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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL
PROGRESS REPORT FOR APRIL 1990 THROUGH SEPTEMBER 1990

SUMMARY

The Ceramic Technology For Advanced Heat Engines Project was developed
by the Department of Energy’s Office of Transportation Systems {(0TS) in
Conservation and Renewable Energy. This project, part of the 0TS’s
Advanced Materials Development Program, was developed to meet the ceramic
technology requirements of the §TS’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 feasibie. However, these programs have also
demonstrated that additional research is needed in materials and processing
development, design methodology, and data base and 1ife prediction before
industry will have a sufficient technology base from which to produce
reliable cost-effective ceramic engine components commercially.

An assessment of needs was completed, and a five year project plan was
developed with extensive input from private industry. In July 19920 the
eriginal plan was updated through the estimated completion of development
in 1993. The objective of the project is to develop the industrial
technology base required for reliable caramics for application in advanced
automotive heat engines. The project approach includes determining the
mechanisms controlling reliability, improving processes for fabricating
existing ceramics, developing new materiais with increased reiiability, and
testing these materials in simulated engine environments to confirm relia-
bility. Although this is a generic matzrials 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 ceordination 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 Taboratories, and
universities.

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



0.0 Management and Coordination
1.0 Materials and Processing

1.1 Monolithics

1.2 Ceramic Composites

1.3 Thermal and Wear Coatings
1.4 Joining

2.0 Materials Design Methodology

2.1 Modeling
2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Base and Life Prediction

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
O0ak Ridge National Laboratory

Objective/scope

This task includes the technical management of the project in
accordance with the project plans and management plan approved by the
Department of Energy (DOE) Oak Ridge Operations Office (ORO) 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. 1In addition. the program is coordinated with interfacing
programs sponsored by other DOE offices and federal agencies, including the
National Aeronautics and Space Administration (NASA) and the Department of
Defense (DoD). This coordination is accomplished by participation in
bimonthly DOE and NASA joint management meetings, annual interagency heat
engine ceramics coordination meetings, DOE contractor coordination
meetings, and DOE Energy Materials Coordinating Committee (EMaCC) meetings,
as well as special coordination meetings.






1.0 MATERIALS AND PROCESSING
INTRODUCTION

This porton 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 sub-
element currently includes work activities on green state ceramic fabri-
cation, 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 Timited
to oxide-base coatings and involves coating synthesis, characterization,
and determination of the mechanical and physical properties of the
coatings. Research conducted in the Joining subelement currently includes
studies of processes to produce strong, stable joints between zirconia
ceramics and iron-base alloys, as well as Si;N,- and SiC-to-metal joints,
and SiC-to-5iC 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 invelved in producing the ceramic mate-
rials, and the resuitant 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 MONOCLUITHICS

1.1.1 Silicon Carbide

Turbomilling of SiC Whiskers
D. E. Wittmer (Southern lliinois University)

Obiective/scope

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

Technical progress

Phase !l is divided into 4 major tasks:

Task 1. Beneficiation of SiC 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

Task 1 was completed ahead of schedule as reported in the
previous semi-annual report.

Task 2. Development of aspect ratio reduction paramelters.

During this reporting period, the Lasentec 150 Scanning Laser
Microscope was standardized, using 1 um and 10 pm colored latex
polymer microspheres, for measuring whisker length and distributions as
part of Task 2, and floc size as a function of pH as part of Task 3. Also, a
pyrex, vertical flow chamber, designed for measuring whisker lengths
utilizing the Lasentec-150 fiber analyzer, was constructed as part of Task
2. 1 is anticipated that, once consistent measurements are obtained, this
instrument will enable the in-situ measurement of whisker aspect ratio or
particle size reduction, during turbomilling. To date, the results obtained
are not consistent with those obtained on standard slurries, using the
standard Lasentec setup. Additional modifications were made to the pyrex
vertical flow chamber, designed for in-situ measurements of whisker
lengths during turbomilling. An adjustable support device, designed to
nold the pyrex flow chamber in the proper position with respect to the
laser window, was constructed and installed. Previously, vibrations



present with the earlier setup prohibited stable readings. Due to
unforseen delays in accomplishing this task, a no-cost extension has been
granted. This milestone has been rescheduled for completion by 4/30/91.

Task 3. Improved dispersion of particulate matrices.

Task 3 has been altered to focus on the effect of temperature,
dispersant and pH on the flocculation/dispersion behavior of the ALO, and
Si;N, matrix materials to determine optimum conditions for turbomilling
and pressure filtration of the monolithic matrix, prior to the addition of
SiCw'. In addition, some effort for Task 3 has been redirected to
determining the feasibility of producing #-Si;N, "seed” with a controlled
morphology for enhancing the formation of toughened microstructures.
Once developed, this B-SigN, seed is to be dispersed in a chosen SizN,
matrix by turbomilling.

For this task the Lasentec 150 is being used to measure the effect
of pH on the floc size and settling rate for various Al,O4 and SigN, matrix
slurries. The materials presently being studied are:

AlLO; Matrix Ceralox 0.5 AF (agglomerate free)
with and without MgO

Reynolds RCHP-DBM without MgO
SizN, Matrix Starck LC-10N SigN,

LC-125X SigN,

UBE E-10 SiyN,

Starck high-purity Y,0O4

Flocculation behavior is being analyzed as a function of solids content
over the pH range of 2 to 12. Based on preliminary flocculation behavior,
the zeta potential, as a function of pH for the same materials, is also being
measured for the pH range of 2 to 11. Typical results of floc size (given
as number of particle diameters) vs. pH are given in Figures 1 through 5,
while results of zeta potential as a function of pH for the Si;N, powders are
given in Figures 6 through 8.

' For this work Grade 1 silicon carbide whiskers from the former
American Matrix Inc. (AMI) were used. The AMI whisker technology
and equipment has recently been purchased by Advanced Refractories
Technologies, Buffalo, NY.



Based on the observed flocculation behavior as a function of pH, a
1 kg batch of A2YE (UBE E-10 §i N, with 2% Ceralox AlL,O, and 6% Starck
Y,0, as sintering aids) was processed by turbomilling and pressure
filtration at a pH of 4. For comparison, an identical 1 kg batch was
processed by turbomilling with 0.25 w/o PVA binder and 5 ml Darvan
821A (J. T. Vanderbilt) dispersant. The green density using pH control
only was 60% of theoretical with a casting time of 45 min., compared with
a green density of 53% and casting time of 150 min. for the slurry
containing binder and dispersant.

From these resuits, the same A2Y6 composition, using turbomilling
and pressure filtration with pH control only, was used in the preparation of
the following:

Ball milied A2Y€ matrix only.
Turbomilled A2Y6 matrix only.
25 vol.% SiCw-8izN, composite containing as-received SiCw.

25 vol.% SICw-SigN, composite containing beneficiated
coarse SICw fraction.

25 val.% SiCw-SigN, composite containing beneficiated
fine SiCw fraction.

25 vol.% SiCw-SigN, composite containing beneficiated,
heat-treated, coarse SiCw fraction.

25 vol.% SiCw-SigN, composite containing beneficiated,
heat-treated, fine SiCw fraction.

Continual problems with the hot-prass at the University of Hllincis at
Urbana, IL delayed hot-pressing of the above compositions. Once the
hot-press was repaired, it was determined that the hot-pressing conditions
oreviously used with ORNL equipment were not duplicated, althcugh the
runs were made at the same time, tsmperature and ioad settings. This
resuited in lower hot-pressed density than anticipated and required
additional hot-pressing at slightly higher temperatures and additional time.
The hot-pressed compositions are presently being machined into MIL Std.
1842 type B test specimens for flexure and fracture toughness
measurements. Because of these delays, as with Task 2, a no-cost
extension was granted with a change in this milestone to 7/31/91.
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Also as part of Task 3, the effect of temperature on turbomilling
conditions and viscosity of the resulting slurries was observed for
A2Y6-Si;N,, and the effect of solids content and aging on the floc size and
pH of Starck LC-10N, Si;N, was also measured.

During the summer months, the cooling water for the turbomill is
much higher than in the winter months (35°C and 17°C, respectively), so
as expected, the viscosities for slurries processing in the turbomill could
vary considerably. Characteristically, when turbomilling typical 25-35 vol.%
solids slurries at temperatures below about 25°C, the torque and H.P. are
observed to decrease during the initial 30 min of turbomilling and then
remain relatively constant until the end of the run. This behavior is
believed to correspond with the point when all of the powder
agglomerates have been completely dispersed. Recently with the higher
cooling water temperature (35°C), for the same solids loadings, the torque
and H.P. have been observed to initially decrease to a much higher value
than observed at the cooler temperatures, and then slightly increased until
the end of the run. These results justify the purchase of a captive water
cooling system when such resources become available. A more detailed
study of this behavior has been initiated.

The effect of aging on the pH and floc size was determined for
Starck LC-10N SigN, powder for turbomilled and ball milied low solids
content (5 vol.%) slurries. For the ball milled slurry the pH was 5.1 and
the floc size 7.25 pm compared to a pH of 8.3 and floc size of 1.5 um for
the turbomilled slurry. After aging for 48 hours, the ball milled slurry was
the about the same, while the turbomilled slurry had a pH of 7.8 and a floc
size of 6.9 um. This would indicate that possibly some silicic acid is
forming from a reaction with the water and the higher surface area SigN,
powder produced during the turbomilling process. Currently, turbomilled
slurries of Ceralox Al,Q4, Starck LC-10N SigN, and LG-128X SigN, with
higher solids loadings are being investigated for aging effects on pH, floc
size and viscosity.

increasing the solids content for turbomilled slurries of A2Y6-SigN,,
using Starck LC-128X SigN, powder, from 30 vol.% to 33 vol.% was found
to nearly double the slurry viscosity, from 37 to 70 cp, respectively. Aging
for 24 hours, turning the slurry slowly on a mill rack, was found to only
slightly decrease the viscosity. Entrapped air was found to present a
major problem for these higher saolids content slurries and deairing
techniques were developed. Filter cakes cast from deaired slurries were
void of surface pin holes, which were previously observed in high-solids
content slurries which were not deaired.

Similar to the previous study using UBE E-10 SigN,, A2Y6 SigN,
slurries, containing Starck LC-12SX SigN,, Ceralox AF AlLLO4 and Starck HP
Y, 04, were processed by turbomilling to compare the effect of using
dispersants and binders with pH control only. Following turbomilling for
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2 h, filtter cakes for both cases of about 125 g each were prepared by
oressure casting. Green parts containing binder and dispersant were
dried very slowly (time to dry was approximately 9 days) by graduaily
decreasing the relative humidity of the drying environment, before the
parts were dried in a vacuum oven to 100°C. Green parts formed from
turbomilied slurries using pH control only were placed in a vacuum oven at
room temperature and the temperature gradually increased to 100°C (time
to dry 1 day). Parts from both processes will be sintered for comparison
of shrinkage and density.

Some effort in this sub-contract has been redirected to determine
the feasibility of using turbomilling for the dispersion of prepared B-SigN,
seed in a sinterable Si;N, matrix. Conceptually, the B-Si;N, seed would
provide nucleation and growth sites for producing a more prominent
self-reinforcing Si,N, microstructure. Attempts are being made to prepare
small amounts of §-SigN, seed by high-temperature conversion of
high-purity «-Si;N, under an overpressure of $8.99% N,

An inftial attempt was made to produce B-SizN, seed using an
as-received commercial SigN, powder as the source material. About 75 g
of UBE E-10 «-Si;N, was heated in a BN crucible at 1850°C for 4 h under
an overpressure of 89.99% N, XRD analyses confirmed that only about
10 wt.% of the «-SigN, was converted to f-GigN,, while SEM analyses
revealed that there was no apparent morphology change. Another
attempt using a preoxidation treatment for the produced similar results.
Currently, small amounts of rare earth oxides are being evaluated as
nucleating agents. The formulation of A2Y8 in dry blended powder form
resulted in complete transformation to B-Si,N, at 1750°C for 4 h. This
conversion product is presently being analyzed for morphology of the
phase. At this time, problems with the high-temperature furnace used for
conversion have delayed additional experimental trials.

Status of milestones

1. Run Beneficiation Trials and Report in Bimonthly Completed
2. Run Aspect Ratio Reduction Trials and Report On Schedule
in Bimonthly New Target
3. Run Matrix Dispersion Trials and Report On Schedule
in Bimonthly New Target
4. Rough Draft of Final Report to Contract Monitor On Schedule

New Target
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Publications

D. E. Wittmer, W. Trimble, and T. Paulson, "Fractography of SiC Whisker
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Presentations
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Figure 1. Floc Size vs. pH for Ceralox
AF Alumina—0.5 MgO
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Figure 2. Floc Size vs. pH for Starck
LC—10 Silicon Nitride
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Figure 3. Floc Size vs. pH for Starck
LC—-12SX Silicon Nitride
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Figure 4. Floc Size vs. pH for
UBE E-10 Silicon Nitride
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Figure 5. Floc Size vs. pH for
Starck Yttria
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Figure 6. Zeta Potential vs. pH for
Starck LC—10 Silicon Nitride

60.00

40.00

N
o
o
S

0.00

—-20.00

—40.00

crrora il e aninaado v e et berrg e padesan e breag gl

—60.00 ITTII|II||IIIIIIlTi|TIIIIIllll—l1|lllil1]1lflll TTriTviTTing

0.00 200 400 600 800 10. 12.00

pH



Figure 7. Zeta Potential vs. pH for
Starck LC—12SX Silicon Nitride
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1.1.2 Silicon Nitride

Sintered Silicon Nitride

J. Mangels (Ceradyne Inc.), G. E. Gazza (Army Materials Technology
Laboratory)
Obiective/Scope

The program is concentrating on sintering compositions in the
Si3N4~Y203~-5i02 system using a two-step sintering method where the
nitrogen gas pressure is raised to 7-8 MPa during the second step of the
process. During the sintering,dissociation reactions are suppressed by
the use of high nitrogen pressure and cover powder of suitable
composition over the specimen. Variables in the program include the
sintering process parameters, source of starting powders, milling media
and time, and specimen composition. Resultant properties determined are
room temperature modulus of rupture, high temperature stress-rupture,
oxidation resistance, and fracture toughness. Successful densification
of selected compositions with suitable properties will lead to
the fabrication of components for engine testing.

Technical Progress

Funding for the in-house program ended in April 1990. Efforts were
primarily concentrated on establishing a contract to transition the
program to industry for scale-up, data base generation, and fabrication
of components for engine testing.

Ceradyne, Inc. was selected to carry out a scale-up and data base
generation and evaluation of a silicon nitride-yttria-silica base
composition containing molybdenum carbide to be transitioned from MTL to
commercial prototype components in a turbine test engine. The contract
iz a 24 month effort divided intoe two incrementally funded tasks., Task
I will focus on powder processing, densification, mechanical testing,
and characterization. If satisfactory results are obtained in Task I,
the next step, Task II, involves the processing, evaluation, and
fabrication of selected ceramic components for evaluation in a gas
turbine development program.

The specific objective of Task I is to scale-up/optimize process
procedures and generate a data base for silicon nitride having a general
composition of 85.8m/0 Si N,-4.73m/0 ¥,0.,~9.47m/0 Si0, containing 1.0m/o
Mo,C. The baseline procegs process, sﬁo%n in detail %n Table I,
in%olves mixing the raw materials in an attritor mill using water as the
fluid vehicle. The resulting slurry will be zpray dried to form a free
flowing powder, aggiomerated mixture of the starting ingredients
together with a pressing binder. This powder will be isostatically
pressed into a compact and then sintered under a combination of
temperature and pressure. Components will be machined to near net shape
using “green” machining technigues. The final component geometries will
be obtained by diamond grinding.

Raw Material Characterization

Silicon Nitride Powder: The baseline Si_.N, powder is Ube SN-10.
This powder is a high purity, high surface a%eg powder produced from
chemical precursors. The powder is composed of a high percentage of
alpha Si1i_N, phase (>95%) and has a relatively low oxygen content
(<1.3%).%hé characterization results are shown in Table II with the
actual results being compared to the Ube specifications.
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Yttrium Oxide Powder: The baseline powder is Hermann C. Starck
Grads Std. TRhis powder has a 99.9% purity level with a surface area of
11 m“/g. Table III compares actual results obtained at Ceradyne with
Starck specifications.

Silica Powder: The baseline silica powder is CaB«O—Sil produced by
Cabot Corp. This powder has a surface area of 197 m“/g and a high
purity level. Characterization results are shown in Table IV.

Molybdenum Carbide Powder: The baseline powder is Johnson Matthey's
-325 mesh grade. As such, the powder is considered too coarse, as is,
for use as a sintering additive in this program. The powder was
processed by sedimentation to remove the coarse fraction, resulting in a
powder having a maximum particle size of 3 micrometers. The treated
powder will be used as the baseline powder in all Matrix I experiments.
Characterization results are presented in table V.

Mo, C Powder Sedimentation Procedure

The as~received, ~325 mesh Mo,C powder was mixed with isopropyl
alcohol (IPA) in a ratio of 30g of“powder to SO0 ml of IPA. This slurry
was mixed and allowed to settle for 15 minutes. The supernate was
decanted from the sediment. The supernate was was filtered through a
glass filter to remove the IPA.The resulting powder was characterized to
have a median particle size of 1.5um and a maximum particle size of 3
um.

Matrix I Experimental Design

The purpose of Matrix I is to investigate the processing parameters
which are thought to control densification. The principal objective of
this set of experiments is to define a set of parameters which will
result in sintered densities of >99%. Matrix I is an experimental
design consisting of a Taguchi L8 orthogonal array in which four
processing variables will be investigated at two levels. The
experimental design is shown in Table VI. The experimental responses
will be: (1) density (2) hardness (3) fracture toughness. Additionally,
the phase composition will be determined. Additional experiments are
planned during the course of Matrix I. The spray dried powder will be
characterized. The pressure-green" density relationship will be
determined for the PVA/PEG binder system. The "green” machining
characteristics of the isopressed compacts will be determined both after
isopressing and after presintering.
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TABLE I

Solid State Processing of Silicon Nitride
Baseline Process

Process Sequence Baseline Process Variables
i N,-- Ube SN1O

S1,N,
Y 83 -- Starck Grade Std.
sto -~ Cab-0-Sil

Raw materials

M028 -- Johnson Matthey
Composition Si N45—« 84.80 m/o0

v,8.4°-- 4.73 m/0

sfo -~ 9.47 m/o

Mozé -~ 1.00 m/0
Mixing Attritor Mill

SisN Milling Media
F18id: DI water

Solids Content: 60 w/o
Time: 1 hr.

Spray Drying Viscosity <300 cps
Solids content: 60 w/o
Temperature: 240C
Atomizer Speed: 15,000 rpm

Isostatic Pressing Binder Composition: PVA - 2w/o0
PEG - 2w/0
Pressure: 172 MPa

Binder Removal Atmosphere: Air
Temperature: 480C

Pre~Sinter Atmosphere: Argon
Temperature: 1050C

Green Machining

Sintering Atmosphere: Nitrogen
Temperature: 1950C
Time @ Pressure:

2 hrs. @ 0.7 MPa

1 hr. € 10.3 MPa
Heating Rate:

425 C/hr to 1650C

100 C/hr to max. temp.
Cooling Rate:

125 C/hr to 1200C
Packing Powder: Yes

Diamond Grinding
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TABLE II
Silicon Nitride Powder Characteristic Results

Ube Grade SN10O
Lot No.P025889

Property Ube Specification Ceradyne Values
Purity

N >38 %

o <1.3 % 1.29 %

cl <100 ppm

Fe <100 ppmn <10 ppm

Ca <50 ppm 30 ppnm

Al <50 ppm 23 ppm
Phase Composition: Alpha Si3N4--95% Beta Si3N4--5%

Surface Area--11.5 sq.m/g

Average Particle Size-~ 1.2 microns

TABLE TIII

Yttrium Oxide Powder Characterization Results
Hermann C. Starck Grade Std.

Property H.C.Starck Specification Ceradyne Values
Chem.Comp.

Y203 >99.9%
Purity

C 0.08%

Fe <4 ppm

Ca <1l ppm

Si <30 ppm
Surface Area 7-11 sqg.m/g 10.6 sq.m/g
Avg. Part.Size 1.5-4 um 1.93 um

TABLE IV

Si02 Powder Characterization
Cab-0-Sil (Charact. by vendor)

% Sioz >99.8%

Bulk Density 2.3 1lb/cu.ft.
Surface Area 197 sq.nm/g

PH in water 4.0

LOI <2.0%



TABLE V

Mo. C Powder Characterization Results
Johnson Matthey Grade -325

Condition Median Part. Size Max. Part. Size Percent
As received 10.45 um 50 um 30%
After sediment. 1.5 um 3 um

TABLE VI

Matrix I Experimental Design

Col. # Factor Level~l Level-2
1 Sintering Temp. 1950C 1875C
2 time @ Temp.& Low Press. 5 hr. 2 hr.
3 Temp. - time Interaction
4 Mo2C Amount im/o Om/0
5 Mo2C - Temp. Interaction
6 time - Mo2C Interaction
7 Pre-sinter Process Yes No

Column No.

Trial No. 1 2 3 4 5 6 7
1 1 1 1 1 1 1 1
2 1 1 1 2 2 2 2
3 1 2 2 1 1 2 2
4 1 2 2 2 2 1 1
5 2 1 2 1 2 1 2
6 2 1 2 2 1 2 1
7 2 2 1 1 2 2 1
8 2 2 1 2 1 1 2

Experimental Responses:
Density
Hardness
Fracture Toughness

Established Milestones

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

July 1991

(B) Fabricate, inspect, and make components available for engine testing
in a gas turbine ceramic component development/evaluation program.
July 1992
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Microwave Sintering of Silicon Nitride
T. N. Tiegs, J. 0. Kiggans, M. K. Ferber, and H. D. Kimrey
(Oak Ridge National Laboratory)

Objective/scope

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

Technical progress

Sintering of silicon nitride

A series of samples were fabricated to investigate the effects of
alternative coupling methods to improve sintering of the Si;N, materials in
the microwave. Previous sintering results had shown a significant coupling
effect at approximately 1300°C, which was attributed to the formation of
yttrium-aluminum-silicate glass. To test if the formation of the glass
phase would improve the coupling uniformity in the microwave from room
temperature, samples were presintered in a conventional furnace to 1350°C
prior to microwave sintering. The results are summarized in Table 1.

Table 1. Summary of results on sintering of silicon nitride in the
microwave and conventional furnaces

Specimen additives Heating (OC/h) Sintered denSity
(wt %)@ Conventional Microwave (g/cm®) (% T.D.P)
9% Y,0,-3% A1,0, 1750/1 — 3.082 92.6
9% Y,05-3% Al1,04 ——— 1725/1 3.197 96.0
9% Y,0,-3% A1,0; 1350/1 1725/1 3.134 94.1
11% La,0,-3% Al,0, 1750/1 — 3.308 97.3
11% La,0,-3% A1,0, — 1725/1 3.326 97.8
11% La,05-3% A1,0, 1350/1 1725/1 3.313 97.4

Matrix is silicon nitride (Grade Ube E10).
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As shown, very little difference was observed for the sampies that under-
went a presintering step. Qualitatively, the presintered materials ap-
peared to have fewer cracks, however, the microwave power required to heat
the presintered and the as-fabricated samples was essentially identical at,
temperatures <1000°C. At approximately 1300°C, the presintered specimens
experienced a significantly stronger coupling effect than the as-fabricated
materials. Additional sintering runs are being performed to test the
effect of coatings on improving heating homogeneity.

Microstructure development

As reported previously, an annealing study was performed to investi-
gate microstructural development of silicon nitride in a microwave furnace.
Samples of Si;N,-4% Y,0; and Si,N -6% Y,0,-2% A1,0; were hot-pressed to full
density and annea]ed both by m1crowave and convent1ona] heating at 1200,
1400, and 1500°C for times of 10 and 20 h.

Initial results showed increased enhanced grain growth for the micro-
wave sintered samples at temperatures significantly lower than observed
with conventional heating (»300°C). Photomicrographs of fracture surfaces
from Si N, -4% Y 0 annealed at 1400°C for 20 h. and Si.N,-6% Y,0; -2% A1,0;
annea1ed at 1230 C for 20 h are shown in Figs. 1 and 2. Gas pressure was
essentially atmospheric - -16 psi. Grain growth for the microwave annealed
samples is readily evident. However, it was also noted that the microwave
annealed specimens had higher weight Tosses due to microwave coupling to
the grain boundary phases and volatilization of the grain boundary phases.
An improvement in the high-temperature creep rate at 250 MPa at 1370°C for
the Si4N,-4% Y,0; annealed at 1400°C for 20 h from ~5 x 107%/s for the
as- fabricated mater1a% to 3.3 x 107%/s for the microwave annealed material
has also been observed. Further creep testing of the Si.N -6% Y, 0, -2%
A1,0; annealed at 1200°C for 20 h and other seiected samp]es is current]y
1n pyogress The initial analysis indicates that annealing conditions,
initial microstructure, sintering aid content, and sintering aid composi-
tion are all important for improving properties as they are all
interdependent.

Additional annealing experiments have been performed on hot-
isostatically-pressed SisN,-4% Y,0; (Norton NT-154) to determine if micro-
structural changes and 1mproved creep resistance could be made in this
material. Flexural test bars were anneaied at 1400°C in the 2.45-GHz
microwave furnace for 20 h under 0.1 MPa (15 psi) nitrogen and packed in a
SizN,-BN-Y,0,-SiC powder bed. The temperature was monitored by both a
thermocoup]e and an optical pyrometer. The two measurements were within
20°C of each other during the anneal. Weight losses were <0.01 wt % and
the bars showed oniy a slight change in color.

Initial fatigue testing has given encouraging results for the micro-
wave annealed materials. The results of a test at constant stress showed
the microwave annealed specimen to have significantly better fatigue resis-
tance as compared to the unannealed material (Fig. 3). The unannealed
specimen failed after about 130 h at 296 MPa, while the microwave annealed
specimen survived the 200 h test time. 1In a stepped-stress test, the
microwave annealed sample also had improved fatigue resistance (Fig. 4).
After both fatigue tests, the microwave annealed specimens were fast
fractured at the end of the test time. Surprisingly, the flexural strength
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7015526

1015237

Fig. 1. Photomicrographs of fracture sur-
faces from Si N, -4% Y,0; annealed at 1400°C for
20 h. (a) As-fabricated, (b) microwave anneal.
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T015227

T015226

Fig. 2. Photomicrographs of fracture sur-
faces from 5i;N,-6% Y,0,-2% A1,0; annealed at
1200°C for 20 h. (af Rs—fabr1cated, (b) micro-
wave anneal.
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of those specimens was higher than as-fabricated material (Fig. 5). Since
the as-fabricated and the microwave annealed samples showed the same creep
rates during the testing, the creep damage is probably the same in each

type of sample. Therefore, the improvement in fatigue resistance is most
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Fig. 5. Fast fracture flexural strength of Si 3N, ~4%
Y0, (Norton NT- 154) at 1370°C. Materials tested 1nc1uded
as fabr1cated specimens and the microwave test specimens
after the fatigue testing shown in Figs.1 and 2.

likely due to microstructural changes in the microwaved materials. SEM and
TEM analyses are underway to determine the effect of the microwave anneal
on the microstructure of the Si;N -4% Y,0,. Additional microwave anneals on
the SizN,-4% Y,0; (Norton NT- 1543 have been performed with the following
cond1t10ns (temperature/t1me) 1400°C/1O h, 1200°C/20 h, and 1400°C/10
h-1200°C/10 h. Fatigue testing is in progress.

New microwave furnace

The new microwave furnace has been tested and is now in operation on a
daily basis. Results in this report were performed in the new furnace

facility.
Reaction-bonded silicon nitride

A series of Si-Si.N, mixtures with additions of Y205 and A1,0; (to make
a final 6 wt%-2 wt% add1t1on, respectively) were n1tr1ded in a %i% cycle to
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1340°C and sintered at 1750°C for 30 min in the 2.45-GHz furnace. The
results are summarized in Table 2. As shown, significant nitridation
occurred for the specimens with 230% Si;N,. The sintered density of the
TM-98 samples is comparable to densities achieved with 100% initial Si;N,,
whereas those for the higher Si additions were significantly lower.
However, because of the Si additions, the coupling to the materials at low

temperatures was much improved and essentially crack-free samples were
obtained.

Table 2. Summary of results on sintered reaction-bonded silicon nitride
with 6 wt% Y,0;-2 wt% A1,0; additions at 1750°C for 30 min
in 2.45-6@% microwave furnace

Specimen Si/SiN, Si Weight  Si reacted Sintered density
number ratio (wt %) gain (wt%) (%) (g/cm’) (% 7.D.)
TM-95 90 57.8 87 N.D. N.D.
TM-96 70 63.4 96 2.60 79.8
TM-97 50 63.1 95 2.50 76.7
TM-98 10 65.0 a8 2.91

To observe the effect of temperature on nitridation kinetics, a series
of silicon compacts were heated in conventional and microwave (2.45-GHz)
furnaces. The samples differed from previous nitridation experiments in
that the sample size was approximately 10-12 grams. The samples were
heated at 3°C/min to 800°C and then 1°C/min to the final temperature and
held for 1 h. The results are summarized in Fig. 6. As shown, the
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Fig. 6. Summary of results on the ef-
- fect of temperature on nitridation kinetics
of silicon.
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microwave-heated samples showed significant nitridation at relatively low
temperatures. The temperature of the microwave-heated samples is measured
with a thermocouple placed in a hole in the specimen and it may be possible
that there is a thermal gradient within the specimen. However, in these
small samples the gradient should be small. Additional testing is being
performed.

Status of milestones

Milestone 112402 was completed.

Milestone 112403, "Draft open-literature report on feasibility of
sintering candidate advanced gas turbine materials," was completed.

Publications

T. N. Tiegs, J. 0. Kiggans, and H. D. Kimrey, "Microwave Processing of
SisN,," to be published in proceedings of Materials Research Society Spring
1960 Meeting, SanfFrancisco, California. This report satisfies the require-
ments for completion of Milestone 112402.

A draft report entitled, "Microwave Sintering of Silicon Nitride," was
written. This report satisfies the requirements for completion of
Milestone 112403: Draft open-literature report on feasibility of sintering
candidate advanced gas turbine materials. An abstract summarizing the
results of this work has been submitted to the American Ceramic Society for
presentation at the 15th Annual Meeting on Composites and Advanced Ceramics
to be held in Cocoa Beach, Florida, in January, 1991. The paper will
appear in the proceedings of that conference.



34

Silicon Nitride Milling Characterization
S. G. Malghan, L.-S. H. Lum and D. B. Minor
(National Institute of Standards and Technology)

Objective/Scope

Currently, the starting materials in the manufacture of silicon
nitride ceramic components are fine powders. These fine sized powders
tend to form agglomerates due to van der Waals attractive forces. For
improved reliability in the manufacture of ceramic components, the
agglomerates in the powders should be eliminated since they form
defects. In addition, the powders should have an appropriate range of
size distribution and specific surface area for achieving a near-
theoretical density of the ceramic after densification. These factors
necessitate the use of powder milling as one of the major powder
processing unit operations. Therefore, milling of powders is an
integral unit operation in the manufacture of silicon nitride
components for advanced energy applications. The production and use
of these powders require the 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 wmilling for silicomn
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, the primary effort was directed
towards experimental research on milling of a closely sized silicon
nitride powder. A series of statistically designed experiments was
conducted to develop interrelationships between the parameters of high
energy agitation milling. A large number of response variables were
measured.

Experimental Design. The primary milling parameters included in
this design are mill speed (2000 rpm and 2800 rpm), feed rate (240
cc/min and 480 cc/min), volumetric loading of powder in the slurry
(34% v/v and 44% v/v). The remaining parameters (surfactant
concentration, slurry ultrasonication, media size, and powder feed
size) were held constant. In order to develop the interrelationship
between the powder feed size and media size, these parameters were
fixed at d5, = 1.0 micron (UBE SNE-3 powder) and 2.0mm diameter,
respectively.
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These experiments are conducted as a 2% factorial design with an
objective to expand the design as new parameters are identified. The
first expansion will be in terms powder feed size distribution and
media size,

Effect of Milling Parameters. 1In the high energy agitation

milling of SNE-3 powder in an aqueous environment with 2.0mm diameter
media, the milling kinetics are slower than that of milling a 50/50
mixture of SNE-3 and SNE-5. The observed decrease in the milling
kinetics with the SNE-3 powder is most likely related to a smaller
ratio of media size to mean particle size and a low packing density of
the SNE-3 particles. The presence of finer size particles in SNE-5
could have helped in the increased particle loading of the suspension
and higher ratio of media to mean particle size., Both factors are
expected to enhance the milling kinetics.

Based on the partially completed experimental design it appears
that mill speed has a strong effect on the milling kinetics. The
powder loading in the slurry appears to decrease the milling rate.

The milling rate was evaluated by the measurement of particle size
distribution and specific surface area. The particle size
distribution of as-milled (not dried) powder was measured using Horiba
LA-500 (laser diffraction); while the specific surface area of dry
powder samples was measured with a multipoint BET apparatus. In
addition, the power (current and total watts) drawn by the mill was
measured as a function of milling time. The power data are going to
be used to assess the milling rate model.

The data on power drawn by the mill is presented in Fig. la (44%
v/v loading of powder) and Fig. 1b (34% v/v loading of powder). These
data, irrespective of the powder loading, indicate that there is a
steady decrease of power drawn as a function of milling time. This
type of power decrease is probably related to a decrease in the
resistance to flow of slurry. As the slurry undergoes
deagglomeration, it attains lower viscosity and hence offers lower
resistance to flow.

The increase of specific surface area as a function of milling
time is shown in Fig. 2a (44% v/v loading of powder) and Fig. 2b (34%
v/v loading of powder). As expected, the specific surface area
increases linearly with milling time. At either powder loading, the
rate of increase of specific surface area is slightly higher at 2800
rpm than at 2000 rpm mill rotor speed. 1In general, under the set of
variables studied so far, the milling kinetics are fairly slow. The
highest rate of milling is expected at a high rotor speed and an
optimum ratio of feed particles size to media size.

In the next three months we plan to complete the milling tests and
begin testing the milling model. 1In addition, detailed analysis of
the surface chemistry of the milled powders will be conducted,

Status of Milestones

Slightly behind due to expanded experimental design.
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Publication

S. G. Malghan, D. B. Minor and L.-S. H. Lum, "Silicon Nitride Powder
Milling Kinetics in a High Energy Agitation Ball Mill" Accepted for
publication by Powder Technology, October 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'ping.

- The generation of baseline data from an initial process
route involving injection molding.

- Fabrication of tensile test bars by colloidal technigues -~
injection molding and colloidal consolidation.

— Identification of (critical) flaw populations through
NDE and fractographic analysis.

- Correlation of measured tensile strength with flaw popu-
lations and process parameters.

- Minimization of these flaws through innovative improve-
ments 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 Applica-
tion of NDE, 4) Property Testing and Microstructural Evaluation, 5)
Reporting, and 6) Quality Assurance.

"Research sponsored by the U.S. Department of Energy, Assistant
Secretary for Conservation and Renewable Energy, Office of Transporta-
tion Systems, 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.,
Work Breakdown Sub-Element 1.1.4,31.%
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During this period, major effort was directed towards: 1) the
development of baseline data (Milestone #5, Task 1, 2) using the initial
process route (IPR) of injection molding which invelved microfocus X-ray
and dye penetrant examination of all molded tensile bars and room
temperature and high temperature tensile testing, 2) mold design and
injection molding of MLP (machined from large piece) bars, 3) pressure
casting of crack-free tensile bars through binder develcpment and mold
design modifications, 4) establishment of detection capabilities of
microfocus X-ray, dye penetrant techniques, and f£film digitization
techniques, 5) development of tensile bar NDE and fractography flaw
population data correlation methods, and 6) comparison of mechanical
properties of co-milled (C-Series) and precipitated (W-Series) powder
batches.

TASK 2: MATERIALS PROCESSING AND PROCESS CONTROT

i) Powder Processing

Aguecus milled suspensions were prepared using two different
techniques. In the W-Series suspension, after milling the silicon
nitride powder, yttria was added by precipitation from a salt solution.
In the case of C-Series, both silicon nitride and yttria powder are co-
milled.

Four large batches were made to follow-up on the encouraging casting
results for small rods from batch W009. Batches W011, W012 and W013
were made in a manner similar to W009, but with improvements made in the
mixing conditions during precipitation that lessened the occurrence of
yttrium-rich agglomerates. Problems with longitudinal cracking were
encountered on drying the larger cast vrods as discussed below.
Subsecuently, it was shown that the yttrium-rich regions were caused by
a high concentration of the salt used as the sintering aid. By
controlling the salt concentration, the yttrium~rich regions have been
eliminated in 5kg batches (W016). A modified process for precipitation
is being evaluated for the 28kg batches.

A water co-milled process (C-Series) was developed parallel to the
precipitated process (W~Series). Four 28Kkg batches ware prepared (C002-
C005) for casting and injection molding studies. The C-Series powder
has shown a lower oxygen content than the W-Series, since there is less
potential for hydrothermal oxidation. Problems encountered with foaming
and partial hydration of the yttria were solved using appropriate
surfactants. The slurries were concentrated to >70% solids centent.

Properties of CIP'ped/HIP'ped tiles prepared from each batch are
discussed under Task 4. Fracture origin analysis indicates that
failure is most fregquently from very "subtle" low density agglomerates,
which may be related to the powder drying step.

ii) Colleoidal Consolidation

a. Slip Formulation/Characterization

The objective of this sub~task is to develop an agueous suspension

suitable for pressure casting of crack-free NSF (Net Shape Formed)
tensile bars.
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Before casting, every slip was characterized for its rheological
properties using the Bohlin rheometer to obtain the viscosity versus
shear rate curve. A typical curve is shown in Figure 1 for a slurry of
the W-Series and in Figure 2 for a slurry of the C-Series.

During this study, it was found that the rheological properties were
fairly consistent from batch to batch of the same series. Furthermore,
no significant changes in viscosity were found for the same slurry upon
aging when the slurry was kept rolling in plastic containers at room
temperature.

Measurement and control of pH was done routinely since slight pH
changes significantly affect the degree of flocculation and, therefore,
viscosity. The optimum pH was found to be about 9.5

The suspensions were also analyzed for the presence of agglomerates.
SEM examination of the fracture surfaces of tensile bars which had
cracked during drying revealed the presence of agglomerates. In order
to detect their presence in the slurry, the Hengman instrument was
routinely used. This simple instrument, commonly used in the paint
industry, consists of a thick steel plate with two polished rectangular
lanes, about 2 cm wide and 16 cm long. Each lane is 100 um deep at one
end and tapers to zero depth at the other. A few drops of the slurry
are placed at the 100 um deep end and the liquid is slowly squeezed
towards the other end with a steel blade. In so doing, the thickness of
the slurry gradually decreases to zero. If agglomerates are present,
they are dragged by the blade and form a visible streak. This instru-~
ment was very useful not only for the routine examinations and for the
quality control of the slurry, but also for the screening of binders.
The relative efficacy of a binder was judged by observing the cracking
occurring during drying, i.e. slurries with the best binders did not
crack during drying.

Binders were screened for the purpose of solving the cracking
problem discussed later. Of all the binders tested, B13 was the best,
confirming the results previously obtained.

Binders were added to slurries of both W and C-Series to try to
enhance the yield of dry, uncracked tensile bars. It was found that the
binder was more useful for lower solids loading and for the bars cast
with the ¢ slurries. These bars had a tendency to crack right after
removal from the plastic mold when no binder was present.

Using the slurry W-013, a matrix of experiments was designed and
conducted with the purpose of finding the best combination of binder,
surfactant and pH. Short rods were cast and their density and dry
strength were measured. The best combination was the bindexr B13, pH =

9.5 and no surfactant. This combination was then chosen for subsequent
experiments.

b. Pressure Casting of Tensile Bars

Before casting, the suspension was characterized for pH and
viscosity, ultrasonicated, de-aired and fed to the split plaster mold.
Typically, the slurry was fed to both ends of the mold, corresponding to
the buttonheads of the specimen. The typical casting time was 30-40
minutes.

Bars cast from a given slurry had, in general, consistent weight.
For example, using the same slurry, 89 bars were cast over a period of
six days. The difference between the average weights found during the
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first and last days was 1.2%. This result could not have been obtained
had the slurry been unstable.

c. Drving Problem and its Sclution

Irrespective of the type of slurry used for casting (whether W or
C), a longitudinal crack almost always appeared on the bar upon drying.
Overall, more cracking occurred in the bars cast from the ¢ slurries.
Almost always, the crack followed the parting line. At first it was not
clear whether the cracking was due to strain recovery (without water
loss) or to drying. Tt was later found that drying was the main cause,
since bars kept in sealed plastic bags in saturated conditions never
cracked.

Attempts to solve the cracking problem by drying in controlled
humidity conditions using a programmed controlled humidity oven were
unsuccessful. This was found to merely delay the cracking event.

Among the possible causes for cracking, agglomerates and density
gradients were considered most likely. However, it was found that
cracking occurred also when agglomerates were absent and when density
differences lower than 1% existed between buttonhead, shank and gauge in
cracked bars dried and air~fired at 600°C. It was also found that a
higher packing density in the wet bar did not reduce cracking. Bars
from the C-Series, with packing densities of about 2 g/cm® cracked more
ofte? than those of the W-Series, with typical packing density of 1.7
g/cm’.

Recently, it was demonstrated at the University of Washington in
Professor Aksay's laboratory, that in wet buttonhead region of pressure
cast bars, density gradients exist across the diameter (see Figure 3).
The technique used for this analysis was gamma ray densitometry. It is,
therefore, possible that localized density gradients cause differential
stress build-up during the first stage of drying, which, in turn,
triggers the crack formation.

In order to solve the cracking problem, freeze-drying was also
attempted using two different methods. With the first method, the as-

cast bar was frozen and freeze-dried. With the second method, the
sonicated, de-aired slurry was poured into a split rubber mold, which
was frozen. The frozen bar was extracted from the mold and freeze-~

dried. Both methods were unsuccessful and virtually all bars were found
cracked after freeze-drying.

Finally, the mold design features were examined carefully. The
cracking problem was ultimately solved by reducing the porous surface of
the plaster mold and, therefore, the casting pattern. The design of the
mold was also slightly modified by relocating the gates. After these
changes, bars with consistently higher weight were pressure cast using
the C003 and €004 slurries. These bars were dried in air with no
cracking and close to 100% yield was achieved.

iii. Injection Molding

A. Injection Molding of NSF Bars for Baseline Tensile Data
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a. Mold Design

As described in the previous semi-annual report, three distinct gate
designs were evaluated ("G1", "G2", and “G3"), with design "G3" (end
gate) selected for the baseline NSF specimens. The original die cavity
produced an undersize NSF bar (20% in linear dimensions) which was used
in the preliminary unit operation developments. The final baseline bars
were molded in a double cavity die with cavity volume 1.84 times the
undersized bar volunme.

b. Molding Process Optimization and Control

Five molding batches were consumed in the iteration, with the last
of these (Batch "E" - 32kg) used for the full size bars representing the
baseline data. Mold design and molding parameters were optimized
relative to bar quality measured in terms of weight, dimensions and
roundness. Microfocus X-ray radiography was used to generate prelimi-
nary control information for the molding parameters. Using the
optimized mold design and molding parameters, all baseline NSF bars were
molded.

c. Dewaxing

A dewaxing procedure was developed for the small NSF bars which
provided a yield level of 85%. The procedure specified time, tempera-
ture, pressure and atmosphere parameters. This procedure was found
inappropriate for the full size bars, giving low yields. Parameter
experimentation, improvement in temperature control within the furnace
using additional thermocouples and proper fixturing procedure using
custom designed setter plates resulted in a procedure giving a vield
level of 86% for the baseline bars. However, occasional cracking near
the buttonhead radius (transition between shank and buttonhead) was
observed (by dye penetrant technique on densified bars) as described in
Task 3. This is suspected to be caused by molding related residual
stresses due to the sharp transition in the cross-section of the bar
causing premature buttonhead failures during testing (Task 4). Slight
modifications in the mold to incorporate gradual transition in the
cross-section near the buttonhead is expected to alleviate this problem.

B. Injection Molding of “"MLP" Bars

a. Mold Design

Preliminary testing was done in an MLP shape mold to determine the
required molding parameters for this shape. This test pointed out some
problems in molding the part, specifically in the transition area
between the thick center section and the shank ends. Cracking in this
area during molding was evident. The meld has been redesigned and
modified with a tapered transition area to replace the earlier sharp
transition.
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b. Molding

A seven Kkilogram batch was prepared for the molding of MLP shapes.
The technique for preparing this batch was modified from that normally
used in an attempt to reduce the occurrence of metallic inclusions.
This technique does have a drawback in that the material loaded into the
molding machine does not feed as well or as uniformly as the standard

material. This led to some problems during molding caused by a very
slow and erratic melting of the material.

A total of eight MLP samples were molded with an average weight of
539.9 g and a standard deviation of 4 g. Figure 4 is a photo of an MLP
sample as molded. All samples were submitted for microfocus X-ray and
one sample each for NMR and ultrasonic evaluation. Following these
tests, samples will be dewaxed and HIP'ped.

IV. Hot Isostatic Pressing

a. HIP Densification Firings

All sample materials were hot 1isostatically pressed using a
proprietary experimental process cycle previously developed by Norton
for silicon nitride-4% yttria compositions. buring the performance
period, a total of twenty-four HIP runs were made. These firings
comprised of eighteen tensile rod runs and six test tile runs for powder
qualification and testing. Of the eighteen tensile rod runs, twelve of
these were used for densifying the Stage I baseline NSF samples from the
first process iteration. Of the remaining runs, four tensile rod
firings were used for either experimental purposes or for densifying NDE
tensile rod standards and two tensile rod firings were made fov
densifying prototype pressure cast tensile rods.

b. Tensile Rod Yield

Due to several factors, the tensile rod yield from the HIP was
reduced from the nearly 100% yields which had been previously achieved.
Just prior to the first baseline iteration, the tensile rod design was
changed. Increase in tensile rod dimensions regquired modification of
fixturing designs and packing arrangements which had been previocusly
developed for a smaller rod geometry.

This change in NSF specimen dimension also introduced subtle
problems in green forming which had a significant, though indirect,
influence on HIP yield. Of the total inventory of tensile rods
submitted for HIP'ping, approximately 75% were densified intact and
nearly 50% achieved theoretical density. It should be noted that the
overall HIP yields were heavily biased by the initial development runs
where entire runs were lost. Subsequent runs routinely provided between
80 to 100% yields. Based on run-out measurements made initially on all
green tensile rods and densified intact tensile rods, no detectable HIP-
induced warpage was produced during densification.
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c. HIP Process Experiments

During the performance period, a number of experimental modifica-
tions in pre-~ and post~HIP treatments and HIP firing cycle were evalu-
ated. Both alcohol milled and water milled powders were subjected to a
standard process cycle, a modified presinter-HIP cycle, a recrystalliza-
tion treatment, and an oxidation annealing treatment. The results of
this study are presented in Table 1 where room temperature fracture
toughness, room temperature and high temperature (1370°C) flexure
.strength, and stress rupture lifetimes are reported for each condition.
The results of this study indicate no significant improvement in
properties.

d. HIP Reaction lavers

During glass encapsulated HIP'ping of silicon nitride-yttria
compositions, a surface reaction layer is typically formed on surfaces
of samples. This layer is typically observed optically at low magnifi-
cation in dark field due to contrast of the lighter surface layer with
the darker bulk sample. For standard compositions, the optically
detectable reaction layer extends between 5 to 30 mils into the sample.

Typically, these reaction layver compositions are silica rich and
yttria deficient with a higher oxygen, boron, sodium and calcium
content than the bulk material due to reaction with the glass. X-ray
diffraction characterization of surface and bulk samples indicate that
the surface reaction layer is typically higher in alpha-SisN, and the
silicon oxynitride (Si;N;0) than bulk material with alpha contents
typically varying between 1 to 20% and silicon oxynitride generally
under 15%. For fixed initial oxygen content in green components, the
reaction layer thickness and composition is essentially constant.

While physical and chemical evidence of the surface reaction layer

_.1is readily obtained, it is not known ta date whether the reaction layer
is advantageous, benign or damaging from a mechanical property perspec-
tive. There is limited evidence which indicates that the presence of
the surface reaction layer is desirable for improved toughness.”’ There
is also evidence, as documented in this report (TASK 4), which suggests
that high alpha-SizN, content, as found within the reaction layer, leads
to lower room temperature and high temperature strength. Due to the
unresolved uncertainty in influence of the reaction layer on mechanical
properties, all specimens which have been tested to date have a minimum

of 50 mils machined from as-HIP'ped surfaces in order to remove the
reaction layer.

V. Machining

Injection molded, HIP'ped NSF bars were final machined by diamond
grinding, inspected and delivered to the mechanical test lab for tensile
testing. Additionally, 30 tensile bars were finish machined and
delivered to ORNL. An SOP for inspecting machined bars was established
for the prescribed dimensional tolerances, surface finish {0.4 um Ra.),
and concentricity (f 0.00508 mm). The radius at the shank/buttonhead
transition is given special attention relative to gripping requirements.
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VI. Process Control and Optimization

a. Powder Preparation

Statistical Process Control (SPC) chart which are being maintained
on performance variables in the powder preparation unit operations
indicate the following:

1. Oxygen content in the co-milled final powders are
closer to specified values than in the precipitated powders and appear
to have less variability. (See Figures 5 and 6.)

2. Yttria content in the precipitated batches are variable from
batch to batch, but have smaller deviations within batches (Figure 7).
This dispersion within batches appears to have improved with each
successive batch. In the case of co-milled powders, the variability in
the latter batches has increased (Figure 8).

3. The surface area of the final powder as in the case of
yttria content appears to have large variability from batch to batch,
and less variability within a batch for precipitated powders (Figure 9).
This is consistent with the variability in yttria content. Similarly,
the surface area of the co~milled powders followed the variability of
the yttria content (Figure 10).

Procedures are currently underway to determine the cause of the
variability in yttria values, and to introduce a homogenizing step in
the process.

b. Injection Molding

In the development of SPC charts, "on-line” variables are continual-
ly being evaluated, so as to arrive at some easily measured parameter
that can be correlated to an actual performance measure. One of these
"on-line” variables is the weight of the injection-molded tensile rod.
A proposed hypothesis was that the weight of the tensile rod was
inversely proportional to the volume of voids (detected using microfocus
radiography) .

As a by-product of an experiment to reduce voids by varying
injection-molding parameters, weights of tensile rods were recorded as
molded. An NDE technique was then used to examine the green tensile
specimens for voids (and other flaws such as cracks, inclusions). The
total volume of voids thus detected was plotted against the weight of
the rods. A regression analysis showed no correlation between weights
and the volume of voids. Reasons suggested for this (and verified to a
certain extent) were that changes in some injection molding control
variables affect the density of the material, and thus any relationship
between weight and void volume is overshadowed by density variations.

The recording of weights and voids was repeated for the baseline
iteration (Initial Process Route) with molding controls kept constant.
There appears to be a good correlation between the weights of rods
molded and the void volume detected by NDE Figure 11. This could mean

that the weights can be used as an on-line control variable to monitor
the process.
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TASK 3: DEVELOPMENT AND APPLICATIONS QF NDE

A. In-House NDE

i) Reference Samples

The milestone on preparing appropriate samples of Si;N, with known
seeded defects/flaws and computing detection sensitivity of microfccus
radiography/dye penetrant was completed.

Inclusions (Fe) were seeded 1in cylindrical rods (both green,
presintered, and HIP'ped) with size range 20 to 200 gm. Samples with
simulated voids were made with seeded PMMA in the size range of 20 to
200 pm. Rods with density gradients were prepared with both density
variations as high as 16% within individual rods as well as from rod to
rod. Agglomerates were seeded in both loose powder pack as well as in
Si}N[, slips .

Probability of detection (POD) at confidence levels of G = 95% was
determined using the above seeded reference samples. In the green
state, the minimum size of Fe particles detected using microfocus film
radiography was better than 0.3% of the sample thickness (20 gm in thin
sections). A 2% thickness sensitivity was achieved for lower bound
probability of detection (»>90%). In samples with PMMA simulated voids,
minimum size detected was 2% (100 um) of sample thickness. A thickness
sensitivity of 5% was attained at POD >95% at G = 95%. In as HIP'ped
samples, probability of detection of Fe is 97% at G = 95% for thickness
sensitivity of >2.4%. No PMMA particles were detected in HIP'ped
specimens as all voids were healed during densification.

Experimental design was adopted to optimize the film exposure
conditions so maximum contrast can be achieved to help improve detection
sensitivity for the above defects. It was found that the use of no
screens and medium speed films at particular values of excitation
voltage/filament current gave the optimum contrast. The use of mating
surfaces to both conform to the c¢ylindrical shape and offset the
thickness gradient was found to provide no beneficial effect on
contrast and definition. Experimenting with a variety of anodes (Mo,
Fe, W, Cu) did not provide practical advantages.

SOP were developed to detect cracks using fluorescent dye penetrant
on reference samples with known cracks, introduced using Vicker indenta-
tion technique. Using o0il base penetrants with different sensitivities,
cracks as small as 18 um (length) were detected. This procedure is
being used routinely to monitor the effect of machining on tensile bars.

ii. Process Monitoring

Microfocus radiography was instrumental in monitoring the quality of
tensile bars (made by both the injection molding and pressure casting

techniques) in as-molded/cast, pre-sintered and HIP'ped states. An
example of the defect population measured in such samples is shown in
Figure 12. Microfocus technique was also successfully utilized to

monitor contaminants in raw powder, compounded material (injection
molding) and colloidal slips.
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iii. Film Digitization

The milestone on installing and implementing film digiti-
zation capability to quantify flaw populations in tensile bars was
successfully completed with the help of Argonne National Laboratory.

The film digitization set-up consists essentially of a high
resolution CCD camera (1024 x 1624), a frame grabber board (1280 x
1024), high resolution monitor and graphics board, computer hardware and
software to provide various contrast enhancements, filtering, size
analysis and density analysis (optical).

An example of improved defect detection and the reliability of
defect counting is shown in Figure 13.

iv. Flaw Population Data Analysis

The milestone on developing technigques for definition of multiple
flaw populations and establishing methods to quantify such population
from both NDE and fractography data was accomplished. The effort may be
detalled as follows:

A computer program was written by Professor K. Jakus (University of
Massachusetts) using BBN & Associates RS1 RPL procedure to do the
following:

1. Allow input of fracture strength data from testing of
both green and dense specimens.

2. Allow input of optical/SEM fractography data (i.e. location,
size, and type of flaw origin).

3. Compute probability of failure for both uncensored and
censored data according to flaw type (volume, surface, buttonhead and
unknown) using the formulas in Appendix A.

4. Compute Weibull modulus using hoth least squares fit and
maximum likelihood technigues and plot the resulting distributions.

5. Compute flaw density data (number of flaws per unit volume
at a given strength) using appropriate fit functions (spline fit and
both guadratic and cubic functions).

6. Plot flaw distribution versus strength data at various
processing steps.

The above procedure was applied to data from baseline iteration of
injection molding. Figure 14 shows the probability of failure versus
fracture strength of HIP'ped/machined Si;N, as separated for volume and
surface flaws as well as buttonhead failures using censored probability
of failure computations (Appendix A). Strength separation here clearly
shows the dependence of Weibull Modulus, m, (slope of plot) on the type
of flaw population. For volume flaws, m = 6.85; for surface flaws, m =
1.20, and for buttonhead failures, m = 5.14.
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B. Subcontractors

i) Precision Acoustic Devices (PAD)

PAD has been engaged in ultrasonic technique development, mainly
focusing on developing novel transducers (using air as couplant), PVDF-
type transducers with a mating surface and a buffer rod and spherically
focused transducers. In addition, scanning techniques (hardware/softwa-
re) have been developed for inspecting cylindrical samples. The proce-
dure was also developed to image defects in green bars (both pressure
cast and injection molded) using both urethane coating and plastic
vacuum bagging. An example of C~scan obtained from such techniques is
shown in Figure 15. The PVDF transducers were evaluated first on flat
samples with around 50 um seeded WC particles. The data shows very high
transducer sensitivity; i.e. ability to detect smaller size inclusions
around 10m. cylindrical samples are presently being evaluated using
those PVDF-type transducers.

Surface wave acoustics technique (50 MHz pulse mode with an F0.85
transducer) was successfully tried to evaluate the integrity of the
surface of HIP'ped/machined 8iz:N, tensile rods. Scans provide data on
cracks and other surface machining contours as illustrated in Figure 16.
Work is continuing to optimize this approach.

ii) Argonne National Laboratories

ANL has been concentrating mainly on technique development in both
computed tomography and nuclear magnetic resonance imaging/spectroscopy.

1. cComputed Tomography

The 3D image reconstruction code was rewritten to compute 512X512
sections instead of 256X256 and, therefore, achieve higher resolution.
Proper system configuration for optimizing density sensitivity was
established. Full eight-bit dynamic range of the frame grabber, 256
grey level scale was achieved by electronics modification. It was also
found that the presence of a lead mask at the face of the image
intensifier, as well as the use of appropriate collimation at the
source, gives measurably improved results. Figure 17 shows examples of
CT sections collected on both injection molded and pressure cast tensile
samples. 1In the pressure cast sample, a very low density region can be
observed in the section which happens to be from the middle of the gauge
length.

2. NMR Spectroscopvy

Work on quantification of surfactant distribution on powder versus
solution (slip) is continuing.

Proton spectra of both compounded, pelletized and injection molded
3isN;, samples were obtained, Figure 18. The molded sample shows a
downfield shift (increasing ppm) of the observed resonance. Additional-
ly, the full width at half maximum of the resonance increased from
approximately 600 Hz in the compounded material to approximately 1300 Hz
in the molded specimen. Origin of such changes is being investigated as
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related to binder chemical and physical changes (using solid state C-NMR
and H relaxation). The changes in binder affects viscosity and
moldability of the mix.

3. NMR Imaging

Proton (1H) studies were conducted on the pure binder in an attempt
to define optimum conditions for imaging its distribution in injection
molded samples. ‘The binder was identified as consisting primarily of
aliphatic carbons (chemical shifts 15-40 ppm) with a small amount of
carbons that are either gquaternary or bonded to amine functionalities
(approximately 48 ppm) and carboxylic acid groups at 181 ppm.

TASK 4: PROPERTY TESTING AND MICROSTRUCTURAL EVALUATION

i) Injection Molded Specimens from Initial Process Route-Baseline
Data

a. Room Temperature Fast Fracture

Fast fracture tensile testing was performed on 49 specimens at room
temperature, resulting in 26 gauge failures and 23 buttonhead failures.
The strength for the specimens which failed at the buttonhead was
calculated as the stress in the gauge section at the point of buttonhead
failure. The data is summarized in Table 2. Optical and/or electron
microscopy was performed on all fracture surfaces. All 23 buttonhead
failures were from pre-existing surface cracks due to the forming
process. As discussed above, these flaws were detected using the dye
penetrant technique.

Table 3 outlines the fractography data for all 26 gauge failures.
The same strength limiting flaws if detected by microfocus X-ray (NDE)
are also noted. Inclusions were eitber Fe, Ti, Al, Cr, 2r, Ni or a
combination of these. The size of the flaw was measured from an SEM
micrograph as the largest measured dimension. On a few specimens, it
was difficult to measure or find the strength limiting flaw. The
Weibull Modulus of the strength data was found equal to 3.8 for gauge
failures and 4.3 for all data. Also included in Table 2 are data for 35
flexure specimens machined from five tensile rods and tested at roon
temperature. As expected, the measured flexure strengths are higher
than those of tensile specimens.

Fracture toughness measurements performed on four flexure bars
machined from tensile rods, by an indentation and fracture technique,
resulted in an average value of 5.35 * 0.037 MPa.m’-.

D. Elevated Temperature Fast Fracture

Fast fracture tensile testing was performed on 15 specimens at
1370°C in air and the data are summarized in Table 4.

There were only two buttonhead failures caused by pre-existing
surface cracks introduced probably during forming. Optical and/or
electron microscopy was performed on all fracture surfaces and is
outlined in Table 5. Seven of the remaining 13 specimens failed due to
S5CG (Slow Crack Growth) at stresses below 140 MPa, while the remaining
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six failed at stress in excess of 250 MPa. Also included in Table 4 is
data for 14 flexure specimens machined from five tensile rods and tested

at 1370°C. As expected, the strengths are greater in flexure than in
tension,

c. Stress Rupture Testing

Tensile stress rupture tests were performed on five specimens at
1230°C in air at an applied stress level of 350 MPa. The times to
failure were 0, 2, 5, and 20 minutes, with one specimen failing during
loading at a gauge stress of 278 MPa. The fractegraphy results are
summarized in Table 6. All specimens failed in a fast fracture mode as
opposed to slow crack growth. This may be explained by considering the
fact that the average strengths at room temperature and 1370°C are 454
and 204 MPa, respectively. These data suggest that the applied stress
of 350 MPa is very close to the fast fracture strength of this material
at 1230°cC. Flexure stress rupture tests were also performed on four
specimens machined from tensile rods with one failing immediately and
three surviving 200 hours before test termination.

ii) Comparison of Agqueous Milled Powders

The mechanical properties of eight (8) aqueous milled batches
processed by two technigques were evaluated using flexure specimens
(machined from CIP'ped and HIP'ped tiles) per MIL STD 1942 (MR) B. As
mentioned in TASK 2, powder processed from these two techniques are
designated as precipitated (W-Series) and co-milled (C-Series). The
mechanical property data from these powder batches are summarized in
Table 7. As obvious from Table 7, the strengths of several batches
exceed 900 and 500 MPa for room temperature and 1370°C test condition,
respectively. The fracture toughness values are similar for all
batches, ranging between 5.9 and 6.4 MPa.m”. Stress rupture tests at
13730°C/300 MPa were performed on test bars, both from W-Series and C-
Series batches. Only 20% of the W-Series specimens survived 200 hours,
while 54% of the C~Series specimens survived the 200 hours.

Due to the overall high strength values, the flaw origins in the
flexure bars tend to be small and mostly related to large grain,
agglomerates or porous regions. A limited number of ferrous inclusions
were also observed in the W-Series (11%) and C-Series (7%) test
specinens.

As mentioned before, flexure specimens are machined from HIP'ped
tiles measuring 63.5mm x 63.5mm ¥ 6.4mm. Using a tracking system, each
flexure bar was identified by the tile it was machined from and the
position of the tile in the HIP. Within a specific batch and HIP run,
a tile-to~tile variation was measured by mechanical testing. Figure 19
is a plot of strength versus tile number for the C-Series batches one
through four. Five separate HIP runs were made to produce all
27 tiles. The most pronounced differences are seen in HIP-3 (Batch
C002) and HIP-5 (C004). The mean strength differences between these
tiles is statistically significant. Thorough chemical analyses are
always performed at various stages of the processing as part of the SOP
prior to HIP'ping. Subsequent to HIP'ping, properties such as grain
size morphology and crystal structure are also measured, but on a
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limited basis. Table 8 summarizes the XRD data from four specimens
taken from separate batches and the Alpha:Beta ratio indicating that
each saw different HIP conditions. It is critical for both reliability
and reproducibility reasons that the HIP be monitored wmore closely.
Further post-HIP analyses are being performed to gain insight and to
help develop a cause-effect relationship.
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STATUS OF MILESTONES

All milestones are on schedule,.

COMMUNICATIONS/VISITS/TRAVEL

© K. E. Amin visited Argonne National Laboratory, May 22, 1990 to
review progress towards NMRS/NMRI and CT effort.

o K. E. Amin visited Precision Acoustic Devices Company on May 23,
and 24, 1990 to review progress in ultrasonic effort.

o D. M. Tracey, V. K. Pujari, K. E. Amin, P. H. Tewari and
R. H. Licht visited ORNL, Oak Ridge, Tennessee for semi-annual
project review, July 20, 1990.

o K. E. Amin visited Argonne National Laboratory to review progress
and to deliver reference samples with density gradients and
pressure cast tensile bars made from different mold designs.

o V. K. Pujari and G. A. Rossi visited Professor I. Aksay at the
University of Washington to evaluate density gradients in green
pressure cast tensile bars using gamma-ray densitometer.

PROBLEMS FENCOUNTERED

None.

PUBLICATIONS

o K. E. Amin presented a paper titled, "Characterization of Pro-
cessing Defects in Ceramics Using Microfocus Radiography", at
the 92nd ACS Annual Meeting, Dallas, Texas, April 22, 1990.

o K. E. Amin presented a paper titled, "The Use of Film Digitiza-
tion Technology for Improving the Detection and Mapping of
Defects in Ceramics", at the ASNT/ACS Conference on NDE of
Modern Ceramics, Columbus, Ohio, July 9, 1990.
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Appendix A

Failure Probability Computations

I - Uncensored data:

1-0.5
S -
$(s) =
where 1 : sample ranking (from lowest strength to
highest strength)
J : total # samples in a lot
II - Censored data:
FRSNCAE S N -
b(s) = (Tom1)
J

J, : # remaining after censoring



Table 1. EXPERIMENTAL PROCESSING STUDY

(PRESINTER, HIP & POST TREATMENTS)

POWDER PROCESSING

1

1370'C @ 300 MPa
STRESS RUPTURE LIFE

BATCH  ROUTE R.T.Kye(MPa.m’) (hrs) RTFF(MPa)  HTFF(MPa)
W009 STANDARD CYCLE 6.40 > 200 (2) 999 584
53
W009 MODIFIED PRESINTER/HIP 5.80 (2) 57 892 462
127
W009 MODIFIED PRESINTER/HIP 6.07 (2) 65 689 555
& CRYSTALLIZATION ANNEAL 69
W009 MODIFIED PRESINTER/HIP 6.09 N/A 981 558
& CRYSTALLIZATION ANNEAL
& OXIDATION ANNEAL
cool STANDARD CYCLE 6.42 138 1027 556
coo1 MODIFIED PRESINTER/HIP 6.30 (2) 33 819 482
76
€001 MODIFIED PRESINTER/HIP 5.95 (2) 26 885 551
& CRYSTALLIZATION ANNEAL 35
coo1 MODIFIED PRESINTER/HIP 6.22 N/A 1040 575

& CRYSTALLIZATION ANNEAL

& OXIDATION ANNEAL

S§
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TABLE 2:

RT FAST FRACTURE

Baseline Tensile Strength Data for the
Injection Molded Specimens at Room Temperature

FAILURE AVERAGE STD RANGE n
LOCATION STRENGTH DEV
{MPa)
GAGE/VOLUME 506 g1 327-663 17
GAGE/SURFACE 356 201 38-6289 g
BUTTONHEAD 442 g4 276-632 23
 I—

ALL 454 121 38-663 49
FLEXURE 760 1569 255-~-9€5 35

99
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TABLE 3: Room Temperature Fractogravny Data on
Injecrtion Molded Tensile Specimens
SPECIMEN FLAW LOCATION | FLAW TYPE* 5 FLAW SIZE
S VOLUME OR } ~ | (g m)

SURFACE SEM NDE SEM NDE
! B-26 v . r ! s0 | 100

| c-64 v | 1/a - | 100 I -

| c-65 v p/I - | 100 1 -
B-111 v I I ﬁ 200 | 100

T-112 v l A - | 100 | -
T-116 v I I | 80 | 100

| B-150 v A - 100 -
! B~106 v B/1 I | s00 | 3500
| B-144 v N T | 100 | 290

T~148 v | asz - l 100 | -

T-135 v | a/1 - | 150 | -
B-153 v I I 50 | 130
T-143 v I I vA | 30
T~149 v I I 200 300
B-130 v A/P 1 Na 300
T-132 \ (1) I 200 300

B-132 v I

c-52 S - | 100 -
B~77 S I ) 100 200
B~135 s c - 100 -
T-130 S L.G I 150 175
T-134 S c - NA -
B~23 S ? I NA 150
B~126 S P I NA 300
B~148 s ( c c NA 3000

T-120 s [ ? - N2 -

* I=INCLUSION; A=AGGLOMERATE; P=PORE OR PORE CLUSTER; C=CRACK;

L.G.=LARGE GRAINS

{1) REGION OF ACICULAR GRAINS VOID OF GRAIN BOUNDARY PHASE



TABLE &:

Injection Mol

Baseline Tensile

1370°C FAST FRACTURE

Strength Data for the
ded Specimens at 1370°C

— |

!’ﬁ H
FAILURE AVERAGE STD RANGE n \ ‘
LOCATION STRENGTH DEV
(MPa)
\ GAGE 199 127 64-370 13 \
\ BUTTONHEAD 236 -- 230-242 2 \ “
I
\ ALL 204 118 64-370 16 ‘ﬁ
FLEXURE 456 18 150-607

Lf/f/{//’/i

89
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TABLE 5: 1:70°C rfractography Data on
Injecticn Molded Tensile Specimens

SPECIMEN | FLAW LOCATION | TILAW TYPE FLAW SIZE
2 | VOLUME OR | (£ m)
| SURFACE ] SEM NDE | SEM MDE i

i B-13 i s | sce I - | 200

| T-99 | 5 ! p - 65 | -

| B-46 | s | sce - - -

? B-52 i v ‘ ;) I 50 | 200

| r-103 l v c/a | - 65 | -

j B-133 l s seca |- - -
T-101 l v l pre |- 230 | -
B-51 ! s | sceop |1 1 175 | ie0 !

% T~102 | s | sece | - - -

| r-147 I v c - 125 | - )
B=95 v - 150 -
T-92 sca T - 400

| T-s1 SCG/P - s | -
*  SCG=SLOW CRACK GROWTH; P=PORE; C=CRACK; A=AGGLOMERATE

I=INCLUSION
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TABLE 6: Stress Rupture Fractography on
Injection Molded Tensille Specinens

SPECIMEN TLAW LOCATION FLAW TYDE* FLAW SIZE
3 YOLUME OR (44 m)
SURFACE SEM \DE SEM NDE
T-40 7 I I 125 100
B~41 v /P - 125 -
B~40 S P v 75 600
B-43 v P I 65 150

* I=INCLUSION; P=PORE; V=VOID
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TABLE 7

COMPARISON OF MECHANICAL PROPERTIES RESULTING FROM
Aaueous MiLLED PowpeErRs PROCESSED BY Two DIFFERENT

TECHNIQUES
STRENGTH (MPa)
M = WerigurL MopuLus

(xx) = STANDARD DEVIATION FRACTURE

BATCH ROOM TEMPERATURE 1370°C TOUBFNESS+
o, M o, M

W010 910 14.3 547 16.5 6.1
Wwoil 889 9.4 505 (36) 5.9
Wol12 930 11.0 550 40) 6.3
W013 922 21.4 551 (49) 6.2
Wol4 962 10.5 - - 6.1
€002 894 9.9 509 (60) 6.4
c003 892 14.8 422 24.7 6.1
c004 905 10.4 482 (88) -

NOTE: THe WersuLL MoDULUS IS ONLY REPORTED IN SAMPLE SETS OF <10 SPECIMENS
OTHERWISE THE STANDARD DEVIATION IS REPORTED.

*CONTROLLED FLAW TECHNIQUE



62

TABLE 8

QUANTITATIVE POWDER XRD DATA FROM FOUR BATCHES OF

HIP'pEp SILICON NITRIDE

BATCH B - SIN @ - SIN
Wo11 895% 11%
Wo12 73% 27%
€002 69% 31%
003 95% 5%
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Saturated Button-Head

52 —- "

—O— Parallel to Parling Line B

s1 L. 4----  Perpendicular fo Parting Line -

.

1 hr counting time

-

Packing Density (volume %)

1

46 1 1 i i T L
-U0.4 -0.2 0.0 0.2 0.4

Elevation (inches)

"igure 3 Density gradient in the as-cast tensile bar (buttonhead)
measured by gamma-ray densitometer.

Figure & Injection molded "MLP" bar.
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FIGURE 1]

PROCESS CONTROL THROUGH PART WEIGHT
Bar Weights vs NDE Voids
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Figure 12. Defect population in Si3N4 tensile samples
( molded ) as measured from microfocus film radiographs.
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Weibull plot of strength, S, data after separation for samples
process using injection molding route (Iteration 1).
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C—-Scan with wax as C-Scan
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Ultrasenic C-Scans of discs cut frem pressure cast
Si3N4 samples taken at 15 MHz / F3 tramsducer

with no wax
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FIGURE 15

Surface Wave Images of machined Si3N4 temsile bar,

taken at 50 MHz / F0.85, showing beth small cracks
and grinding marks. Each picture is 650X200 pixels,

each pixel reselution is 24 um. Te the right is

a8 picture of the scanning hardware.



FIGURE 17

One millimeter thick X~ Ray CT images of both injection

molded ( b ) and pressure cast ( a ) Si3N4 samples. The
injection molded tomograph shows the presence of high density
inclusions. The pressure cast section reveals the major crack ( at
the partition line ) along with some regions of lower demsity than
the matrix. The sections were taken at different magnifications.

LL
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FIGURE 18

i (a)

o A L 1 i i i I I
2.0 80.0 4.0 20.0 °PP°~ -20.0 -49.0 0.0 ~80.0
(b)
o i i i A 1 i -1
0.0 80.0 46.0 2.0 0”0- -20.0 -40.8 -$0.0 -80.0

(c)

. L N L 1 i 1
00.0 80.0 40.0 20.0 0.0 -20.0 -40.0 -80.0 ~80.0

Static proton (1H) NMR spectra of (a) compounded, (b) peletized.
and (c) molded ceramic binder mixtures. The spectra were
acquired using a Bloch decay experiment on the Bruker CXP-100
spectrometer at ambiant temperature.

Julv-August 1990
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Improved Processing
R. L. Beatty, R. A. Strehlow, 0. 0. Omatete (Oak Ridge National
Laboratory)

Objective/scope

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

Technical progress

I. Silicon nitride gelcasting and sintering

Installation was completed of a specially designed controlled atmos-
phere furnace obtained for silicon nitride sintering. The furnace was
successfully tested to 2300°C and to 1900°C at the full design nitrogen
pressure of 0.2 MPa (2 atm). Graphite crucibles were siliconized in
preparation for sintering studies. A second furnace designed for 10 MPa
(100 atm) operation was acquired and is being installed. A cooperative
research and development agreement was signed with Garrett Ceramic
Components Division of Allied Signal Aerospace Co. This work is described
below.

I[T. Drying studies

The purposes of drying studies are to minimize warpage of cast parts
and to optimize the drying operation. Gelled parts are not fully consoli-
dated and they shrink during drying as well as during sintering. The
extent of shrinkage from cast dimensions during drying decreases as the
solids loading of the part increases. Typical values for alumina parts are
3 to 4 1lin % at 51 to 55 vol % loadings.

Sialon and alumina specimens are compared in Fig. 1. The castings
complete their shrinkage when about half of the moisture has been removed.
A green density of about 68 vol % is estimated for the dried bodies at this
point which occurs in about a day. Consequently, we believe that acceler-
ated drying can be carried out effectively.

Specimens of silicon nitride were dried at various relative humidities
from 75 to 95%. As found earlier for alumina and as shown in Fig. 2, the
drying rate decreases linearly with moisture content of the casting for all
humidities. The moisture content at the final weight shows the expected
residual equilibrium moisture at the specified humidity.

No constant rate drying period was observed for gelcast parts, and the
drying behavior appeared to be the same for both silicon nitride and
alumina. This gives assurance for the use of alumina data in further
studies to refine drying procedures.
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III. 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 double bond of
acrylamide in the presence of peroxide:

P }

i D,
CH,=CH-C-NH, +NaHSO, —» (|3H2-CH2-C-NH )
SOSNa

The resulting sulfonic acid is not considered hazardous. The rate of
the reaction was found to be high, reducing the concentration of test
samples from 0.7% to less than 10 ppm in 1 h and to less than 1 ppm (the
limit of detection for the method) in 2 h (see Fig. 3). This level is
deemed satisfactory for the waste handling procedure being used.

ORNL DWG 90-17106
: N
—®— Persulphate alone

~—&— Bilsulfite alone
—&— Bothreagents

Log {Acrylamide Conc.} ppm
N
1

0 ] T
too 200 300
Minutes after adding reagents

Fig. 3. Neutralization of an
aqueous acrylamide solution by ammonium
persulfate and by sodium bisulfite
separately and mixed.
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IV. Cooperative research agreement

A CRADA (Cooperative Research And Development Agreement) was developed
with Garrett Ceramic Components Division of Allied-Signal Aercspace Co. It
calls for ORNL to gelcast several silicon nitride T-25 turbine rotors along
with plates to produce tensile specimens. A proprietary formulation,
GN-10, from Garrett is to be used along with molds supplied by that firm.
Plates to the ORNL specification will be cast in order to produce tensile
specimens.

A subsequent step of the program calls for Garrett to sinter-HIP the
castings and send them to ORNL for testing. The objective of the program
is to determine whether gelcasting offers significant advantage over other
fabrication methods that have been used by Garrett in terms of the resul-
tant materials properties, part quality, and shape forming ability.

Thirteen molds have been received from Garrett along with sufficient
materials for the basic GN-10 formulation for these molds. The GN-10
silicon nitride formulation was successfully gelcast. Two T-25 mold rotors
were cast along with three plates for tensile test specimens. Surface
imperfections were observed that were attributed to inadequate oxygen re-
moval from the mold prior to casting. A valve assembly has been designed
and built to permit evacuation and nitrogen flushing of molds in order to
remove oxygen.
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Improved Processing
A.E. Pasto and S. Natansohn (GTE Laboratories Incorporated)

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 PY® 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 occurrence. 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.

Technical Highlights

An overall review of the program status is presented. At this point, all of the processing
and testing components have been put in place, debugged, and are operating or operable.
The silicen nitride and yttria powders have been received, characterized, and
blended/milled. Experiments designed to enhance their performance are underway. The
new compounder is in-house and undergoing performance testing. Baseline material has
been compounded with the currently used equipment, and molded into both ASCERA-
and dogbone-shaped rods. A subcontract to design and build a new combination
compounder/molder is making excellent progress; construction is underway. The baseline
test specimens have been dewaxed and HIPed. Specimen machining parameters which
result in minimal surface damage have been determined; a machining contractor has been
selected. Baseline HIPed tensile rods have been machined into tensile test specimens, and
testing initiated at GTE. Reproducible tensile testing procedures have been developed and
validated. Early results show a lower than expected tensile strength, with failure in all
cases arising at metallic inclusion defects. Itis thought that this high level of metallic
defects is due to a recent acceleration of wear in the compounder and/or injection molder,
and efforts to minimize the presence of these inclusions have begun. X-ray microfocus
examination techniques for defect detection have been quantified, and the subcontract for
design, development, and procurement of an ultrasonic examination system is in place and
progressing well. A laser surface profilometer has been installed and is operational.
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Microfocus x-ray CAT-scanning evaluation of silicon nitride shapes has begun. Program
personnel have been trained in the theory and application of Taguchi techniques, and
experiments utilizing these methods, related to the improvement of each-individual process
step, are underway. In short, all of the tasks required to improve the injection-molding
process for high quality silicon nitride components are active and on schedule.

Task 1 - Material Selection and Characterization

SOLUBLE SURFACE SPECIES

A brief evaluation was performed of the three additional 180 kg silicon nitride powder lots
which were purchased for the program. Specifically, the HF-soluble silicon and ammonia
were determined (See previous semiannual report, for Oct. 1989 through March 1990, for
procedures). Test specimens were also fabricated to assess the mechanical properties.
Results of these tests are compared in Table 1 with the data obtained previously on 20 kg
samples of the same lots.

The data show a slight increase in the solubilized silicon but the amount may not be
statistically significant. The increase in the dissolved ammonia is more appreciable and
results in a Si:N molar ratio which is lower than that measured on the original 20 kg
sample of each of the three lots. This implies an increase in the concentration of
nitrogenous species on the powder surfaces and it is conceivable that, as the powder was
stored for several months tightly sealed under nitrogen, either chemisorption or physical
adsorption of the gas occurred.

There is excellent reproducibility in the properties of the hot-pressed PY6 ceramics made
from the three different powder lots (3, 4, 5) as well as in those made from a small sample
(20 kg) and the remaining 180 kg of each material. Thus, these powders constitute a
suitable baseline material for the purposes of this program.

AGEING BEHAVIOR

An ageing study was initiated at the inception of the program to determine the shelf life of
silicon nitride powder by monitoring the chemical changes occurring on its surface.
Samples of the baseline powder were stored in desiccators in air and argon under "wet"
and "dry" conditions. The powder is stored in open trays over water for the "wet"
exposure and over anhydrous calcium sulfate for the "dry" one. Results obtained upon
subjecting these powders to the standard HF treatment to obtain the soluble silicon and
ammonia after 139 and 257 days of such storage are given in Table 2.

The 257-day exposure data show little change in the amount of dissolved Si under the four
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storage conditions but the amount of dissolved ammonia has increased by about a factor of
two between the measurements. Thus, the molar ratio of Si:N decreased in all cases
implying that the surface of the powders contains more soluble nitrogen now than during
the intermediate test. The more oxygenated surface, as indicated by a higher 51:N ratio,
prevails under wet exposure conditions and more so in wet air than in wet argon, both
plausible and anticipated observations. An interesting phenomenon is that the surface
solubility of these powder samples, as determined by this experiment, is now quite
comparable to that of the initial material, more so than at the carlier stage. This implies that
silicon nitride powder is a stable material with a good shelf-life which does not deteriorate
gradually. The occasional whiff of ammonia experienced upon opening containers
holding powders made by ammonia-related synthesis routes is probably caused by
reaction residues rather than by decomposition products.

YTTRIA SOLUBILITY

Characterization of the silicon nitride materials was extended to the determination of the
dilute acid solubility of the yitria sintering aid present to the extent of 6 w/o in the PY6
formulation. Yttria solubility was measured in 0.03M HC, a sufficiently dilute acid
concentration to permit easy and accurate determination, both as a function of time at
isothermal conditions (+0.25°C) and as a function of temperature. The results obtained in
the evaluation of time-dependent solubility of (a) pure yttria, (b) a simple mixture of 6 w/o
ytiria and 94 w/o silicon nitride and (c) a milled PY6 formulation, are given in Table 3. It
is apparent that the dissolution of pure yttria at constant temperature proceeds more rapidly
than that of yttria present in PY6 or even in a simple mixture. The data for samples (a) and
(b) are plotted in Fig.1. This is a suprising and unexpected finding, particularly in view of
the fact that the yttria used in all experiments was the same baseline material. There
appears t0 be no obvious plausible reason why ytiria reated by dilute acid in the presence
of silicon nitride should dissolve at a measurably slower rate than yttria alone under
identical circumstances. The explanation of this puzzling phenomenon is being sought in
continued experimenis. The greater solubility of yttria in the PY6 material in the later
stages of the experiment in comparison with the mixed sample may be a consequence of its
increased surface area as a result of milling. This is based on the assumption that the

dissolution occurs at the surface of the particles at a rate proportional to the instantaneous

surface areal.

The dissolution kinetics of yttrium oxide follow a cubic rate law which features an initial
rapid dissolution rate followed by a gradually decreasing rate as the surface area of the
particles decreases. The rate-determining step involves reaction at the particle surface (loc.
cit.). This type of behavior is frequently described on the basis of the "shrinking core”
model. Its applicability in this case is demonstrated in Fig. 2 in which the experimental
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data are compared with the calculated ones; the fit is excellent. The predicted percentage of
dissolved yttria was calculated from the actual particle size distribution data obtained for
this baseline powder; it did not assume an average value for the initial particle diameter as
used by Segal and Sellers. This model is also applicable to the PY6 formulation as shown
in Fig. 3 (Cy is the concentration of yttrium in the acid solution at time t while Ceo is its
concentration after all the oxide has been dissolved) but the kinetics of the reaction are
slower as discussed above.

The temperature dependence of yitria dissolution from a PY6 powder is given in Fig.4.
The samples were held at each temperature for 15 minutes prior to filtration and
subsequent Y determination in the filtrate. The data display an unusual trend in that they
follow an S-shaped curve. The steepest part of this curve is in the interval of 20-27°C,
typical room temperature range, and it is therefore imperative in establishing the time
dependence of dissolution data to use isothermal conditions. In order to avoid
inaccuracies caused by fluctuating temperatures, the current practice for making single
point screening comparisons is to treat the samples for 15 minutes at 35°C, a temperature
at which the solubility curve is fairly flat.

HOT PRESSED PY6

The oxidation resistance of hot-pressed PY6 ceramics made from the six different lots of
silicon nitride powder which were being evaluated was determined. Sections of polished
MOR bars were squared-off so that their surface area could be measured accurately and
were heated in static air at 1200°C and 1370°C. The sample weight was monitored at
regular time intervals (50 -100 hours) throughout the exposure time of 500 hours. The
samples were placed on thin platinum wires to allow air access to the total surface area of
the specimens. The results of these oxidation tests are given in Table 4.

The data show no difference in the oxidation resistance for the six materials at either of the
two test temperatures. They are comparable to those obtained on the best silicon nitride
ceramics designed for high temperature applications and consistent with previous
evaluations of the same material grade. The oxidation resistance of this material is
appropriate for the temperature range of the program.

POWDER MODIFICATION:

This phase of the program has as its objective the assessment of the effect of modification
of the powder surface on the properties of the resulting PY6 ceramics. The baseline
silicon nitride powder lot was used in all the experiments described below and all modified
materials are compared against this unmodified powder processed in the identical manner.
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The sample designations and their treatments are as follows:

Powder O: Baseline unmodified powder.

Powder A: Powder heated to effect thermal oxidation.

Powder B: Powder digested in HNOj3 to effect chemical oxidation.

Powder C:  Powder digested in HyO» for identical reasons.

Powder D:  Powder slurried in water and stirred continously for 10 days at room
temperature. The pH of this slurry increased from an initial value of
5.8 to an endpoint of 7.8.

Powder E:  Powder slurried in HF solution. The purpose of this experiment is to
assess the effect of removing an oxygenated layer from the surface
of the silicon nitride.

The wet-treated powders were filtered, washed, dried and then evaluated together with the
baseline and heat-treated powders by procedures described in the previous report. A
summary of the evaluation of these powders is presented in the upper portion of Table 5.
The surface area of the heat-treated powder decreased somewhat, which was expected
because particle coalescence and necking could occur. The decrease in the surface area of
the HF-treated powder could be caused by the dissolution of very fine silicon nitride
particles. The increase in the surface area of the C and D powders is difficult to explain; it
may be due to either chemical dissolution of fused/hard agglomerates or to increased
contouring of the particle surface by etching, neither a very plausible event. The total
oxygen content almost doubled in the A powder, but decreased somewhat in the
chemically treated powders indicating that the intended chemical oxidation is ineffective,
and decreased substantially in powder E because the oxygenated layer was dissolved by
the hydrofluoric acid. These trends appear even clearer in the results of the Si solubility
determination which are indicative of surface oxygen concentration.

The soluble nitrogen content and the resultant Si:N ratio also attest to the changes on the
powder surfaces. The thermally oxidized powder has only a fraction of the soluble
nitrogen on its surface as compared to the control sample and therefore the Si:N ratio is
very high. Apparently, the silicon oxynitride surface layer was oxidized to silica as
indicated by the large amount of dissolved Si. The two chemically treated powders have a
higher Si:N ratio than the control due to the lower soluble nitrogen content. It appears as
if this treatment reduced the nitrogenated surface layer. Sample D is most comparable to
the control and this is to be expected because it did receive the mildest treatment. The
amounts of dissolved Si and N as well as the Si:N ratio are lowest in Powder E; this
implies that the hydrofluoric acid treatment resulted in the most inert surface.
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The iso-electric point values are consistent with the surface analytical results. Generally,
the data conform to expectations in that the TEP of the thermally oxidized powder has a
low value, similar to that of silica, and reflects the analytical data which indicate that the
powder surface consists primarily of silica. The HF-treated powder has a high value
indicating very low surface oxygen content while the TEP values of the other samples are
in between these two extremes.

Samples of these six powders were processed into the PY6 formulation for ultimate
fabrication of ceramic test pieces. The processed powders were also characterized and the
results are summarized in the middle portion of Table 5. There is an observed increase in
the amounts of both seluble silicon and nitrogen in all samples, probably as a result of the
milling process in which powder crystallites were fractured or abraded and fresh untreated
surfaces were exposed. The Si:N ratio decreased in all but samples A and E. Utilizing the
ineasured surface areas, one can calculate that the amounts of 51 and N dissolved per unit
area are very similar to those measured on the unmilled control sample (powder ) lending
support 1o the suggestion that the primary solubility effect is that due to fresh surfaces.

The isoelectric point of all the samples is virtually the same, probably reflecting the
presence of the ytiria sintering aid on the particle surfaces. The ytiria solubility is the same
for the control powder and the chemically oxidized powders (B, C and D). However, the
solubility of ytiria in the PY6 materials made with the thermally-oxidized and HF-treated
powders is distinctly greater. These two powders have undergone the most drastic
treatment but in opposite directions, one to increase the surface oxygen (powder A) and
one w0 decrease it (powder E), and yet there is an increase in yttria solubility in both these
materials. The reasons for the inexplicable manifestations of ytiria solubility in these
systems are under investigation.

The effect of modification of the silicon nitride powder surfaces on the properties of the
resulting ceramics was assessed by evaluating the flexural strength and oxidation
resistance of hot-pressed PY6 materials. The results are summarized in the lower portion
of Table 5. The data demonstrate an improvement in flexural strength both at room and
elevated temperature in the sample made from powder A. The RT strength of ceramics
made from powders B through D is virtually equivalent to that of the reference material;
the strength at 1370°C is somewhat higher. The strength of the HF-treated sample is
poorer.

X-ray diffraction data for these dense materials show virtually complete conversion of the
silicon nitride to 8-phase, with no other crystalline phases present. Reasons for the
observed strengthening require further investigation.
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The oxidation resistance of these ceramic samples was evaluated by monitoring their
weight gain after prolonged heating in air at 1200°C and 1370°C. The results show that
the increase in weight of the thermally oxidized sample is about half that of the control
specimen at both of the test temperatures and it is smaller than that of any of the other
materials. The oxidation resistance of the HE-treated sample is by far the poorest of the
sample set but this may be partially caused by residual fluorine traces. The other samples
display equivalent behavior to that of the control material at 1200°C and are somewhat
more oxidation-resistant at 1370°C.

In view of these encouraging results a Taguchi L18 matrix study has been designed and is
being implemented to define the optimuim conditions for the modification of the powder
surface. Two different powder lots are being used as a noise factor and the modified
powders are being hot-pressed and hot isostatically pressed. The sample attributes to be
evaluated will be density, flexural strength and oxidation resistance. Full characterization
of the powders will be undertaken to confirm any observed correlation trends.

This study was extended to include three new, recently arrived powder lots. The
properties of the PY6 ceramics hot-pressed from these as well as from untreated powders
are summarized in Table 6. These results demonsirate clearly the benefits of the treatment
of the powders which, in all four powder lots tested, results in an improvement of the
flexural strength of the ceramics, particularly at 1370°C where the strength increase
exceeds 30% in all cases. Electron as well as x-ray diffraction studies and electron
microscopy examinations are now underway to characterize the nature of the intergranular
phase in these materials.

CHEMICAL INCORPORATION OF SINTERING ADDITIVES:

A study of the effects of chemical incorporation of the ytirium oxide sintering aid has been
initiated. Two approaches were used in the exploratory experiments, one based on yttrium
nitrate and the other on yttrium hydroxide additions. In both cases the starting reagent was
a solution of the program's baseline yttrium oxide powder in nitric acid which was added
1o the silicon nitride powder in the amount necessary to effect a PY6 formulation, i.e.. 6
w/o yttria. In the hydroxide route, ammonium hydroxide was added dropwise to the
stirred slurry to precipitate the yttrium hydroxide. The slurry was filtered, washed, dried,
and then heated at 600°C for 6 hours to convert the hydroxide to the oxide. Conversion
was complete under these conditions as indicated by TGA data. In the case of nitrate
addition, the silicon nitride/yttrium nitrate slurry was evaporated to dryness and then also
heated at 600°C for 6 hours to convert the nitrate to the oxide as confirmed by TGA
results. The resulting powders were split in half, one of which was sieved and hot-
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pressed as is while the other was subjected to the standard processing cycle prior to hot-
pressing. A summary of the data for these materials is presented in Table 7.

Results of the flexural strength determination show that incorporation of the sintering aid
by a chemical route, as implemented in these experiments, offers no clear advantage. The
data indicate that in this set the nitrate route produces stronger ceramics than the hydroxide
one and that, as expected, the milled powders result in better materials than the unmilled
ones. It is interesting to note that the strength of the billet made from the unmilled nitrate
powder is about equivalent to that made from the standard material although the specimen
had an inhomogeneous appearance; that made from the processed nitrate powder is
somewhat better. This result, if confirmed, would permit reduction in the powder
processing time, an advantage anticipated from the chemical binder incorporation.
Additional means of chemical binder incorporation are being evaluated.

Task 2 - Material Pr ing 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. The first three subtasks (Design,
Fabrication) deal with establishment of a baseline dataset for currently prepared materials.
This work entails preparation of three sets of tensile rods, two machined from a near-net-
shape preform) and one from a large cross-section piece. Following specimens are 10 be
made from a preform which is very close to net shape, minimizing machining and material
waste. Another subtask involves development of a database to maintain records of all
materials, fabrication data, and characterization data.

Process improvement efforts are then dealt with in following subtask descriptions
(Statistical Experimentation, Liquid Processing, Molding lmprovements, and
Microstructure Control).

BASELINE TENSILE ROD DESIGN: NSF SPECIMENS

Two types of buttonhead specimen are carrently being machined from a simple injection-
molded "dogbone” shape: long and short, for high temperature and ambient temperature
tests, respectively. The gauge sections are geometrically identical with stressed volumes
of 1.1 cc, but the shorter overall length of the room temperature specimen allows higher
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fabrication rate by enhancing HIP throughput. Short specimens are being tested at GTE
and have been sent to ORNL for ambient temperature tensile testing. The longer
specimens have been sent to University of Dayton for elevated teraperature testing.

All of the above buttonhead specimens were prepared as simple "dogbone” shaped green
preforms, shown schematically in Figure 5(a). The majority of future specimens will be

prepared in the NSF (Net-Shape-Formed) configuration shown in Figure 5(b), utilizing a
molding die expected to be received at GTE in October. This die is designed specifically

to prevent as-molded components from becoming stressed or cracking during freezing in

the mold. The design principles upon which the die is based are described below.

Injection molding or slip casting of ceramic components occasionally requires the
fabrication of components having a shape which resiricts the natural tendency for these
materials to shrink slightly in the mold following forming. This resistance to shrinkage
builds up stresses in the component which can lead to degradation of material quality or
complete component failure prior to removal froim the mold. A design method has been
developed to modify slightly the shape of such components so as to eliminate stresses
related to component shrinkage in the moid.

During fabrication in a solid metal mold by injection molding, the hot injected mix
solidifies and cools in the mold prior to mold opening and part removal. Studies using
simple shapes where shrinkage is unrestricted indicate that injection molded silicon nitride
parts have a linear shrinkage on solidification and cooling in the mold of 0.3 to 0.5%.

It can be observed that as the component tries to shrink towards its center of mass, the
metal mold in the central portion of the sample will restrict this shrinkage, and a tensile
stress will develop which will be highest in the thinnest cross section of the part. In some
cases it becomes impossible to fabricate such samples since the tensile stresses developed
exceed the strength of the molded material. This difficulty can be overcome by employing
a simple design criterion which will insure that no restriction occurs on shrinkage.

After forming, the tensile rod attempts to shrink both radially and in length. The key to the
present design concept is to set a specification for the rod based on the ratio of radial and
length shrinkage, such that as it shrinks the angles defined by the slope from the gage
region to the shank, and from the shank to the outer diameter of the buttonhead, are made
sufficient to allow for unrestrained shrinkage.

Tensile specimen preforms such as those in Figure 5(a) were injection molded using a
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silicon nitride mix with a wax based binder system. Many of the samples were found to
be fractured on mold opening, and other samples indicated internal cracks in the central
region when examined by microfocus x-radiography.

A mold was fabricated according to the above design principles (see Figure 5(b)) and the
same silicon nitride/wax mix was molded. These samples all survived the molding
process and showed no indication of internal cracks of the type seen in the other sample
configuration by x-radiography. Overall process yield was dramatically improved.

BASELINE TENSILE ROD DESIGN: MLP SPECIMENS

A second deliverable requirement is for tensile rods which are machined out of thick
cross-section components, The design of these MLP(Made from Large Part, Figure 5(c))
rods was finalized after a review meeting at ORNL on July 13, 1990. Designofa
molding tool for their fabrication has been completed, and it has been ordered. It is also
expected to be at GTE in October.

BASELINE TENSILE ROD FABRICATION PROCESS:

Early in the program, 109 ASCERA-style rods and 62 dogbone-style tensile rods were
molded. A total of twenty-four (12 each) of these were examined by NDE, HiPed, and
machined into testable specimens. Nine of each were machined into tensile rods, while the
other three of each were cut into MOR test bars for generation of preliminary strength data.
The data are presented and discussed under Tasks 3 and 4.

The machined tensile test rods received from the grinding service vendors were of the
expected (high) quality, indicating that the initial grinding parameters have been
successfully established (Milestone 114312). During this period, the tensile and failure
analysis data were also collected (see Tasks 3 and 4).

Fabrication of baseline buttonhead and ASCERA-style tensile specimens continues. At the
time of this report, tensile rods were in preparation as shown in Table 8. Numerous other
rods and shapes are also in various stages of preparation as parts for experimental efforts
aimed at characterizing and improving the process.

DATABASE DEVELOPMENT:

The prototype database utilizing Double Helix software has expanded from 26 to 34 files
with the addition of a database information file and 6 files dedicated to specific
nondestructive testing methods. Figure 6 is a diagram of the database structure which
gives file names and shows how the information flow parallels the ceramic processing
stream. The file structure is sufficiently flexible to accommodate data from diverse



experiments in addition to data generated during routine processing. Data eniry, output
and query forms have been designed for each file. The storage of real project data is in
progress and has already led to several refinements in file structure and entry methods. A
4-station network for accessing the database using Double Helix Multiuser software has
been installed. A Macintosh IIcx having an 80 MB internal hard disk acts as the file server
and an Ehman 45 MB removable hard disk drive supplies backup capability.

STATISTICAL EXPERIMENTATION:

During May, personnel from American Supplier Institute spent two weeks at GTE
.aboratories, instructing program personnel in the theory and application of Taguchi
techniques. In ensning months, experimental matrices were sct up in the areas of powder
maodification, injection molding, HIPing, and machined component annealing.
Experimental efforts are underway on these. An experiment on machining is currently
being discussed. Powder processing and compounding are the remaining process steps to
be studied, and these experiments will be set up soon.

LIQUID PROCESSING:
Powders prepared during the initial milling study {previous semiannual report) have been
densified by hot pressing and hot isostatic pressing.

Hot pressing at 1750°C/3hrs gave high densities for most powders; densities of 3.258 +/-
0.003 were typically achieved. Under these same conditions certain ball-milled powders
did not yield good densities. Further attempts to deusify these powders by hot pressing at
1775°C/3hrs did not give any improvement. Previous hot pressing at 1750°C of PY6
compositions made by this type of milling has achieved high densities with lower weight
losses of 6-9 wt% vs the current 10-12 wt%. One possible explanation for these results is
that the sleeves used for the hot pressing process were new, and not the same geometry as
those used previously. These possibly gave a looser fit for the ram. More sleeves have
been ordered which are identical to the older sleeves, and selected hot pressings will be
repeated with these. It should also be noted that of the previously investigated PY6 made
from this powder, the particular lot used for these milling investigations is the only one
which did not give consistently high densities in repeat hot pressing runs. MOR bars
machined from high density hot pressed billets are currently being tested at room
temperature and 1370°C.

Hot isostatic pressing gave high densities of 3.252 +/- 0.002 for all powders. Further
HIP runs are planned. Selected billets densified by hot isostatic pressing will be machined
to give bars for MOR testing.
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MOLDING IMPROVEMENTS: BRUNEL UNIVERSITY

The objective of this portion of Task 2 is to develop and construct a combined
compounder/molder. The machine is called the Mk.2, and it is based on a currently
existing machine called the Mk.1. The Mk. 1 molder was operated extensively during this
period. The aim of this work is to formulate a design specification for the Mk. 2.

The ASCERA tensile specimen mold was received and mounted in the Mk. 1
compounder/molder. Installation included modification of the nozzle with an O-ring to
provide for cavity evacuation. The mold appeared to be satisfactory with respect to cavity
filling and part fabrication. A new sprue bushing was fabricated with a larger taper to
facilitate part removal. In addition, the range of the pressure transducer which
accompanied the mold limited the injection pressure to 4530 psi. A new higher range
pressure transducer was installed. The tool was remounted in the Mk. 1, and test
moldings made at maximum injection pressure to test the tool's ability to prevent flashing.
This had been an early problem with GTEL's ASCERA mold. No flashing occurred.

The Mk. 1 was then completely disassembled, cleaned, and reassembled in preparation for
the molding of the deliverable ASCERA tensile specimens. Very little damage was
observed as a result of operation with GTE's silicon nitride material. The only observable
wear was on the screw flights of the twin-screw compounder. This is not unexpected as
the screw flights of the Mk. 1 are fabricated of relatively soft mitrided steel, and metal to
metal contact cannot be completely avoided. The observed wear is minimal and the
compounder remains completely operational. Especially encouraging is the condition of
the sleeve used on the injection cylinder. It has been used for ail Mk. 1 molding for the
past six months. There was no observable damage related to the use of GTE silicon
nitride material. This system has been able to hold a cushion throughout its use and only a
minimal leakage past the sleeve was found on disassembly. Fabrication of three sets of
ASCERA tensile specimens will be conducted on the Mk. 1. These will be bascline
specimens and cavity evacuation test specimens.

Representatives of Brunel visited GTE Laboratories in March of 1990 and presented a
progress report and design review for the proposed GTE Mk. 2 compounder/molder. The
basic design was accepted, the purchasing process initiated, and construction begun. Jeff
Neil of GTEL visited Brunel in June of 1990 to review progress. A schematic drawing of
the machine is presented in Figure 7.

A design for the connecting manifold has been completed. The melt path is contained in
three parts which are designed for ease of removal and cleaning. Temperature control is
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through water circulation. The ability of this scheme to maintain the melt temperatures
required has been tested satisfactorily. Vendors have been identified and orders placed for
fabrication of the connecting manifcld. Quotes have been obtained and arrangements
made for hardfacing of all components comprising the Mk. 2 melt path. The fabrication of
the injection unit and the reconditioning of the 200 ton molder and clamp unit are
underway. The design of the injection pistons has been finalized. Each will consist of a
screw-in end cap which will hold a sleeve in place over the forward portion of the piston
shaft. The end cap will not contact the barrel wall. The seal and piston alignment will be
maintained by the sleeve. The extruder is in production and scheduled to be sent for
hardfacing on August 20, 1990. It is expected that the scheduled delivery of the Mk. 2 to
Brunel can still be accomplished in November. At this fime, all promised deliveries
remain consistent with the original schedule calling for delivery of the Mk. 2 to GTEL by
April 1, 1991.

MICROSTRUCTURE CONTROL: HIPing

A study which utilizes Taguchi methods has been designed to examine the HIP process.
The goal of the study is to identify the HIP conditions which will lead to improved
strength (at both 25°C and 1370°C) and Weibull modulus of the tensile rod material. An
1.12 X L4 orthogonal array of experiments was laid out to examine ten control factors (two
levels each) and four noise factors (two levels each) which are encountered during the HIP
procedure. Several factors which invelve other processing steps (e.g. powder
preparation, injection molding, etc.) will be held constant. The materials produced in each
experiment will be evaluated for density and 25°C and 1370°C MOR strength. Based on
these quality characteristics, the optimal HIP conditions will be selected and a confirmation
run will be performed.

To date, all of the test rods have been injection molded and have gone through the binder
removal stage. The HIP experiments laid out in the L12 X 1.4 array are underway. After
each experiment is conducted, the HIPed rods are being machined into MOR bars for
ongoing strength measurements. The study is proceeding on schedule.

Task 3 - Development and Application of NDE Meth

OPTIMIZATION OF DEFECT DETECTABILITY:

Milestone 114316 was completed, establishing the detectability limits for microfocus x-
radiography of the program test specimens, as will be described below.

Microfocus X-ray imaging parameters have been determined for radiography of tensile
specimens. The tensile specimen gage sections are being comprehensively imaged at 5X
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magnification in two orientations so that detected flaws can be characterized for type, size,
shape, and location. The X-ray accelerating potential employed is a critical factor in
optimizing the probability of detection (POD) of defects. Accelerating potential selection
curves, shown in Figure 8, have been established for X-ray imaging silicon nitride
ceramics2, In this case, the optimum accelerating potential for the 6-mm gage section is
approximately 60 kilovelts. The POD for laser-machined simulated voids has been
determined as a function of thickness sensitivity (relative thickness of defect with respect
to part thickness) at the optimum accelerating potential. Results are plotted in Figure 9. At
thickness sensitivities of 1.1 percent and greater, the POD was found to exceed 90 percent
at a confidence level of 95 percent2.

For the tensile specimen gage section geometry, the minimum void size detectable varies
as the cross-sectional thickness traversed by the X-ray beam changes, as illustrated in
Figure 10. The values of minimum void size detectable are shown at a 1.1 percent and 1.7
percent thickness sensitivity. The extrapolation of the thickness sensitivity data is most
valid 10 the interior of the tensile rod (region A). In the near-surface region, B, the
thickness of the cylinder cross-section is minimal: consequently, the voids are not
detectable becanse the film is excessively darkened. Fortunately, this region is
interrogated in the orthogonal view when the tensile specimens are rotated.

A muliiple film technique was developed to image the tensile specimens' varying cross-
sectional thicknesses in one exposure. Two sheets of film having different speeds
matched to the cross-sectional thickness range were exposed simultaneously. This
technique minimized the size of the near-surface region where detectability was in
question. In each exposure, four tensile specimens were imaged side-by-side in a
prototype fixture with a thin lead separator between each gage section. The separators
reduce X-ray scattering. A permanent fixture has been designed and is being fabricated
with tungsten separators. Tungsten is exceptionally effective as an X-ray attenuator and
overcomes problems encountered with softer lead materials, where lead contamination of
specimens can be mistaken as high density inclusions.

Emphasis has been placed on optimizing and evaluating defect detectability for voids
because their detection places the more stringent requirements on the radiographic
technique than the detection of high density inclusions (metal contamination) of similar
size. The POD of voids has been rigorously studied as a function of thickness sensitivity;
however, at the smaller defect sizes (50 micrometers or less) the interaction of thickness
sensitivity and resolution controls detectability. This interactdon will be investigated as
radiography of the baseline tensile specimens progresses.
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MODELLING HDI DETECTION SENSITIVITY:

Modelling of the X-ray imaging method was done to study the efficacy of microfocus
projection radiography for early-process monitoring of metallic contamination. A
comparison of the calculated X-ray linear attenuation coefficients for the pertinent materials
is shown in Figure 11 (top). The predominant metallic inclusions are iron based alloys
which cause significantly greater attenuation than the PY6 composition. The effective
encrgy level is approximately 30 KeV at the accelerating potential used for radiography of
the tensile specimens, providing excellent contrast for X-ray imaging.

The number of HDIs (high density inclusions) detected in the as-molded material exceeded
expectations based on NDE results from film radiography of the same components imaged
in the dense state. The difference in radiographic density caused by a typical iron
inclusion (100 micrometers) in an as-molded and dense specimen was modelled, and the
results are shown in Figure 11 (bottom). The change in radiographic density between the
iron inclusion in the as-molded and dense specimen is insignificant. Attenuation is linear
with density and varies with atomic number, Z, to the fourth or fifth power at the energy
level employed for imaging. Therefore, the apparent increase in sensitivity to HDI
detection in the as-molded state is not due to the subject contrast alone.

The composite image in Figure 12 shows the results of digital fractography of tested
tensile specimens. Fractography was performed with the aid of a machine-vision system
capable of 40x optical magnification. Performing low-magnification fractography allows
for comparison of fractographs and similarly digitized radiographs with a mutual image
processing system. The fracture surfaces of the last 9 tensile specimens tested are shown
with dimensions of the defects detected at the failure origin. Without exception, the tensile
specimens failed at HDIs. The full size view of one fracture surface is also shown with a
corresponding backscatter image obtained with a scanning electron microscope. The
fracture surfaces appeared to have a contiguous inclusion (black spot) at each failure
origin; however, backscatter images revealed that during densification the inclusions
interacted with the surrounding matrix, reducing the resultant radiographic contrast. This
effect is consistent with increased HDI detection sensitivity in the as-molded specimens,
and will be further investigated as the program continues.

IN-PROCESS NDE: POWDER RADIOGRAPHY

Microfocus film radiography has been employed to nondestructively evaluate milled
powders for the baseline process. Three samples of milled PY6 powder were taken from
each of the eight baseline batches and radiographed in uniform plastic vials (1.0x1.0x4.0
cm). Additionally, two batches of powder having the same PY6 composition, but milled
using an alternative method, were characterized in support of the Task 2 process
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improvement effort. Qualitative and quantitative comparison of the processed materials
revealed significant differences in the miiled powder morphology; in particular, the amount
of agglomeration varied.

The images shown in Figure 13 were taken from radiographs of a unit volume of each
powder batch. Baseline milled powders for batch 001 through 008 are shown along with
a sample of powder milled using an alternative method with and without screening. With
the exception of sample 007, the milled baseline powders had a consistent appearance
batch-to-batch with agglomeration present. The procedure for densification aid (Y203)
addition was inadvertently changed for batch 007. The radiographic method showed that
batch 007 samples had a more homogeneous appearance, relatively free of agglomeration.

The radiographs also showed that the alternative milling method produced a markedly
different morphology, appearing homogeneously mixed with no agglomeration compared
on the same scale as the baseline milled powders. The composition of the alternatively
milled powders was the same as the baseline. One of the three samples of unscreened
alternatively milled powders had one large agglomerate. Materials produced using the
alternative milling procedure have exhibited superior average strength and Weibull moduli
in the past. This process improvement step is being investigated for incorporation into the
baseline process.

The radiographic NDE technique for milled powders is being considered as an early-
process monitoring method, requiring little sample preparation and taking approximately
one-half hour or less for imaging, film developing, and interpretation. The radiographic
technique complements traditional particle size analysis, by addressing the extrinsic
properties of powder morphology and agglomeration, which are dependent on processing.
On the factory floor, radiographs of vials of newly milled powders could simply be
compared to a reference standard for acceptance; however, more quantitative analysis
methods are being investigated.

Image processing for radiograph enhancement and analysis was employed to quantitatively
assess the degree of agglomeration in milled powders. Representative images, displayed
in Figure 14, were taken from digitized radiographs of the unit volumes of milled
powders. The top image is a three-dimensional grey level map of the powder volume.
Peaks in the grey level map correspond to agglomerates, which attenuate the X-rays
preferentially, resulting in bright spots on the radiographic image. The input image is
shown below. A "blob analysis" routine was employed to discriminate agglomerates
based on size (pixel area) and grey level threshold. The agglomerate indications were then
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automatically counted. The entire software sequence was performed in a few seconds.

The input parameters of the agglomerate size and grey level threshold were held constant
for all the batches of powder analyzed to allow batch-to-batch comparison of the degree of
agglomeration. The radiographs, which typically varied in film density, were normalized
to approximately the same base brightness by adjusting the intensity of the illuminator
backlighting the film while measuring the average radiance over the total powder volume.
In this way, an "agglomerate index " (count) could be achieved for each powder batch.
The data are displayed in Table 9.

The agglomerate index was calculated by averaging the count of agglomerate indicaiions
for three samples of each powder batch. The batches are ranked in Table 9 from lowest to
highest in agglomeration. A qualitative visual assessment, based on one observer, is
summarized for comparison. Visual ranking was difficult for batches 601 to 006 and 008,
because of the subtle difference in their degree of agglomeration. The discrepancy
between the agglomerate index and visual assessment for batch 007 was determined to be
a result of agglomerates being falsely detected. False detection occurred because of
nonuniform packing of the powder in the vial. In future tests, all vials will be tapped for
2000 cycles with a tap density apparatus to attempt to normalize the powder packing.

IN-PROCESS NDE: RADIOGRAPHY OF BINDER CONSTITUENTS

Fractography and failure origin analysis of the baseline tensile specimens have shown that
high density inclusions are the prevailing critical defect. Compositional tracing of the
constituent elements found at failure origins has implicated the processing machinery
(compounder, granulator, and injection molder) as the major contributors to the metallic
contamination. Work is in progress to address reduction of metallic contamination from
this processing equipment (Task 2). There have been elements located on the fracture
surfaces which are not traceable to the processing machinery; for example, titanium has
been detected. Titanium has also been found at the failure origins of GTE tensile samples,
manufactured similarly, and tested at other laboratorics. In an effort to comprehensively
trace failure origins to their sources, nondestructive evaluation has been performed on all
incoming raw materials,

High density inclusions were detected in the paraffin wax that is used in the baseline
material binder system. Microfocus real-time and film radiography were used to image the
collected residue of screened wax. The composite image shown in Figure 15 displays a
radiograph and optical image of screening residue from a 5-kg batch of wax; the material
was screened through a 60-mesh nylon screen. A large amount of organic fibrous residue
was observed. The HDIs were clearly imaged as small bright spots on the radiograph.
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Fortuitously, the residue and HDIs were encased in a thin coating of wax which facilitated
handling.

Microfocus imaging readily detected the high density inclusions which provided exquisite
contrast compared to the nylon screen, organic residue, and small amount of solidified
wax. The detected defects were mapped by pointers with the aid of real-time radiography.
The machine-vision optical irnage in Figure 16 shows one inclusion, pointed to by the bent
paper clip, trapped in the nylon mesh. Several of the HDIs had a milky white appearance,
suggestive of titanium oxide, while others appeared metallic. Some of each type were
isolated for analysis. Electron probe micro-analysis of the inclusions revealed stainless
steel (Fe, Cr, Ni), titanium, and silicon.

Discussions with the manufacturer of the blended wax used in the ceramic binder system
revealed that much of the contamination that has been observed may potentially be
avoided. The manufacturer will investigate the possibility of contamination from their
operations and means to reduce it will be sought. Recently, the processing done at GTE
has involved melting, screening, and forming the wax into slabs as feed material for
compounding. An alternative is to purchase the wax as-blended in slabs. Lab samples of
the slabs and peliets are expected shortly for screening tests and NDE.

The residue of the screened wax also contained a large amount of organic fibrous material.
The manufacturer felt this contamination was a result of the paper packaging. In the
future, the blended wax will be supplied in plastic bags.

A second screening experiment was conducted with a 400 mesh screen. Additional small
fibrous material was trapped in the collected residue; however, no HDIs were detected.
Many of the HDIs detected in the original screening were several hundred micrometers in
size, and would certainly be strength limiting flaws. The 400 mesh screening operation is
now incorporated into the process, during preparation of the binder prior to compounding
with the ceramic powders. The NDE method will be employed for process monitoring.

IN-PROCESS NDE: TENSILE RODS

Microfocus radiography has been employed to nondestructively evaluate tensile specimens
fabricated from the baseline powder batches. All of the baseline tensile specimens were
inspected in the as-molded and finished states. Real-time radiography employing image
processing was used to screen the specimens for gross bulk-defects. The tensile specimen
gage sections were comprehensively radiographed with a high-contrast film at 5X
magnification in two orientations so that detected flaws could be characterized by type,
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size, shape, and location. A multiple film technique was developed to image the tensile
specimens' varying cross-sectional thickness in one exposure. Two sheets of film having
different speeds matched to the cross-sectional thickness range were exposed
simultaneously.

Real-time radiography of the initial injection molded specimens revealed apparent
longitudinal voids, indicative of mold packing problems. The NDE method provided the
characterization necessary to eliminate the packing problem with iterative adjustment of
molding parameters and a subsequent mold design modification {changes in the gating).

Microfocus film radiography of as-molded tensile specimens is highly sensitive to the
detection of high density inclusions (HDIs) and is providing the data required to
benchmark the baseline materials for metallic contamination. Representative results from
the as-molded tensile specimen radiography are summarized in the graphs shown in Figure
17. The probability density function plots show the number of HDIs detected in the gage
sections of a number of tensile specimens from 3 baseline powder batches. For example,
a total of 62 HDIs were detected within the gage sections of the 18 tensile specimens
fabricated from the 003 material, with 3 of the specimens having 8 HDIs in their gage
volume. The frequency of detectable HDIs per gage volume is a critical feedback
characteristic needed to determine the influence of process parameters and modifications
on controlling metallic contamination.

Microfocus radiography has now been performed on all of the HIPed tensile rods
described in Task 2. Twelve of these have been broken (see Task 4), with all failures
occurring at metallic inclusions. These failure locations will be compared to the
radiographs to determine whether the failure-causing defects were imaged.

ULTRASONIC TESTING SYSTEM:

The second engineering review of the ultrasonic inspection system specified by GTEL for
NDE of ceramics was conducted at Panametrics Inc., Waltham MA on 6/26/90. Ron
Roberts, GTEL consultant on ultrasonic testing from the Ames Laboratory NDE Center,
attended. The custom designed software for data acquisition and display of surface wave
images and user interface was demonstrated. Several options concerning the final
mechanical configuration of the system were presented and discussed. A pivoting stage
and collet chucking device were incorporated in the final mechanical configuration of the
rotational axis to facilitate precise alignment and gripping of the long and short dogbone
tensile specimens. A test of two possible hardcopy devices was conducted using
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representative images. Progress is ahead of schedule with an early October delivery date
anticipated. Comprehensive testing of the completed system, and operational training will
be conducted at Panametrics Inc., Systems Division, in Ithaca, NY, prior to shipment.

A discussion with W, A. Simpson, Jr. , of ORNL has yielded a method of ensuring that
surface wave images of defects are truly formed from surface waves. The method involves
masking the ultrasonic transducer locally to prevent return of the first echo longitudinal
wave.

MICROFOCUS CAT-SCANNING DEVELOPMENT:

Computer tomographic examination of ceramic components has been accomplished using
the newly developed RTS/Sauerwein microfocus CT system. The microfocus CT system
employs a solid state linear array which is optically integrated into the projection
radiography Gamma Scope image intensifier, thereby providing conventional projection
imaging with tomographic slices on demand. The enabling feature of the system is the
precision rotational axis alignment which GTE experience in microfocus CT development
has shown to be essential. The reconstruction algorithms also compensate for beam
hardening. A complete report on the NDE of baseline material tensile specimens and test
phantoms has been received from the vendor.

4. Test | Mi tural Evaluati
MATERIAL STRENGTH AND FRACTOGRAPHY

Preliminary MOR and tensile strength data were obtained from HIPed materials fabricated
early in the program, as described under Task 2. MOR test results are presented in Table
10 and on Figure 18, with corresponding tensile data in Tables 11 and 12. These data are
from experiments aimed at setting up appropriate process parameters allowing preparation
of the Baseline Materials, and should be considered as such. Baseline data will be
reported next period.

The MOR data show the following: 1) at both ambient temperature and 1370°C, bars cut
from the thinner ASCERA specimens exhibit higher strength, 2) the Weibull moduli are
near the average recently obtained for PY6, and 3) all strengths are lower than expected
based on recent results obtained for PY6 prepared for other programs. For instance, in the

ATTAP progran13, HIPed injection molded MOR specimens of PY6 exhibit strengths of
over 900 MPA at ambient and over 400 MPA at 1370°C). Reasons for the low strengths
are being investigated. At the present, it is considered likely that these strengths reflect the
lack of experience base with this new type of silicon nitride powder. Also, the presence of
© asignificant number of metallic inclusions at the fracture origins implies that a piece of the
processing equipment (compounder, injection molder) has recently deteriorated.
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Additional specimens have been prepared and testing is continuing.

Tensile strength data are shown in Tables 11 and 12 for the cylindrical (ASCERA) and
buttonhead specimens, respectively. All buttonhead specimens tested resulted in failure
either within the gage section or at the transition region. Two of the nine cylindrical rods
which failed very close to the grips were deemed mistrials and were not included in the
final results. The strength data from the cylindrical specimens are very low compared o
the buttonhead specimen data, leading to suspicions that the cylindrical test apparatus
itself, or the design of the specimen and/or grip, is not providing true values. The
effective stressed volume of the two test specimens is nearly identical at about 1.1 cc.
Strength data from the buttonhead specimens is also lower than expected, but the tests
yield an average strength (455 Mpa) which is consistent with Weibull scaling laws from
the MOR data presented in Table 10.

Subsequent to testing, fractography was performed cn all tensile specimens (as shown in
Task 3). Several techniques were utilized to determine the fracture origin location,
geometry, size, and composition (metallic inclusions). The fractures were first inspected
with optical microscopy to determine the location of failure. Next, the fracture origin was
inspected with SEM using both backscatter and secondary electron imaging techniques.
Secondary electron images highlight surface features of the fracture origin as shown in
Figure 19. Backscatter electron images help determine the size, shape and distribution of
high density inclusions as shown in Figure 20. If the fracture origin was thought to be a
metallic inclusion, compositional information was obtained via EDX. Additionally,
elemental x-ray dot maps were generated to illustrate the distribution of high density
elemaents within the Si3N4 matrix as shown in Figure 21.

Fractography data for cylindrical rods are listed in Table 11. The fracture origins are a mix
of porous regions, Fe-based inclusions, and Fe-Cr-Ni based inclusions. Fractography
data for the buttonhead rods are shown in Table 12. As indicated, all of these failures
have initiated at metallic inclusions, either Fe or Fe-Cr-Ni based. The x-ray dot maps and
backscatter images indicate that the metallic contaminants do not exist as discrete flaws.
Rather, small pockets of the metallic component are dispersed within the SigN4 matrix in a
localized region at the inclusion site, as shown in Figures 20 and 21.

An effort is underway to relate the information obtained from fractographic and non-
destructive examinations to identify the likely source of the inclusions in order to guide
process improvement and conirol activities in Task 2.
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Test specimens machined from rods listed in Table 8, designated Baseline Material, will be
tested and reported on next period.

PHYSICAL PROPERTIES OF BASELINE MATERIAL.:

The phase composition, elastic moduli, and fracture toughness of the tensile rod Baseline
Material have been characterized. MOR bars are currently being machined from Baseline
tensile rods for further strength evaluation. The silicon nitride microstructure has been
quantified via digital image analysis. Measurement of the oxidation resistance of the same
material is underway.

Phase composition

Based on quantitative X-ray diffraction analyses, the crystalline phase composition of the
Baseline injection-molded and HIPed tensile rod material is 100% beta silicon nitride, with
possible traces of SisN-O and cubic Y503,

Elasti uli
The elastic moduli were measured using ultrasonic wave velocities through samples which
were sliced from tensile rods. The elastic properties and density (measured by
Archimedes' method) are listed in Table 13.

Mechanical Properties

The fracture toughness of the Baseline material is 4.24+).2 MPasm!/ 2, as measured by the
indentation fracture toughness (IFT) method. The Knoop hardness is 13.330.3 GPa.
Both the toughness and hardness values are typical of the standard GTE PY6.

The strengths at 25°C and 1370°C will also be evaluated for injection-molded and HiPed
tensile rod material. Machining of tensile rod ends into military standard size "A" MOR
bars is in progress., The bars will be ready for testing during the next reporting period.

Quantitative microstructural analyses

In order to characterize the Baseline silicon nitride microstructure, polished and etched
sections of tensile rods were prepared and examined using a scanning electron microscope
(SEM). The SEM micrographs, an example of which is shown in Figure 22, were
quantified using digital image processing techniques.

Statistical analyses were performed on the digitized imnages to determine the grain size
distribution, average grain size, aspect ratios, etc., for a total of 447 silicon nitride grains.
The microstructure is composed of a fine, relatively narrow grain size distribution. The
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average and maximum aspect ratios are similar to the standard GTE PY6. The most
relevant data are listed in Table 14.

X n resistan
The oxidation resistance of the Baseline material at elevated temperatures is currently being
measured. Test specimens which were machined from tensile rods are being exposed to
ait at both 1200°C and 1370°C for a total of 500 hours, during which the weight change
due to oxidation is measured. The tests are scheduled for completion in November.

Status of Mijestones

Successful establishment of a baseline machining technique for the buttonhead tensile test
specimens constitutes accomplishment of Milestone #114312. Milestone #114316 was
completed, establishing the detectability limits for microfocus x-radiography of the
program test specimens. Milestone #114321, submission of the first ssmiannual report,
was also accomplished. Milestone #114305 (Develop design and fabrication technique for
NSF specimens), scheduled for August, 1990, is complete. Milestone #114317 (Select
surface measurement parameters relating to strength) has been delayed by about a monih
while specimens being utilized in a Taguchi methods experiment on machined surfaces are
being prepared. Thesc machined and/or annealed specimens will serve as the speciimens
for the required milestone experiment. Overall execution of the remainder of the program
is on schedule.

icati
4/3/90 - Representatives of Brunel University visited GTE Laboratories and presented a

progress report and design review for the proposed GTE Mk. 2 machine.

4/10 - 11/90, D. Byrne, J. Quinlan, and A. Wu of ASI visited GTE Labocratories and set
up a schedule for instruction of GTE personnel in Taguchi techniques.

5/2 - 11/90, A. Wu of ASlinstructed GTE personnel in Taguchi techniques.

6/90 - J. Neil visited the Brunel University to review their progress.

6/26/90 - D. Cotter and W. Koenigsberg of GTE and R. Roberts of lowa State Univ.
visited Panametrics Inc., Waltham, MA to review progress on development and

construction of the ultrasonic NDE equipment.

7/13/90 - L. Bowen, D. Cotter, S. Natanschn, J. Neil, and A. Pasto visited ORNL for a
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6-month program review.

9/28/90 - Dr. R. Grimm, Head of Research and Development, of Sauerwein visited GTEL
to discuss microfocus CAT-scanning results.

Problems Encountered

The injection molding dies for the Baseline ASCERA- and dogbone-type tensile test
specimens had to be sent back to the manufacturer for rework several times, causing
delays in the planned fabrication of baseline specimens.

Publicati | P tati
A. E. Pasto and S. Natansohn, "Advanced Processing of High-Performance Silicon
Nitride Ceramics”, Pp. 197-206 in Proceedings of the 27th Automotive Technology
Development Contractor's Coordination Meeting, SAE P-230, April 1990.

W. D. Koenigsberg and D. J. Cotter, "On the Origin of Anomalous Shadows in
Microfocus Projection Radiography", presented at the Conference on NDE of Modern
Ceramics, Columbus, OH, July 1990.

W. D. Koenigsberg and D. J. Cotter, "Maximum Contrast X-Ray Imaging of Ceramics",
presented at the Sagamore Conference on Heat Engine Conference, Plymouth, MA,
October 1990.
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Table 1. Characteristics of Silicon Nitride Powders

Soluble Species(mg/g)

Si:N

Bend Strength{MPa)

Lot No (81) (,NJ:LQ_L (melar__ratio) BRI 1370°C
3
(20 kg) 3.53+0.14  0.73+0.01 2.9 905+£95 56046
(180 kg) 3.74+0.06 0.94+0.05 2.4 945457 54919
4
(20 ka) 3.61+0.14 0.73+0.01 3.0 845+160 500+10
(180 kg) 3.72+0.03 1.36+0.12 1.7 909+£20 567+14
5
(20 kg) 3.58+0.08 0.74+0.08 3.0 935+t75 540125
(180 kg) 3.84+0.04 1.25+0.06 1.8 836+51 564+16
Table 2. Characteristics of Aged Silicon Nitride Powders
Soluble Si Soluble NHj Si:N
Conditions (ma/q) (ma/g) (molar ratio)
Initial 4.6+0.13 0.65+0.10 4.3
Dry Air-132 Days 4.7+0.19 0.62+0.07 4.6
257 Days 4.9+0.06 1.2 0.2 2.5
Wet Air-133 Days 5.0+0.01 0.27+0.07 11
257 Days 4.9+0.2 0.6 0.2 4.9
Dry Argon -139 Days 4.6+01 0.49:+0.04 5.6
257 Days 5.0£0.2 0.85+0.13 3.6
Wet Argon -139 Days 4.410.3 0.35+£0.04 7.6
257 Days 4.6+0.1 0.7 0.2 4.0
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Table 3. Solubility of Yttria as a Function of Time

Time w/o Yitria Dissolved
(min) Bure Yitria Y203/SigN,_ BYG6

1 114 8.3

3 23.5 14.6

5 335 19.2

10 50.8 26.0

15 62.3 30.1 23.3
20 69.2

30 82.9 42.0 41.6
45 88.9 51.2 68.4
60 92.9 61.4 74.2
30 100 77.6 89.8
120 84.0 88.7
180 94.2
210 85.1
290 100

Table 4. Oxidation Resistance of Hot-Pressed PY6 Ceramics
Wei in_After Hours in_ Air Temperatur

Powder Lot No. 0 1 2 3 4 L3
1200°C
(g/m?) 1.4 1.4 1.6 1.5 1.5 1.5
(w/o) 0.11  0.11 0.13 0.12 0.12 0.12
1370°C
(g/m?) 4.0 3.8 3.7 3.6 3.5 3.6

(w/0) 0.32 0.30 0.27 0.29 0.29
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Table 5. Properties of Modified Silicon Nitride Powders.

Powder Code* Q
Starting Powders:

Surface Area (m</g) 7.5
Total Oxygen  (w/0) 1.21
Soluble Si (mg/qg) 4.4
Soluble NHg (mg/g) 0.80
Moiar Ratio Si:N 3.3
Isoelectric Point (pH) 6.5
Processed PY-6 Powders:
Surface Area (m2/g) 11.2
Scoluble Si** (myg/qg) 7.2
Solubie NHg3** (mg/g) 1.06
Molar ratio Si:N 4.1
Isoelectric Point (pH) 7.4
Yttria Solubility*™* (w/o) 24
Average Flexural Strength
Room Temperature (MPa) 960
1370°C (MPa) 540

Oxidation Resistance:
1200°C - Weight gain after 500 hours

(@/m?) 1.4
1370°C - Weight gain after 500 hours:
(g/m?2) 4.0

* See text for desription of code.

*h

ko

A

7.0
2.33
10.8
0.11
60
<5

10.4
11.5
0.76
9.1
7.0
66

1080
750

0.64

2.0

B

7.7
1.14
3.6
0.30
7.4
7.0

11.4
7.4
1.18
3.8
7.2
24

900
5380

1.3

2.7

L

8.5
1.10
3.3
0.25
8.2
7

11.0
6.9
1.07
3.9
7.4
25

210
580

1.5

2.8

-

11.6
8.6
1.42
3.7
7.4
29

970
615

6.6
0.58
0.34
0.090
2.2
9.6

10.3
5.3
1.15
2.8
7.4
42

840
340

2.7

8.7

Values corrected for silicon nitride content of the formulation, i.e. 94 w/o.
Weight percent yttria dissolved after 15 minutes at 35°C in 0.03 HCL.
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Table 6. Properties of PY6 Ceramics Hot-Pressed from Modified Powders

Density Flexural Strength (MPa)

Powder Lot Treatment (g/cc¢) (% ) RT 1370°C

0 no 3.19 97.9 958+48 537+55

0 yes 3.25 99.6 1082+115 747186

0 -- 3.23 99.1 1149+74 532120

3 no 3.22 98.8 945+57 549+9

3 yes 3.26 100 993+190 758+22

4 no 3.22 98.8 909120 567+14

4 yes 3.25 99.7 1070£112 72155

5 no 3.22 98.8 936151 564+16

5 yes 3.25 99.7 1016£137 739450

Table 7. Properties of PY6 Ceramics Hot-Pressed from Powders
with Chemically Incorporated Sintering Aids
Addition Route
Standard Hydroxide Nitrate
(as is) (processed) (as is) (processed)

Density

(g/cm3) 3.19 3.19 3.25 3.22 3.24

(% of 3.26) 978 97.8 99.6 98.7 99.5
MOR (MPa)

RT 960150 840160 935 +175 930t120 1020+55

1370°C 540+55 530 +20 565 +17 545 +18 595+28
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Number Specimen Stage of Intended
of Rods Type Preparation Use
53 Buttonhead Machined Ambient testing at ORNL and GTE
28 Buttonhead Machined Elevated temp. testing at UDRI
5 Buitonhead Atmachining  Ambient testing
32 Buttonhead At machining Elevated temp. testing
57 Buttonhead HIPed Ambient testing
31 Buttonhead Dewaxed ASCERA-buttonhead comparison
17 ASCERA Dewaxed (as above)

Table 9. Agglomeration Index and Ranking for Milled Powders

Ranking*
Batch No. Agglomerate Agglomerate
Index Index Yisual
001 1.7 3 6
002 4.3 4 5
003 8.7 6 8
004 15.3 10 4
005 9.7 7 7
006 12.0 8 9
007 6.0 5 3
008 14.0 9 10
Alt. Milling (screened) 0.0 1 1
Alt. Milling (unscreened) 0.3 2 2

*Ranking based on #1= least agglomerated, #10=most agglomerated.
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Table 10. MOR strength results from initial HIPed PY6 tensile specimens

Type # Bars Average MOR (MPa) Weibull Modulus

ASCERA (25°C) 15
ASCERA (1370°C) 6

Dogbone (25°C) 30
Dogbone (1370°C) 5

842 13
270 --
693 12.4
246 --

Table 11. Strength and Failure Origin Results for Cylindrical Tensile Specimens

Sample

1A 4706 *
11B 215.4
12A 2419 *
31B 301.6 *
33B 361.2 *
51A 407.6
NN1 271.7 *

AVERAGE TENSILE STRENGTH= 324 +86 MPa

Tensile St th_(MPa) Eract Origi

porous region

large void

Fe inclusion

porous region

stain. steel inclusion
Fe inclusion

Fe inclusion

* Denotes fractures occurring outside of acceptable gage region defined by ASCERA.
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Table 12. Strength and Failure Origin Results for Buitonhead Tensile Specimens

Specimen Strength Length Width Avg. Dia. Inclusion

Number (MPa) (um) {pm) (pmj Chemistry
16 * 180 70 125 Fe
33A 566 65 22 43.5 Fe
13 * 122 43 82.5 Fe
338 465 137 140 138.5 Fe, Cr, Ni
58 277 200 75 137.5 Fe, Cr, Ni
35 567 35 17.5 26.25 Fe, Cr, Ni
17 350 117 100 108.5 Fe, Cr, Ni
55 492 60 45 52.5 Fe
57 467 100 50 75 Fe

AVERAGE TENSILE STRENGTH= 455198 MPa
* No value recorded: testing machine malfunction.

Table 13 - Baseline elastic properties of GTE PY®6.

Density (g/cc) 3.257
Young's Modulus (GPa) 317
Shear Modulus (GPa) 124
Bulk Modulus (GPa) 240
Poisson's Ratio 0.28

Table 14 - Baseline microstructure characterization results.

PARAMETER MEAN  STD DEV MEDIAN MIN MAX

Grain Area (sq. um) 0.5 1 0.2 0.01 9.5

Grain Aspect Ratio 2 1 1.8 1 12.5
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FigureS. Schematic drawings of the long and short varieties of
buttonhead tensile rods being fabricated, and the three styles of
green preforms from which the dense specimens are made.

(a) The "Basecline” dogbone preform and the dense long specimen.
(b) The NSF green preform and the dense short specimen.

(¢) The MLP green preform and the dense short specimen.

(a)

(b)

(c)
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Figure 6. Diagram of database.
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Plunger Injection System

Connecting Manifold

Figure 7. Schematic of the GTE/Brunel Univ. Mk. 2
compounder/molder, currently being constructed.
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Figure 8. Accelerating potential selection curves have been established for x-ray
imaging silicon nitride ceramics. The optimum accelerating potential for the 6-mm
gage section is approximately 60 kilovolts.
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