Figure 8. Laser surface profilometry scan. The gage section profile of a precision ground
and lapped tensile specimen shows that relatively large valleys persist.

5.8
Progran 2-B [ ]
28.8

Ran= 308
Spe=  38. | 15.8
Poi-  0908! Lo
{ direction ; 18.8,
Display: '
Roughness (5.8 |
Dis.Ran.fix,
(enter fix.: 8.8 §
LC - B.Sm
M=-100 5.8

-18.8 4

-15.8

Ra 1.61 m:-28.8; : S S S
RS m
'25.8 4 — + + ] i
8.58 1.18 1.7 2.8 2.8 [m] 1.9

fodensiock




104

Figure 9. Microfocus Radiography of Milled Powders. Radiography showed
agglomerates in batch 800-006. The method of densification aid addition to the mill
was changed for batch 800-007 and the agglomerates were absent.

800-006

800-007
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Figure 10. Plot of Film Density Versus Accelerating Potential.

Results clearly show a contrast maximum occurring at 30 kilovolts for this example.
The asymmetric nature of the curve shows that image contrast decreases much more
rapidly for accelerating potential below the optimum than for kilovoltage above the
optimum.
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Processing Science for SiaN4_Ceramics F.F. Lange, D.S. Pearson
(University of California, Santa Barbara)

ive/

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.

The effects of the addition of salt to a slurry made by Norton
Co. has been examined rheologically and by pressure filtration. The
mechanical properties of several green pellets were also measured.
KCI was added (0.125M, 0.25M, 0.625M on a liquid basis) to the
Norton slurry diluted to 20vol% solids. A portion of each was
allowed to sediment, while another portion was examined by
pressure filtration on a MTS mechanical testing apparatus (MTS).
Attempts were made to examine slurries using the Rheometrics
RMS-800 (RMS) using cone and plate geometry (0.04% angle, 50mm
diameter), but the torques generated were below the transducer's
range (<1g-cm).

Pressure filtration follows Darcy's law:

J=kP/pX (1)

where Jis the fluid flux (dX/dt), P is the filtration pressure, X is
the displacement, and p is the fluid viscosity.

k = fs/ (fc - fs) * kp (2)

where fs is the volume fraction particles in the slurry, f¢ is the
volume fraction particles in the consolidated body, and kp is the
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permeability of the consolidated layer (dependent on the size and
number of percolation channels in the layer).

We used two modes of filtration in separate experiments:
constant pressure and constant displacement. The results of these
are shown in figure 1. The data is plotted as In(P/\J) vs. In(X) to
permit comparison of the two data sets. The two curves for the
0.125M sample are very similar to each other indicating that the
pressure is not important for these samples. The various salt
concentrations showed that pressing rate increased with
increasing salt content.

The mechanical properties of samples produced by pressure
filtration were examined using the MTS in axial compression and
the RMS in torsion. In the MTS, the samples were found to flow
slightly to relieve the applied pressure, and the elastic modulus
was found to increase with increasing strain. In the RMS, the
platens slipped on the pellet surface preventing good
measurements, although a lower bound on the torsion modulus can
be estimated from the small displacement data. Work is underway
to increase the friction between the platen and the samples.

Status of milestones.

114401 Survey rheological characteristics of slurries 1 Oct 90
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 1 Nov 90
preliminary results.

114403 Determine effect of pH / electrolyte 1 Oct 91

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

114404 Status report on green body properties and 1 Nov 91
processing relationships.

114405 Explore other means to modify interparticle 1 Apr 92
interactions (polymers such as PVA).

114406 Status report on polymer effects 1 May 92



108

114407 Examine flaw populations in sintered bodies. 1 Oct 92
114408 Final report on colloidal processing 1 Nov 92

Publications.
None.

References.

(1) F.F. Lange and K.T. Miller, "Pressure Filtration: Consolidation Kinetics
and Mechanics," American Ceramic Society Bulletin 66, p1498
(1987).
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Figure 1. Pressure filtration data plotted as P/J (= Xuk) so a
lower slope is indicative of a more permeable particle compact.
Note that the top two curves represent the same slurry filtered at
constant pressure and constant rate, while the lower two curves
are constant rate filtration of the higher salt samples.
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1.2 CERAMIC COMPOSITES

1.2.2 Silicon Nitride Matrix

SiC-Whisker-Toughened Silicon Nitride

H. Yeh, E. Solidum (Garrett Ceramic Components),

K. Karasek, G. Stranford and D. Yuhas (Allied-Signal Research and
22 Technology),

S. Bradley (UOP Research Center), and

J. Schienle (Garrett Auxiliary Power Div.)

OBJECTIVE/SCOPE

The objective of this program (Phase II) is to maximize the
toughness in a high strength, high temperature SiC whisker/Si;N,
matrix material system that can be formed to shape by slip casting and
densified by a method amenable to complex shape mass production. The
ASEA glass encapsulation hot isostatic pressing (HIP) technique shall
be used for densification throughout the program.

The program is divided into seven technical tasks with multiple
iterations of process development and evaluation. Parametric studies
shall be conducted to optimize processing steps developed in the Phase
I effort, guided by established analytical and NDE techniques. The
seven technical tasks are: Task 1 -Selection of SiC whiskers, Task 2 -
Baseline Casting Process, Task 3-Parametric Densification Study, Task
4 - Effect of Specimen Size and Shape, Task 5 - On-Going Evaluation of
Alternate Whisker, Task 6 -Nanometer Deposition of Sintering Aids, and
Task 7 - In Process Characterization and Process Control During Drying
of Cast Ceramic Parts.

The technical effort was initiated in June 1988. Task 1 was
completed in January 1989. Based on the results, HF-etched American
Matrix Inc. SiC whisker was selected for use for Tasks 2 -4. Task 2
was initiated in February 1989 and was completed in June 1989. Task 3
effort was initiated in July 1989, and is still in progress. Task 4
is scheduled to start in July 1990.

Tasks 5, 6 and 7 tasks were added onto this contract to

supplement the mainline activities. These efforts were initiated in
August 1989, and are still in progress.

TECHNICAL HIGHLIGHTS

TASK 1 - Selection of Whisker

All technical efforts had been completed and the results were
summarized in Semi-Annual report October 1988 - March 1989.
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TASK 2 - Baseline Casting Process

All technical efforts had been completed and the results were
reported in the April-September 1989 Semi-Anmnual report. In summary,
four iterations were conducted to optimize the green forming process
for composites containing 10, 20, 30 and 40 wt% SiC whiskers,
respectively. In these four iterations, the Si3N, powder, prior to
blending with SiC whiskers, contained the standard GN-10 sintering
aids concentration. The optimized process, 4th iteration, was then
used to fabricate another set of four composites (10, 20, 30 and 40
wt% SiC whiskers), in which the sintering aids concentrations in the
Si3N, powder were increased with 5iC whisker loading to maintain a
constant ratio between sintering aids and the sum of Si;N, and SiC
whisker. This set of composites are referred as 5th iteration
samples. The purpose of the 5th iteration samples was to determine
the effect of sinter aids concentration on the structure/properties of
densified composites, when compared with the 4th iteration samples.
The 4th and 5th iteration green composites, a total of eight
varieties, plus a monolithic GN-10 were to be densified under Task 3.A
- statistical matrix to determine the effect of HIP parameters.

TASK 3 - Parametric Densification Study

Three subtasks (A, B, and C) shall be conducted to evaluate the
effects of key densification parameters on microstructures/properties
of Si3N,/SiC(w) composites. The samples containing 10 to 40 wt%
whiskers and two levels of sintering aids fabricated under Task 2
iterations 4 and 5 shall be densified by a HIP matrix (five runs),
resulting in forty (40) different composites. A baseline monolithic
GN-10 green sample shall also be included in each HIP run as a
reference. Based on these results, three composites shall be
refabricated for a more detailed characterization under Subtask B.

Out of these three, the composite showing the best properties shall be
refabricated in a larger quantity for a comprehensive characterization
under subtask C, Only Subtask A was conducted during this reporting
period.

A) Statistical Matrix

A HIP matrix comnsisting of Garrett Ceramic Component’s baseline
HIP cycle (T °C/ty hr) and three less severe conditions (T, °C/t; hr,
Ty °C/t2 hr and Tg OC/tl hr) were conducted during the last semi-
annual reporting period, where T; is less thamn Ty, tq less than t,.
In each HIP run, a baseline monolithic GN-10, four 4th iterations and
four 5th iteration green samples were included according to plan. Due
to large HIP furnace capacity, the 3rd iteration samples were also
included to provide potential supplemental data. Based on the
results, the fifth HIP run was designed and is in the process of being
HIP’ed.
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The less severe conditions selected in the first four HIP runs
were intended to explore lower HIP process boundaries to produce
weaker interfacial bonds. The HIP'ed samples showed a range of
densities (reported in the last Semi-Annual report), consistent with
the expected effects of HIP parameters, whisker content and sintering
aid level. Additional analyses were conducted during this reporting
period, and the results are presented below:

o Optical Metallography

Table I summarizes the results. Whisker agglomerates ranging
from 50 to 300 microns in diameter were observed in all composites.
The whisker loading and matrix composition did not appear to influence
the size of the agglomerates. This suggests that the whiskers used
contained hard agglomerates which were not broken up during green
processing. Figure 1 shows an example of whisker agglomerates and the
associated porosity in a 20 percent SiC whisker composites (4th
iteration, T2 0C/t2 hr). Fine matrix porosity (5 to 10 microns) is
also evident.

The degree of porosity was consistent with the measured
densities, which were influenced by whisker loading, and HIP
temperatures and times (i.e., more porosity was observed for higher
whisker loadings, lower HIP temperatures and shorter HIP cycle
durations). Whisker agglomerates in composites HIP'’ed at highest-
temperature/longest-duration HIP parameters in this study (T2°C/t2 hr)
are filled with the SigN, matrix, while those in composites HIP'ed
under the lowest-temperature/shortest-duration conditions (T1°C/tl hr)
are very porous.

The non-agglomerated whiskers in areas away from the agglomerates
tended to be randomly oriented for iteration 4 composites (Figures 2
and 3). However, preferred orientation normal to the casting
direction was observed in most composites fabricated under iteration 5
as illustrated in Figures 4 and 5.

All composites exhibited a 1 to 2 millimeter surface layer which
was a lighter shade of green compared to the bulk of the composite
(typically dark green). Under reflected light microscopy, no
microstructural features associated with the shade differences were
observed. However, the composite surface was heavily microcracked to
a depth of 0.25 to 0.5 millimeter (Figure 6), which is less than the
overall thickness of the reaction layer. The surface damage may be a
result of the ASEA glass encapsulant removal process.

As a result of the whisker agglomerates observed in the 4th and
5th iteration samples, polished sections of selected iteration 3
samples, which were HIP'ed along with 4th and 5th iteration composites
in the four HIP runs, were prepared for optical microscopy to examine
the degree of whisker dispersion in the composites. Neither whisker
agglomerates nor preferred orientations were observed in the



Billet
No.

190-3
185-3
228-3
193-4
190-4
185-4
228-4
193-3
222-4
226-4
188-4

226-3
223-4
196-3

211-3
201-2
202-2
196-4

211-4
201-3

202-4
214-4
199-4
205-4
214-3

199-3
205-3
208-3

% SiC HIP Cycle

40

10

20
30
40
10

20
30

40
10
20
30
10

20

40
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TABLE I METALLOGRAPHY RESULTS FOR TASK 3A COMPOSITES

(°C/hr)

Til/tl
Tl/tl
T1/tl
Tl/cl
Tl/t2
T1/€2
Tl/e2
Tl/t2
T2/tl
T2/t1
T2/t1

T2/t2
T2/t2
Ti/tl

T1/t1
T1/tl
T1/t1
T1/¢2

T1l/t2
T1/¢2

T1/t2
T2/t
T2/t1
T2/¢1
T2/¢2

T2/t2
T2/t2
T2/t2

Iteration Density Preferred Comments

EEE SR SR R N N N S - S

-~ &~

[V RV R TR, wviw:n W oan w

w

(g/cc) Orientation

3.29 No

3.17 No high porosity

3/17 Slight high porosity

3.01 ? very high porosity

3.29 No

3.27 No

3.2 Yes areas of high porosity

3.05 ? very high porosity

3.3 No

3.38 No

3.26 No less quantity of large pores cue
to better $iC distribution

No some whiskers agglomerates

filled with matrix

3.24 No highest density microstructure
of 40% SiC composites

3.3 Yes less quantity of small pores
than most

3.3 Yes

3.21 Yes high porosity

3.26 Slight high porosity

3.3 Yes less quantity of small pores
than most

3.3 No

3.29 Yes less quantity of small pores
than most 30% SiC composites

3.29 Yes high poreosity

3.3 Slight

3.29 Yes

3.3 Yes

3.31 No some whiskers agglomerates
filled with matrix

3.3 Yes

3.3 Yes more fine pores than typical

3.29 Yes
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Figure 1 - An example of whisker agglomerates and the associated
large pore clusters present in composites (Bullet No. 222-4)

(parallel to casting direction) (perpendicular to casting direction)

Figure 2 - Random whisker orientation in iteration 4 20 wt$% sic,
composite HIP'ed at T, °C/t, hr
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(Parallel to casting direction) (Perpendicular to casting direction)

Figure 3 - Random whisker orientation in iteration 4 30 wt % Sicy,
composite HIP'ed at T; °C/t; hr

(Parallel to casting direction) (perpendicular to casting direction)

Figure 4 - Preferred whisker orientation in iteration 5
10 wt % SiC, composite HIP'e at Ty °C/t; hr
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(parallel to castin direction) (perpendicular to casting direction)

Figure 5 - Preferred whisker orientation in iteration 5
30 & SiC, composite HIP'ed at T, °C/t2 hr

L200 MM,

Figure 6 - Typical cracks in the as HIP'ed surface
layer of composite billets
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composites.

Iteration 3 samples were mixed by wet ball milling, while 4th and
5th iteration samples were mixed by liquid state tumbling.
Examinations of selected composite powder and green casting samples
under Task 2 led to the conclusions that the liquid state tumbling
technique resulted in non-agglomerated structure and was judged to
produce less damage to the whiskers. For this reason iteration four
procedures was chosen as optimum over iteration 3 to produce 5th
iteration samples. In addition, after HIP'ing, high degree of
cracking were observed on iteration 3 samples, but not on iterations 4
and 5 samples. Consequently, the HIP'ed iteration 3 samples were not
evaluated initially.
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o Elastic Moduli

The Young's modulus, shear modulus, and Poisson'’s ratio were
measured for the samples of the first four HIP runs by an ultrasonic
technique. Data and results are given in Table II. Measurements
were made in two or three orthogonal directions, although this was
not possible for some samples due to irregularities in sample
dimensions. The moduli of several of the Iteration No. 4 samples
HIP’ed at T1°C appear to be low. This often correlates with low
density. No obvious trend was observed.

o STEM and X-Ray Diffraction Analysis

Initial STEM examinations were made on the monolithic
samples and Iteration No. 5 composites containing 30% SiC whiskers.
The density of the monolithic sample HIP'’ed at T1°C/t1 hr is
somewhat low at 3.21 g/cm3 (97% full density), and the initial STEM
results reflect this. A large number of small regions are present
which lack grain boundary phase. The grain boundary phases are also
chemically inhomogeneous. The monolithic sample HIP’ed at T10C/t2
hr also exhibited high porosity but the grain boundary phases became
more homogeneous when the sintering time was increased. Both
samples exhibited preferred whisker orientation.

X-ray diffraction indicated that the monolithic samples
HIP'ed at T1°C (for either tq or ty hr) had significant amounts of
@ -SigN,. This indicates that the Si3N, has not completely
sintered. The monolithic sample HIP'ed at T2°C for ty hours showed
a small amount of @-SiaN,. Thus, the problem is reduced at T2°C,
but it is still there to some extent. Similar results were seen in
the 30% composites, although the amount of @-SisN, in the T,°C/t, hr
composite was greater than that seen in the monolithic sample.

o Fracture Toughness

Fracture toughness and hardness values of monolithic GN-10
and the Iteration No. 5 composites were measured by an indentation
technique*’*.

¥ A.G. Evans, “Fracture Toughness: The Role of Indentation

Techniques"; pp. 112-35 in Fracture Mechanics Applied to

Brittle Materials. (Edited by S.W. Freiman. Am. Soc. Test.

Mater. Spec. Tech. Publ. 678, 1978.

* J.P. Singh, K.C. Goretta, D.S. Kupperman, and J.L.
Routbort, "Fracture Toughness and Strength of SiC-Whisker-
Reinforced Si3N, Composites," Adv. Ceram. Mater., 3 [4] 357-
60 (1988).
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Table II
Ultrasonic Modulus Data*
C13 £33
D Shear Youngs v
SAMPLE 1D We.s SiC, Densigy Modulus Modulus Pofssons
(HIP °C/Hr) (g/cm”) GPa GPa Ratio
Monolithic GN-10
195-3-1 0 3.310 132.46 338.65 0.28
(T C/tqHr) 128.93 324.24 0.26
195-3-2 0 3.310 122.68 312.97 0.28
(T1C/tyHr) 127.87 322.65 0.26
129.95 326.71 0.26
195-3a-1 0 3.300 116.93 301.76 0.29
(T{C/t,Hr) 121.79 309.57 0.27
195-4a-1 0 3.300 115.71 297 .46 0.29
(T,C/tyHr) 123.46 313.05 0.27
111.80 291.01 0.30
195-4a-2 0 3.300 137.79 341.49 0.24
(T,C/tHr) 122.26 310.30 0.27
134.11 322.45 0.20
195-4-1 0 3.300 132.53 330.54 0.25
(T,C/t,hr) 114.86 295,94 0.29
125.79 318.54 0.27
Iteration #4 Composites
190-3-3 10 3.290 129.74 324.07 0.25
(T,C/tqHr) 127.36 324.24 0.27
185-3-1 20 3.170 118.51 295.03 0.24
(T C/tH) 124.01 306.12 0.23
228-3-2 30 3.170 124.11 308.81 0.24
(T1C/tyHr) 125.60 317.74 0.2¢6
135.03 326.90 0.21
193-3-2 40 3.010 113.75 270.78 0.19
(T{C/t Hr) 126.25 294.57 0.17

* Measurements were made on each sample in two or three orthogonal
directions resulting in two or three modulus data per sample.
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€13 E33
D Shear Youngs v
SAMPLE ID . We.s SicC, Densigy Modulus Modulus Poissons
(HIP °C/Hr) (g/cm>) GPa GPa Ratio
190-4-3 10 3.290 122.86 312.76 0.27
(T,C/toHr) » 132.05 337.59 0.28
185-4-2 20 3.270 120.85 309.92 0.28
(T1C/tyHr)
228-4-2 30 3.210 133.63 329.19 0.23
(T1C/tqHr) 139.54 343.49 0.23
130.52 324.47 0.24
193-4-1 40 3.050 111.46 266.46 0.20
(T1C/toHr) 112.78 273.35 0.21
222-4-2 10 3.300 129.85 328.09 0.26
(ToC/tyHr) 129.40 328.69 0.27
128.97 324.58 0.26
226-4-2 20 3.280 132.76 331.15 0.25
(ToC/tyHr) 133.66 334.60 0.25
132.72 327.71 0.23
188-4-1 30 3.260 136.54 339.29 0.24
(ToC/tqHr) 140.00 346.26 0.24
233-4-2 40 3.240 146.24 357.73 0.22
(T,C/toHr) 158.97 368.60 0.16
Iteration #5 Composites
196-3-1 10 3.300 131.25 327.19 0.25
(T1C/tqHr)
211-3-1 20 3.300 130.60 326.12 0.25
(T1C/tqHr) 137.88 337.64 0.22
201-2-2 30 3.210 118.83 291.31 0.23
(T1C/tqHr) 135.08 322.17 0.19
202-3-3 40 3.260 134.91 325.27 0.21

(TyC/tqHr) 134.35 329.09 0.22



SAMPLE 1D
(HIP °C/Hr)

196-4-1
(TIC/tzﬂt)

211-4-1
(T,C/toHr)

201-3-1
(T1C/C2Hr)

202-4-1
(T1C/t2Hr)

214-4-1
(T2C/t1Hr)

199-4-3
(T2C/t1Hr)

205-4-1
(TZC/tIHr)

214-3-2
(TzC/tzHr)

199-3-2
(TzC/tzHr)

205-3-1
(TyC/t,Hr)

208-3-2
(ToC/t,Hr)

We.% SiC,

10

20

30

40

10

20

30

10

20

30

40
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D

Densigg

(g/cm

3.300

3.300

3.290

3.290

3.300

3.290

3.300

3.310

3.300

3.300

3.290

Gy

Shear

Modulus

GPa

139.
136.
131.

126.
129.

137
136

198
147

128.
131.
131.

132.
131.

129.
.80

141

123.
129.
128.

128,
130.
133.

132.

140,

98
46
28

41
77

.29
.21

.60
.21

96
40
16

23
38

46
89
72
06
71
37
06

65

23

Ejj

Youngs

Modulus

GPa

353,
339.
330.

318.
.69

323

339,
336.

425,
359.

324.
.51
331.

329

330.
.10

328

326.
342.

314.
.83
323.

326

321.
327.
329.

327.

345,

24
09
55
85
90
94

77
46

30
02
38
05
06
61
31
74
71

41

73

24

4

Poissons
Ratio

[= e Nl (=] oo

(=

.26
.24
.26

.26
.25

.24
.24

.07
.22

.26
.25
.26

.25
.25

.26
.21

.27
.26
.26
.25
.26
.24

.24

.23



The results are given in Table III.
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It appears that

the monolithic samples HIP'’ed at T1°C have lower fracture

toughnesses than those HIP'ed at T2°C.
are seen over the monolithic samples HIP’ed at T2°C.
composites, higher density samples appear to exhibit slightly higher

toughness.

Table III.

No toughness improvements

Among the

Fracture Toughness and Hardness for Monolithic

GN-10 and Iteration 5 Composite Samples

Fracture Toughness by Indentation Technique

SiC(w)

Vol %

0%

10%

20%

30%

40%

0%

10%

20%

30%

40%

(MPa-m

T,°C/t1 h

4.24/-0.3

5.4+/-0.4

6.3+/-1.0

17.2+/-0.2

16.9+/-0.6

14.6+/-0.3

17.0+/-0.1

2
TloC/tz h

6.1+/-0.4
6.9+/p2.0
6.5+/-0.2
6.1+/-0.2
5.2+/-0.6
Hardness
(GPa)
15.4+/-0.3
17.0+/-4.9
16.5+/-0.4

16.2+4/-0.4

17.8+/-0.7

TZOC/tl h

6.9+/-0.5

6.1+/-0.3

6.2+/-0.4

15.4+4/-0.2

17.2+4/-0.5

16.6+/-0.4

-16.0+/-0.5

TZOC/CZ h

7.0+/-0.4

6.9+/-0.5

6.3+/-0.2

6.5+/-0.4

14.4+/-0.3

15.6+/-0.3

15.9+/-p0.3

As explained under Optical Metallography section earlier,
selected 3rd iteration composite samples were prepared to observe
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whisker dispersion. Fracture toughness was measured on these
samples. Two different orientations were measured for each
composition and HIP-temperature combination. The results are
reported in Table IV along with the corresponding data from the
Iteration 5 samples. Overall, the 3rd iteration composites showed a
slightly higher toughness than the 5th iteration.

Table IV. Fracture Toughness as a Function of HIP
Parameters and SiC Whisker Content for Itexations 3 and 5.

Iteration 3 Iteration 5
Sample # * HIP SiCs K1C +/- K1C +é-
Parameters MPa m1/2 MPa m1
T°C/tH
#177-3 V Ty/tq 20% 6.3 0.5 6.1 0.3
#177-3 H Ty/tq 20% 5.9 0.3
#177-4 V To/ty 20% 8 0.9 6.9 0.5
#177-4 H To/ty 20% 6.3 0.2
#184-3 V T/t 30% 7 0.5 6.2 0.4
#184-3 H To/tq 30% 6.7 0.3
#184-4 H Tz/tz 30% 6.6 0.6 6.3 0.2
#184-4 V Ty/ty 30% 6.5 0.7

* Fiber Orientation: V=vertical; H=horizontal
o Fifth HIP Run

The above results suggest an overall trend that higher HIP
temperature, longer holding time result in higher density, fuller
reaction (less alpha-SisN, phase) and slightly higher toughness.
Based on this observation, a slightly higher temperature (T; °¢) is
selected for the 5th HIP run. In order to avoid too strong a bond
formed between the whiskers and the matrix, the holding time t, is
used. The composite samples included in this run was mixed by the
wet milling procedure and the slips were prepared using an improved
procedure based on the NASA/GAPD/ATTAP program at Garrett Ceramics.

TASK 5 - On-Going Evaluation of Alternate Whiskers

The objective of this Task is to stay abreast of the whiskers
with improved properties which may become available during the
course of this program.

Keramont Grade 9A, Tokai TWS-100, Tokai TWS-400, and Kobe Steel
Grade AT SiC whiskers were analyzed by XPS. The Keramont whiskers
exhibited a significant amount of surface §i0p. They also had Fe,
Na, Mg, P, and Ca impurities as well as polymeric carbon. The two
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Tokai whisker sets and the Kobe Steel whisker set all had low
surface oxygen levels (12 to 15 at.%). The surface impurity levels
of the Tokai whiskers were quite low, while the Kobe Steel whiskers
exhibited small amounts of Ca, F, and Na.

Three more sets of whiskers were examined by STEM. The Kobe
Steel A'T whiskers had diameters in the range of 0.5 to 2.5 microns.
Lengths ranged from 10 to 125 microns with most shorter than 40
microns. Some Cr inclusions were observed. Debris level was low,
but higher than that seen in ACMC whiskers. These whiskers were
considered to be very promising although it is unclear whether Kobe
Steel will continue to market them. The Tokai TWS-100 MOD whiskers
were fairly similar to Tokai whiskers we have examined before. They
are generally quite distorted and twisted. 1In contrast, the Tokai
TWS-400 whiskers are a major improvement. The diameters are larger
than other Tokai whiskers - 0.5 to 1.5 micron. Lengths range from
10 to 50 microns. Most important, the whiskers do not exhibit many
of the distortions that are so typical of Tokai whiskers. The
amount of debris is fairly low -more than in the ACMC whiskers, but
less than in the Kobe A'T whiskers. Some Co-Fe inclusions were
seen.

Bulk impurity contents of Keramont 9A, Tokai Carbon TWS-100 and
TWS-400, and Kobe Steel AT whiskers were measured by neutron
activation at Texas A&M University. The results are given in Table
V.

The Keramont sample exhibits the highest oxygen content, which
is consistent with the high surface oxygen level presented in the
last report. The Fe level is quite high, which could catalyze
degradation reactions. In short, the Keramont sample requires
significant cleaning. The other samples have relatively low
impurity levels, although the Co and Fe are noticeable in the Tokai
TWS-400 and Kobe Steel AT whiskers, respectively.

The Advanced Ceramic Technologies ATl whiskers are quite
straight. Their average lengths and diameters are among the
smallest we've seen. A small amount of debris was present. X-ray
photoelectron spectroscopy (XPS) revealed a surface which is very
clean (i.e., very low impurity level) and has a very low oxygen
content.

Task 6 Nanometer Deposition of Sintering Aids

The objective of this Task is to develop nanometer deposition of
the sintering aids through solution chemistry to promote grain
boundary homogeneity resulting in improved high temperature
properties and enhanced sinterability of GN-10, the matrix material
of this program. The techmnology developed can be applied to a
future GN-10 SigN, based composite effort.
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Table V. Bulk Chemistry of Alternate
SiC Whiskers by neutron Activation.

Keramont 9A Tokai Carbon Tokai Carbon Kobe Steel AT

TWS-100 TWS 400
0 (%) 3.0 0.6 0.5 0.5
N (%) 2.2 3.9 1.1 1.6
F (%) 0.54 <0.05 <0.05 0.13
Cl (ppm) 150 40 40 40
Co (ppm) 0.4 0.4 2700 2.6
Cr (ppm) 7.3 21 62 720
Mg (ppm) 20 10 <10 60
Na (ppm) 480 25 24 52
Ni (ppm) <10 <50 <150 <150
Approaches

Silicon nitride powders coated with GN-10 sintering aids were
prepared using the following methods: precipitation (two
approaches), spray drying, polymerization (two approaches), and
evaporation of a solution containing carboxylates. Samples were
calcined in air to form the desired phases. Sintering aid levels
were confirmed by inductively coupled plasma-atomic emission
spectroscopy. Samples were dissolved in a mixture of HF and HCl
using a Parr bomb for analysis. Target GN-10 sintering aid levels
were achieved within the accuracy of the technique (+/-0.25%).

Powder Characterization

Electronic amplitude measurements were performed to evaluate the
surface chemistry of the coated powders. Low zeta potentials were
observed when electrostatic charge was used to disperse the
experimental powders. Stable dispersions were achieved by adding
low levels of polyelectrolyte., The results suggested that the
experimental powders can be processed using typical slip casting
procedures.

To evaluate the uniformity of the sintering aids deposited on
the SigN, particles in the experimental samples, XPS elemental
analysis was performed on these powder samples as well as a control
(GN-10 Si3N, powder prepared by a baseline milling procedure). The
results are listed in Table VI. XPS is a surface technique which
only detects elements within approximately an 80 angstrom thick
layer. The decrease in the Si and N signals would suggest an
increase in amount of sintering aids deposited on the SigN,
particles.
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Table VI

X-RAY PHOTOELECTRON
SPECTROMETRY ELEMENTAL ANALYSIS RESULTS (AT %)

Sintering Aid

si N Components 02
1 2
Control* 28.4% 28.3% 4.2% 4.1% 28.2%
Evaporation 19.0% 11.1% 12.8% 3.5% 41.6%
Polym 1 24.9% 19.4% 6.% 2.4% 36.4%
Precip 1 28.3% 15.3% 4.6% 2.0% 41.6%
Precip 2 34.4% 19.8% 0.9% 0.4% 40.4%
Spray Drying 23.1% 15.4% 8.8% 4.9% 42.0%
Polym 2 28.8% 27.4% 4.4%  3.1% 30.0%

(Balance of Signal is carbon and, in some cases, minor
amounts of sodium)

* GN-10 Si;N, powder prepared by ball milling

The lowest silicon and nitrogen signals were observed for the
following three samples: evaporation, spray drying, and
polymerization 1. Powders prepared by these three procedures also
have the highest signals for sintering aid component 1, which is the
major component. This correlation suggests that evaporation,
polymerization 1, and spray drying yield the most uniform dispersion
of sintering aids. Backscattered electron images of samples with
higher silicon signals by XPS have numerous bright spots which
correspond to the heavier sintering aid elements. Samples with
higher sintering aid component 1 signals by XPS exhibit little
sintering aid segregation in the backscattered electron images.

Densification

Experimental and control samples were gas pressure sintered at
1800°, 1900°, and 1975°C. The control sample is a GN-10 powder
prepared by ball milling. Green and sintered densities are
summarized Table VII.
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Table VII. Gas Pressure Sintering Results

1800°C/1 h 1900°C/.33 h 1975°C
2500 psi 1500 psi 2 h 450 psi;
2 h 900 psi

Green Sintered Green  Sintered Green  Sintered
Density Density Density Density Density Density

g/ce glce g/ce g/ce g/cc g/ce
Control#* 1.94 2.24 1.96 2.32 1.93 2.67
Polym 1 1.80 2.14 1.76 2.16 1.75 2.44
Precip 1 1.67 2.02 1.68 2.11 1.70 2.37
Precip 2 1.76 2.06 1.73 2.12 1.74 2.38
Polym 2 1.76 2.09 1.77 2.16 1.74 2.45
Evaporation 1.77 2.11 1.76 2.17 1.76 2.43
Spray Dried 1.62 2.01 1.67 2.07 1.67 2.31

*GN-10 Si3N, prepared by all milling

The 1800° and 1900°C samples were packed in silicon nitride
powder during sintering while the 1975°C samples were placed on a
thin layer of BN. Even after sintering a