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EXECUTIVE SUMMARY

This document, submitted by AiResearch Casting Company (ACC), a div-
ision of The Garrett Corporation, is the first annual technical report
for the improved silicon nitride for advanced heat engines program. The
program is being conducted for the National Aeronautics and Space Admin-
istration (NASA) under contract no. NAS3-24385. Garrett Turbine Engine
Company (GTEC) is the major subcontractor to this program. This report
covers the period September 26, 1984 through September 30, 1985.

The objective of the program is to establish the technology base
required to fabricate silicon nitride components that have the strength,
reliability, and reproducibility necessary for actual heat engine appli-
cations.

The program consists of seven major tasks. The Task I technical
effort, baseline characterization, was completed in the first nine months
of the program. Current efforts are in Tasks II and VII.

Task 1

The major objective of Task I was the complete characterization of
the ACC baseline silicon nitride (92% GTE SN-502 Si3Ng + 6% Yp03 + 2%
A1203) and the modulus of rupture (MOR) of test bars fabricated by an ACC
base?ine injection molding process. The characterization methods
included chemical analysis, oxygen content determination, electrophore-
sis, particle size distribution (PSD) analysis, surface area determina-
tion, and analyses of degree of agglomeration and maximum particle size
of elutriated powder. These analyses were conducted on as-received pow-
der as well as on sized powder. MOR test bars were injection molded and
processed through sintering at 0.68 MPa (100 psi) of nitrogen. The as-
sintered test bars were evaluated by X-ray phase analysis, room and ele-
vated temperature MOR strength, Weibull modulus, stress rupture, strength
after oxidation, fracture origins, microstructure, and density from
quan%ities of samples sufficiently large to generate statistically valid
results.

A total of 452 test bars were injection molded to provide specimens
for the various characterization tests. Of these, 216 were fully pro-
cessed to provide specimens for the post-processing tests.

A total of 108 test bars were strength tested at room temperature,
10669, 12320, and 13990C (19500, 22500, and 25500F). The mean strength
at room temperature for 66 bars was 540 MPa (79.3 ksi), with a Weibull
modulus of 7.9. The mean strengths at 10669, 12320, and 1399°F were 420,
320, and 140 MPa (61.1, 47.1, and 21.7 ksi), respectively.

Static oxidation test data on room temperature strength showed that
test bars exposed for 200 hours to air in the temperature range of 3880
to 12969C (7300 to 23659F) had a slight strength degradation after
oxidation.
1



Task II

Task II, which was initiated at the completion of Task I, consists
of a series of test matrixes designed to establish the optimum materials
and processing parameters so that the initial program goal of improving
test bar properties will be achieved. Two matrixes (test Matrixes I1-1
and 11-2) were designed based primarily on information obtained from
Tasks I and VII. These two matrixes, which are to be completed in the
first seven months of Task II, define a total of 32 experiments, eval-
uating 6 variables at 2 levels. Continued Task II efforts will include
additional matrix experiments and smaller optimization experiments which
will be designed using all new available information over the 18-month
Task II effort.

In Matrix 11-1, powder preparation and powder/binder mixing were
initiated using Starck H-1 Si3N4 powder with 6 percent Y203 and 1 percent
and 2 percent A1203. Sufficient material was prepared to make the 1500
test bars required to complete Matrix II-1. Processing was completed
through the dewax cycle on 640 test bars during this report period.

Matrix 1I-2 is similar to Matrix II-1 except that Denka 9FW powder
is being evaluated. Mixing is complete and injection molding has been
initiated.

Task VII

Task VII is being conducted continuously throughout the program,
both to perform screening experiments on advanced materials and process-
ing and to identify critical variables affecting strength and reliabil-
jty. Task VII includes a series of iterations between experimental
design, fabrication, characterization, and analysis. Data from these
experiments will provide input for additional Task II optimization
experiments. .

The first two statistically designed test matrixes involved alter-
nate raw materials and alternate binder systems. Subsequently, Matrixes
3, 4, 5, 6, and 7 (binder removal cycle, molding temperature, particle
size distribution, sintering additives, and sintering cycle parameters)
are being investigated.

Significant portions of Task VII, primarily involving alternate
binder systems, binder removal cycles, and sintering/hot isostatic
pressing parameter investigations, are being conducted on internal ACC
funding, on a cost-share basis. The results concerned with the demon-
stration of improved properties and reliability are available in this
NASA program. However, some compositional and processing detail will
remain proprietary to ACC.



INTRODUCTION

This document, submitted by AiResearch Casting Company (ACC), a div-
jsion of The Garrett Corporation, is the first annual technical report
for the improved silicon nitride for advanced heat engines program. The
program is being conducted for the National Aeronautics and Space Admin-
istration (NASA) under contract no. NAS3-24385. Garrett Turbine Engine
Company (GTEC) is the major subcontractor to this program. This report
covers the period September 26, 1984 through September 30, 1985.

The objective of this program is to develop the technology base
required to fabricate silicon nitride components that have the strengths,
reliability, and reproducibility necessary for actual heat engine appli-
cations.

The master program schedule is presented in figure 1. The program
consists of two phases of process development. Both phases will be com-
pleted in 60 months. Phase I includes fabrication, evaluation, and opti-
mization of test bars. Phase I is divided into four tasks. The
objectives of these tasks are:

Task I - Characterize the baseline sintered silicon nitride.

Task 11

Use statistically designed matrix experiments to achieve
material and process improvements as demonstrated by a
20-percent increase in strength and a 100-percent
increase in Weibull modulus.

Task II1
Task VII

Characterize the improved material and process.

Perform screening experiments on advanced materials and
processing for input to Task Il statistically designed
experiments.

Phase Il includes the fabrication and evaluation of a large complex
shape that will be potentially useful in an actual gas turbine engine
application. Phase Il is divided into four tasks; the objectives of
these tasks are:

Task IV - Evaluate the improved process (from Task III) in the
fabrication of a large shape and identify critical
process variables requiring further improvement due to
the scale-up in size.

Task V- Use statistically designed matrix experiments to achieve
material and process improvements.

Task VI - Characterize the improved material and process.

Task VII - Continue screening experiments, especially those related

to the requirements of the large size.

3
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More than 40 variables have been identified for study. Experiments
are being performed in a series of iterations between experimental
design, processing, characterization, and analysis. Critical variables
are being identified in these exper1ments. Interactions between varia-
bles will be identified and studied by using statistically des1gned
matrix experiments.

" During the first year of this five-year program, Task I of Phase I
was completed as scheduled. It is reported in its entirety in this
report. Tasks Il and VII were both initiated in this first year. Prog-
ress reports are included for both tasks along with those results and
conclusions that are available for Task VII.

A technical paper, "Processing Study of Injection Molding of Silicon
Nitride for Engine Applications," was prepared and presented at the 1985
SAE Aerospace Technology conference and exposition, October 14-17, in
Long Beach, CA. A copy of this paper, which is based upon the program,
is included as Appendix A.



EXPERIMENTAL WORK
Task I - Baseline Materials Characterization

The ACC baseline fabrication process selected for study in this
program is direct injection molding of test bars to net shape. The
material selected as baseline is a silicon nitride composition consisting
of 92 percent GTE SN-502 Si3Ng, 6 percent Y203 and 2 percent A1203. The
Task I logic chart (fig. 2) suggests that the multi-step fabrication
process may be conveniently divided into four subtasks:

(1) Characterization of starting raw materials and baseline milled
batch powders

(2) Preparation of injection molding mix, injection molding, and
evaluating test bars

(3) Dewax and sintering of test bars.

(4) Post-process characterization and statistical and fractographic
analysis

The extensive and very diverse nature of the experimental equipment
and procedures suggests that each of the subtasks be reported as
separate, sequential experiments.

Subtask I - characterization of starting raw materials and baseline
mix batch powders.--This subtask concerns the measurements of the char-
acteristics of all starting raw materials, remeasurement to determine the
degree of change by preparation and mixing processes, and evaluation of
powder blend quality for further preparation into an injection molding
mix.

Materials tested: One lot of GTE SN-502 silicon nitride powder,
1ot SN-107, was set aside for this program. The yttrium oxide used in
Task I was Molycorp 5600 Y203, lot 1406. The aluminum oxide used was
Union Carbide, Linde A, 0.3 um A1203, lot 0923402.

Test apparatus: Particle size analysis was performed at ACC on a
Leeds and Northrup Microtrac. Comparative analysis was also done on a
sedigraph at the University of Florida and an electrozone particle size
analyzer, Elzone, at Particle Data Laboratories, Ltd., Elmhurst, I11i-
nois. Electrophoresis, zeta potential, and pH measurements were also
done at the University of Florida using equipment developed at the
university specifically for these purposes. Air classification was done
at ACC using a Donaldson Acucut Classifier, model Al2. The scanning
electron microscope used at GTEC was an ETEC Autoscan. Oxygen analysis
was measured by a neutron activation method at IRT Corp., San Diego,
California. Chemical analysis was done by semi-quantitative emission
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spectrography at Ledoux and Co., Teaneck, New Jersey. Surface area
measurements were done by the Brunauer-Emmett-Teller method by Porous
Materials, Inc., Ithaca, New York. Agglomeration studies, homogeniety
determination, and maximum particle size measurements were done at GTEC
using elutriation, ultrasonic dispersion in deionized water, optical
microscope (40 times magnification) scanning electron microscope (SEM),
and energy-dispersive X-ray analysis methods. Tap density of powders was
determined by ASTM B527-7D using a 100-ml glass cylinder. Ball milling
(and mixing) was done in a Norton rubber-lined, two-gallon steel jar mill
using 5930 g of 15.9-mm-(5/8-in.)-dia Si3Ng milling media.

Test procedure and selected results: The baseline Si3N4 powder is
supplied by GTE Sylvania, grade GTE SN-502. To ensure uniform particle
size distribution (PSD) throughout the drum of SN-502 lot 107, samples
were taken from the top, middle, and bottom of the drum. Figure 3 shows
that the PSD curves of the three samples were practically coincident with
each other as measured by the L/N microtrac particle size analyzer at
ACC.

The Si3Ng4 powder was first air classified to remove the major por-
tion of large, dense particles and agglomerates. Figure 4 shows the par-
ticle size distribution results of air-classified SN-502 powder (1lot
107). Although there was a systematic shift in PSD from coarse to filter
fine, it was evident that the PSD's of the three fractions of the air-
classified powder overlapped extensively. This overiap is attributed to
the needle-1ike nature of the as-received SN-502 powder. The weight
percent of the coarse, fine, and filter-fine fractions of the powder
after air classification were: 17.7, 69.4, and 12.9 percent, respec-
tively. The coarse fraction was discarded and the fine and filter-fine
fractions were recombined, in the appropriate ratio (69.4 to 12.9), to
form the batch material.

The ACC baseline powder milling procedure employed the following
elements:

° Rubber-1ined, two-gallon capacity steel jar (Norton No. 2)

° 5930 g of Si3Ng milling media, 15.9-mm (5/8-in.) dia

. 800 g of 92% Si3Ng + 6% Y03 + 2% Al1203

° 24 hr milling at 52 rpm jar speed

Two powder samples were taken from each of three locations in each
mill jar--the 1id edge, bottom end corner, and the center of the jar--to
ensure particle size distribution reproducibility throughout the mill
jar. '

The sample preparation method employed by ACC for particlé size

distribution measurements used a chemical dispersant and a high-energy,
ultrasonic probe. This dispersant, Colloid 226/35 (produced by
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Colloids, Inc., Newark, NJ), is an anionic dispersant and was used at a
‘concentration of 1 drop in 15 ml of deionized water. To this solution
was added a nominal 0.06 g of the powder to be tested. A 3/4-in.
sapphire-tipped ultrasonic probe was then inserted into the solution and
driven at full power using a 375-watt sonicator power supply (manu-
factured by Heat Systems-Ultrasonics, Inc., Farmingdale, NY). Dispersion
was performed in a 15-ml plastic beaker. The plastic beaker provided 100
percent delivery of the sample without rinsing because of its non-wetting
behavior with water; it also reduced risk of damage to the sapphire tip.
A sonication time of 1 minute was sufficient for complete deagglomeration
of milled powders. Longer sonication times were required for the as-
received powders and the samples also required cooling.

The procedures -described below were used by the University of
Florida for measuring particle size distribution of the starting powders
by the X-ray sedigraph method.

(1) AR GTE SN-502 Si3Ng4_lot SN-107

-In this procedure, 3.0 g of Si3N4 powder and 50.0 g of deionized
water were combined and sonicated for two minutes. The suspension
pH was then adjusted to approximately 9 using ammonium hydroxide
solution. This was followed by two 15-minute periods of sonication
with pH adjustment (to 9) after each sonication period. The suspen-
sion was stirred for an additional 25 minutes and the pH was readad-
justed (to 9), if necessary. Just prior to the sedigraph run, the
suspension was sonicated for an additional 5 minutes. Sonication
was done using a Heat Systems Model W-375 with cup horn attachment.
Unless noted otherwise, the power output setting was 6 (maximum out-
put is 10). Sedigraph run no. 1 (fig. 5) was made from 28-0.2um.
Approximately two hours after the start of this run, the suspension
was resonicated (about 10 minutes) and the pH was readjusted to 9.

This suspension was then used for sedigraph run no. 2 which was run
from 50.-0.2um.

(2) AR Molycorp 5600 Y203 lot 1406

In this procedure, 1.1 g of Y203 powder and 50.0 g of deionized
water were mixed. The sample preparation procedure for sedigraph
run no. 3 (fig. 6) was the same as used in sedigraph run no. 1,
except that the pH was adjusted to 10. The procedure for sedigraph
run no. 4 was the same as used in sedigraph run no. 2, except that
the pH was adjusted to 10.

(3) AR U.C. Linde A 0.3 m Al1203 lot 0923402

For this procedure, 4.0 g of A1203 and 50.0 g of deionized water
were mixed. The pH was adjusted to 4 with hydrochloric acid solu-
tion. The rest of the procedure for sedigraph run no. 5 (fig. 7)
was the same as for sedigraph run no. 1, except that the sonication
powder output setting was 7. After run no. 5, the suspension was
aged 40 hours and used for sedigraph run no. 6 (fig. 8). Just prior

11
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to run no. 6, the suspension was sonicated (two 15-minute sonica-
tions at power output setting 5) and the pH was readjusted to 4.

(4) M94-5 (Si3Ng_+ Y203 _+ Alo03)

In this procedure, 2.9 g of powder and 50.0 g.of deionized water
were mixed. The sample preparation procedure for sedigraph run

no. 7 (fig. 8) was the same as used in sedigraph run no. 1 (fig. 6),
except that the pH was adjusted to 10.5.

Particle Data Laboratories, Ltd. of Elmhurst, IL, dispersed the
powders in methanol for electrozone measurements. Si3Ng, Y203, and the
milled powder were dispersed with 8-percent LiCl. The A1203 sample was
dispersed using sodium pyrophosphate. All samples were sonicated.

A1l particle size data is plotted in figures 9 through 12 for PSD
data from the Microtrac, Sedigraph, and Elzone analyzers. PSD data were
obtained for as-received Si3Ng, Y203, and A1203 and for the milled
mixture by each measurement technique. Data from the Microtrac on all
four powders are shown in the above order in figures 3, 10, 11, and 12.
Data from the sedigraph on all four powders in the above order are shown
in figures 5, 6, 7, and 8. All data from the Elzone are shown in
figure 9.

A comparison of the data from the different measurement techniques
shows good agreement between Microtrac and Elzone for as-received Si3Ng
(fig. 3 and 9), Y203 (fig. 9 and 10), and Aleg (fig. 9 and 11). A good
-agreement is also shown between Microtrac and Sedigraph for the milled
powders (fig. 8 and 12). As shown in figures 10 and 11, sample prepara-
tion appears to be very significant for variations in sonication time at
ACC, and in figures 6 and 7 for variation in sample aging and sonication
time at the University of Florida.

Electrophoresis measurements were made at the University of Florida
prior to the sedigraph particle size distribution measurements. The
sample preparation procedure used for the electrophoresis measurements
was essentially the same as that used for the X-ray sedigraph runs.
After sonication and pH adjustment, the suspension was centrifuged
(15,000 rpm) to obtain a clear supernatant liquid. The conductivity of
this liquid was measured. A small amount (about 0.01 cc) of the original
(reserved) suspension was mixed with 40 cc of the supernatant liquid.
This suspension was used for the electrophoresis measurements.
Measurements were made for two samples at each pH. Approximately 20
individual readings were collected and averaged per sample. The results
are given in table I and illustrated in figure 13. These data were used
to determine the pH values that would most effectively disperse the
powders for the particle size measurements.
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Test results and discussion: The chemical analysis of the as-re-
ceived GTE SN 502, 1ot 107, the Y203, and A1203 are listed in table II.
Table III lists the neutron activation oxygen analysis results of the
as-received and the as-milled powders. The oxygen content of the
as-received SN-502 is reasonable. The oxygen contents of Yp03 and A103
are lower than the calculated values based on the chemical formulas. The
. oxygen content of the milled powder is in agreement with the batch compo-
sition. The surface area measurements as measured by the BET method are
listed in table IV,

The as-received GTE SN-502 powder was evaluated optically and found
to be very coarse and nonhomogeneous. The bulk of the powder was beige
in color, but contained numerous white particles and black particles,
typical of GTE SN-502 powder. White particles and black particles were
carefully hand-separated for inspection by energy dispersive X-ray analy-
sis (EDX). Chemically, the white particles were essentially indistin-
guishable from the beige particles. The black particles contained
metallic impurities. The EDX spectral plots are illustrated in
figure 14.

The coarse particles are as large as 750 um in diameter and appear
to be agglomerates of many very fine particles. Some of the agglomerates
are relatively soft, but most are quite hard. Individual agglomerates
were hand sorted and examined by SEM. Others were washed and concentra-
ted by a sequence of elutriations in deionized water. Samples of both
the concentrated coarse fraction and the fine fraction from the super-
natant were prepared on slides, gold coated, and examined at GTEC by SEM.

Coarse particles or agglomerates which settled after one elutriation
in deionized water and were further washed during a second elutriation
are shown in figure 15. As shown in figure 15a, these range in size to
over 500 um. All are soft and can be deformed, although the ease of
deformation varies substantially between "particles." Examination at
high magnification (fig. 15b) shows that these "particles" are actually
agglomerates of much finer particles, some of which have a high aspect
ratio (which will subsequently be referred to as whiskers). The whiskers
appear to be less than 1 ym in diameter and up to about 40 um long. The
particles appear to be equiaxed and under 1 um, but with a tendency to
agglomerate into short chain-1ike structures (fig. 15c).

A sequence of elutriations was conducted on as-received GTE SN-502
Si?N4 powder using ultrasonic agitation prior to settling. Figure 16
illustrates, at various magnifications, agglomerates retained in the
deionized water after brief settling. Individual agglomerates varied
substantially. The one shown in figure 16 consisted largely of needle-
like material, whereas particles predominated in agglomerate shown in
figure 16d. Note that many of the needles interpenetrate. This reticu-
lation contributes to the strong tendency of the as-received GTE SN-502
powder to form large agglomerates.
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TABLE II.--CHEMICAL ANALYSIS'- BASELINE MATERIALS

SEMIQUANTITATIVE EMISSION SPECTROGRAPHY

As-received - Milled

Impurity Si3Ng Y203 A1203 mixture
Al 0.0041f  0.001 H L-M2
Ca ND3 ND ND 0.001
Fe 0.004 N | 0.001 0.005
Ga ND ND 0.001 ND
K . <0.001 <0.001 0.005 <0.001
Li <0.001 <0.001 <0.001 <0.001
Mo 0.02 ND ND 0.02
Na <0.001 <0.001 0.003 | <0.001
Si H 0.001 0.008 H
Y ND H ND M-H
lpercentage

2L = low, M = medium, H = high

3ND = not deteéted
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TABLE III.--OXYGEN CONCENTRATION OF POWDER

As-recejved SN-502
As-received Y203
As-received A1203

As-milled baseline

Measureﬂeigh%ﬂezretiCal D?;i§§ion
2.18 Fo=- 0.046
20.30 21.30 0.250
45.30 47.10 0.560
4.66 --- 0.073

TABLE IV.--TASK I BET SURFACE AREA
AS-RECEIVED POWDERS FOR BASELINE BARS

Molycorp 5600
Linde A

GTE SN-502 1ot SN-107

SigNg  5.26 sq m/g
Y203 6.51 sq m/g
A1203 13.13 sq m/g
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Figure 14.--EDX results of coarse particles separated from
GTE SN-502 as-received powder.
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Figure 15.--SEM photomicrographs of as-received GTE SN502 Si3Ng
powder.
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Figure 16.--SEM photomicrographs of fraction of GTE SN-502 powder
from the liquid after ultrasonic agitation and
elutriation.
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The as-received Y203 powder was visually more homogeneous than the
GTE Si3N4 powder and appeared to be free of large agglomerates. No
significant coarse fraction was isolated by elutriation. Typical SEM
views of the powder are shown in figure 17. Particle size ranges up to
12 um and is typically 1 to 5 um. Particles are angular with a fractured
appearance and contrast sharply with the rounded particles and elongated
whiskers of the GTE SN-502 Si3N4. Some Y203 particles contain cracks and
laminar porosity.

The as-received A1203 powder also was visually more homogenous than
the GTE Si3Ng powder, but unlike the Y703 it did form agglomerates during
elutriation. As shown in figure 18, the agglomerates are much smaller
than the typical SN-502 Si3N4 ones and contain no whiskers. The A1203
particles appear to-be equiaxed and about 0.2 ym across. However, they
are agglomerated into highly porous networks with a low coordination num-
ber for individual particles.

The results of examinations of as-received powders verify the need
to process the powders before they can be suitable for fabrication of
test bars.

Typical morphology of the baseline milled powder is shown in
figure 19. Most of the particles are less than 1 um diameter but some
were observed up to 5 um. The particles are generally equiaxed and
angular. Many, however, have retained some of the needle-1ike shape of
the as-received powder, but with reduced aspect ratios (maximum after
milling is about 6 to 1).

No settling of coarse particles was observed in elutriation. SEM
and elutriation indicate large agglomerates identified in the as-received
powder were effectively reduced in air-classifying and milling.

The absence of settling in the elutriation experiments confirms the
preliminary findings of a tap density test. Samples taken from the top,
middle, and bottom of the drum of SN-502, lot 107, had tap densities of
0.171 g/cc, 0.171 g/cc, and 0.172 g/cc, showing little indication of a
significant density gradient.

Subtask 2 - preparation of injection molding mix, injection molding,
. and evaluation of test bars.--This subtask described the processes of
preparing a suitable injection molding mix from Subtask 1 powder blends,
the molding of a group of test bars in suitable equipment and tooling,
and the evaluation of the molded (green) shapes prior to further
processing.

Materials tested: The solids content of the molding mix is the air-
classified and dry ball-milled composition that was characterized in
Subtask 1. The binder is LN-205-208* at 15.5 weight percent and is com-
mercially available.

AN McCaughin, Rosemead, California
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Figure 17.--SEM photomicrographs of the as-received Y203 powder.
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Figure 18.--SEM photomicrographs illustrating the characteristics
of the as-received A1203 powder.
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Figure 19.--SEM photomicrograph showing the particle size and
shape distribution of milled Task 1 baseline powder.
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Test apparatus: Mixing was done in a heated sigma mix. The cooled
mixed material was pelletized in a Polymer Machining Co. pelletizier.
Injection molding was accomplished using ACC's Arburg 2.2 screw-meter-
feed, plunger injection molding machine. The test bar die is a four-
cavity tool, each cavity yielding a 3.18 by 6.35 by 50 mm (1/8 by 1/4 by
2 in.) test bar after sintering to full density. Green strength was
measured using an Instron model 1125.

Test procedures: The overall procedure for Task I is block dia-
grammed in figure 20. After mixing and pelletizing, the molding mix was
placed in the hopper of the Arburg and the following baseline parameters
set.

Temperature of mold 320C (S00F)

Temperature of nozzle 770C (1700°F)
Temperature of nozzle zone 779C (170°F)
Temperature of feed zone 660C (15Q°F)

Injection speed 4 (on dial scaled from 0-5)
Injection pressure 9.6 MPa (1400 psi)

Clamp time 110 sec

Injection time 61 sec

A total of 452 baseline test bars were injection molded using the
four-cavity tool. Each cavity in the tool is numbered and complete
traceability is maintained by recording which cavity created each bar.
A11 bars are then numbered sequentially. A1l of the bars were X-rayed
for internal flaws such as pores or laminations. The visual (40 times
magnification) evaluation was completed on all sintered bars. Of the
first five shots (20 bars), all bars were fractured and evaluated. In
the next five shots, every fifth bar was fractured. Al1l four bars in the
tenth, twentieth, and thirtieth shot were submitted to GTEC for green
modulus of rupture (MOR) values. Table V presents the visual evaluation
with respect to the type and degree of defect observed. -

A computer-generated random number sequence was used to select the
individual tests bars for sequencing into the four parallel processing
cycles and reference matrix for Task VII.

Test results: Flexure strength testing was conducted on as-
injected, green test bars at GTEC. The results are presented in table
VI, and a typical load-deflection curve is shown in figure 21. Also
inc}uded in table VI are the results of visual inspection of fracture
surfaces.

The point of fracture initiation was easily visible and occurred at
the tensile surface for each specimen. Four features noted on the
fracture surfaces are:

(1) Al specimens contained a dispersion of very small black
particles that were visible at 40 times magnification.
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BASELINE TEST BAR
INJECTION MOLDING
TASK 1
452 BARS

NON-DESTRUCTIVE AND
DESTRUCTIVE EVALUATION

BASEL INE REFERENCE

—  TASK JIT, MATRIX |
/ RANDOMI ZAT1ON / 24 BARS
{ | | ]
BINDER ~ BINDER BINDER 81NDER
REMOVAL REMOVAL REMOVAL REMOVAL
LOAD 1 LOAD 2 LOAD 3 LOAD 4
88 BARS 80 BARS 80 BARS 80 BARS

[EVALUATION] ZEVALUATION/ ZEVALUATION /ZEVALUATIQN/

SINTERING SINTER ING SINTERING SINTERING
LOAD 1 LOAD 2 LOAD 3 LOAD &
70 BARS 70 BARS 70 BARS N é?%xifgzks

RESINTER
LOAD 1

68 EXP BARS

A-TT654

BASELINE CHARACTERIZATION

210 BARS

+ 74 EXP BARS

Figure 20.--Processing and evaluation history of
baseline test bars.
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TABLE VI.--FOUR-POINT FLEXURE STRENGTH RESULTS FOR
INJECTED BASELINE TEST BARS

Sample | Failure | MOR Failure
number | load (ksi) | origin Observations
37 6.4 1.09 TF Black inclusion; nodules
38 6.2 1.05 TF ] =======---
39 6.8 1.16 TF Nodules; comma
40 6.8 1.16 TF ] =====ee---
77 7.0 1.19 TP ] =====ee---
78 6.8 1.16 TF -] e
79 7.0 1.19 TF Comma
80 7.0 1.19 TF Large void or pullout at origin
117 6.6 1.12 TF ' Large nonspherical nodule
118 6.4 1.09 TF Nodules; exaggerated hackle
119 6.8 1.16 TF | ==---ee---
120 6.8 1.16 TF | ======----
197 6.8 1.16 TF Nodules
198 6.6 1.12 TF | ===mmem—--
199 6.8 1.16 TF ] =meemee——
200 6.4 1.09 TF | ===eeeee--
277 6.8 1.16 TF Exaggerated hackle; no core
278 7.0 1.19 TF | =====ee---
279 6.8 1.16 TF Large comma
280 6.6 1.12 TF Nodule ‘
357 5.8 0.99 TF (corner) | Possible flaw at origin
358 6.2 1.05 TF (corner) | ----------
359 *6.4 1.09 TF Large comma
360 6.6 1.12 F ] ====—ee—--
397 6.6 1.12 TF Possible crack
398 6.6 1.12 TF Void or pullout away from origin
399 No test --- Specimen dropped
400 5.8 0.99 F | -mmeme——--
437 6.2 1.05 | ===
438 6.6 1.12 TF ] -===m——---
439 6.0 1.02 TF | ===emm——--
440 6.0 1.02 TF Large nodule
Mean MOR: 7.6 MPa (1.11 ksi) Inner span: 1.91 cm (0.75 in.)

Standard deviation: 0.4 MPa (0.06 ksi) Outer span: 3.81 cm (1.50 in.)
Weibull characteristic: 7.8 MPa

(1.14 ksi) Specimen width: 0.80 cm -
(0.315 in.)
Weibull slope: 21.7 Specimen thickness: 0.37 cm

(0.145 in.) :

Load rate: 0.5 mm (0.02 in.)
per minute

*TF = tensile face
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LOAD, L88

DEFLECTION, mm
0.1 0.2 03 04 0.5 0.6

0 0.004 0008 a2 0016 0.020 0.024

iy OEFLECTION, INCHES A-87426

Figure 21.--Typical load-deflection curve for an as-injected
specimen strength tested in four-point flexure.
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(2) Many of the specimens had a distinct comma-shaped feature
extending from the fracture origin into the material; further
examination by SEM will be described subsequently.

(3) Some specimens had roughly spherical raised "nodules" on one
fracture surface with a matching depression in the other
fracture surface.

(4) Each specimen showed a slight perturbation in the fracture path
symmetrically around the core of the test bars. This suggests
the presence of a residual stress in the test bar, probably due
to the more rapid cooling of the surface (compared to the
interior) during injection molding.

Figure 22 shows SEM photomicrographs (for specimen no. 117) which
are typical of most of the specimens tested. Figure 22a shows the
complete fracture surface. All of the faint surface lines emanate from
the small sunburst pattern on the lower surface of the specimen near the
Tower left corner. This side of the specimen was in tension during the
fracture test, and the "sunburst" is the likely fracture origin. Figure
22b illustrates this region at higher magnification. The apex of the
sunburst is shown at still higher magnification in figure 22c and is
compared with a typical microstructure (figure 22d) from the interior of
the specimen. Other than some possible porosity, no clearly defined dis-
continuity is evident to distinguish the fracture origin region from the
general microstructure.

Figure 23 illustrates the fracture surface features for specimen no.
118. This specimen contained a distinct "comma" feature at the origin
and several "nodules" on the fracture surface, well away from the origin.
No discontinuity is apparent at (or adjacent to) either the "comma" or
"nodule"” features.

_ Figure .24 shows a large flake-like feature at the fracture origin of
specimen no. 80. Figure 24a illustrates the overall fracture surface
with the flake-like feature at the origin on the tensile face. The .
higher magnification view in figure 24b reveals possible linear discon-
tinuities at the origin. However, the green strength of this specific
test bar was within the same statistical range as the other specimens,
i.e., 8.2 vs 7.6 MPa (1.19 vs 1.11 ksi) with a standard deviation of 0.4
MPa (0.06 ksi).

Optical and SEM examinations indicate that the Task I baseline
injection-molded test bars are uniform and do not have major visible
defects. Defects that are hidden by the binder material may be present,
but further examination after binder removal will be necessary.

Test bars also have been evaluated by optical microscopy up to 1000
times magnification. Particle packing appears uniform except for occa-
sional shiny inclusions and black regions, less than 10 um, shown in
figure 25. These features were present on the as-molded surface and were
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Figure 22.--Scanning electron photomicrographs illustrating the
fracture surface and origin for specimen no. 17.
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Figure 23.--Scanning electron photomicrographs illustrating the
fracture surface features for specimen no. 118.
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F-48903

Figure 24.--Scanning electron photomicrographs of the fracture
surface of as-injected Si3Ng4 specimen no. 80.
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Figure 25.--Optical micrographs of as-injected test bar no. 119.
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revealed in the interior by etching the surface with a solvent. The
black regions were identified as porosity by dark field illumination.
Figure 25a also shows some elongated particles similar to SEM
photomicrographs of the as-received powder.

Chemical analysis of the inclusions by energy dispersive X-ray using
the SEM was tried but not completed. SEM requires an electrically
conductive surface to prevent charge buildup. Carbon coating was not
successful in preventing charging. Gold coating resulted in damage to
the surface, evident at high magnification (5000 times), disguising the
original features.

Subtask 3 - dewax and sintering of test bars.--This subtask
describes the thermal and environmental treatments needed to remove the
injection molding binder system and to densify the green shape into a
dense, high-strength ceramic material.

Materials tested: The bulk of the 452 injection-mo]ded test bars
that were fabricated in Subtask 2, except those selected for destructive
evaluation.

Test apparatus: ACC dewax chamber BE-I, a front-load, temperature,
atmosphere, vacuum, or pressure furnace capable of precisely programmable
thermal cycles. The ACC vacuum induction sintering furnace capable of
0.68 MPa (100 psi) N overpressure and 20000C. Optical and electron
optical previously described at GTEC.

~Test procedure: The overall procedure for Task I is block diagramed
in Figure 20. As previously mentioned, a computer-generated random num-
ber sequence was used to locate each numbered test bar in three of the
four dewax runs and each of the four sintering runs in a manner conducive
to statistical analysis. Variables considered in the arrangement are
position within the furnace, mold cavity (in the multicavity molding
die), and test bar serial number.

The sintering plan included the following features.
° Four identical sintering runs with 70 bars in each run

° Bars sintered in each run would represent one binder removal
cycle

° Some known defective bars included to observe possible flaw
healing during sintering

° The positioning of bars to allow statistical analysis of
injection molding cavity, location in binder removal, sintering
layer, and location on the supporting plate in sintering

Test results: A total of 328 bars of Task I baseline material were

dewaxed (processed through binder removal) in four dewax runs. The first
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run included the first 88 bars that had been injected into the four-
cavity injection molding tool. The specimens were distributed in a 30.5
by 30.5 cm (12 by 12 in.) dewax tray. In order to obtain additional
information on the effect of the sequence of injection moiding, the
remaining as-injected bars were randomized over three subsequent dewax
runs (80 bars per run) according to the matrix in figure 26. Figure 27
shows typical test bar arrangement and identification in these three
dewax runs.

The percent weight loss after dewax was recorded for each bar. The
data for each individual run have been statistically analyzed to detect
whether the molding cavity, dewax location, and injection sequence have
any effect on weight loss. To detect difference in two groups of data, a
t test was performed on computer. An example of computer output is shown
in table VII. In the output, the t test as well as the mean, the stan-
dard deviation, the standard error of mean (S.E.M.), and the histogram,
are calculated. Three comparisons are computed: (1) t test with
separate variances, (2) t test with pooled variances, and (3) F test for
variances. The P-values shown in the output for these three statistics
correspond to two-sided tests of significance (i.e., test in equality in
either direction). If the P-value approaches one, the two groups are
equal. The lower the P-value, the higher the probability that the two
. groups are different. Values of P below 0.10 are usually considered
significant. The results are summarized in tables VIII and IX. The
results indicated that:

(1) The bars injected into cavity no. 3 are different in dewax -
-weight loss from those injected into the other cavities (lower
percent weight loss).

(2) The dewax locations have no significant effect on dewax weight
loss.

A typical dewaxed bar was analyzed by SEM and EDX. Figure 28a, an
X-ray image for yttrium, shows the dispersion of yttrium throughout the
matrix with some very localized high concentrations. A back-scatter
electron image, figure 28b, shows that these high concentrations may be
large individual particles of Y203.

Some flaw healing appears to occur during sintering. Optical
inspection indicated that in many samples surface roughness was reduced
and sharp discontinuities were rounded. The effect of these changes on
measured strength was not determined. Internal defects that had been
identified with X-ray radiography prior to sintering showed no
significant change resulting from the Task I sintering.

Sintering data of all four sintering runs, including one interrupted
run which was subsequently resintered, have been analyzed. The data
included percent weight loss, sintered test bar density, sintering tray
layer, and test bar location on each sintering tray. A schematic showing
the kiln furniture (made of slip-cast reaction-bonded Si3Ng) used in all
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Figure 27.--Detail of test bar arrangement in binder removal
oven., Numbers on the top of the bars indicate
part sequence number. Numbers on the bottom
of the bars indicate cavity location in mold tool.
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F-48905

Figure 28.--SEM examination of the surface of a test bar after
dewax: (A) x-ray image for yttrium (B) back scatter
electron image.
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the sintering experiments is presented in figure 29. The tray location
of the test bars is indicated by location codes A, B, C, and D as shown
in figure 30. The purpose of the analysis was to determine whether the
sintering tray layer level and the location within each tray have any
effect on test bar weight loss and sintered density.

The results are shown in tables X through XV. The tables include
the mean values of weight loss (percent) and density (g/cc) for each loc-
ation on different layers and the P value between the two groups to be
compared. The P value is the probability that the mean of two groups, X
and Y, will be equal. The value of P is a function of the means,
standard deviations, and sample sizes of two groups.

The following conclusions were drawn from the test results.

(1) On the same layer, location A produces the lowest weight loss.
The bars in location A exhibit an average 0.315 percent less
weight loss than the bars in other locations.

(2) The statistically significant differences test indicated, with
a 99-percent confidence, that the difference between location A
and other locations is significant.

(3) Except for location A, there was no difference in weight loss
between locations.

(4) In the same location, layer level has an effect on weight loss.
Layer 3 (top) produces the highest weight loss and layer 1
(bottom) the least.

(5) The statistically significant difference test indicated, with
90-percent confidence, that the difference in weight loss
between layers 1 and 2 is not significant, but the differences
between layers 1 and 3 and layers 2 and 3 are significant.

(6) There is no difference in sintered test bar density between
locations on the same or different layers.

(7) Statistical difference tests indicated that differences do
exist in weight loss and density, with more than 95-percent
confidence in most cases. The average difference from run to
run is more than 0.15 percent for weight loss but less than
0.03 percent for density.

Subtask 4 - post-process characterization and statistical and
fractographic analysis.--Subtask 4 includes the measurements of strength
(MOR) at selected temperatures and after exposure to oxidation, the
stress rupture data, probability of failure data, and determination and
analysis of origin of failure during testing.
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Figure 29.--Schematic showing the cross section of the

reaction-bonded silicon nitride sintering kiln
furniture.
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Figure 30.--Test bar location codes on sintering tray.
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TABLE XIV,--COMPARISON OF DATA FROM LOAD TO LOAD

- - Significant difference | P-value,

X X test of the mean weight P-value,

Load Weight loss | Density groups loss density
1 (Rerun) 1.63 3.227 1-2 0.000 0.000
2 0.48 3.197 1-3 0.000 0.060
3 0.70 3.221 1-4 0.002 0.856
4 1.00 3.228 2-3 0.007 0.000
2-4 0.001 0.000
3-4 0.035 0.046
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Materials tested: The specimens analyzed in this subtask are those
that were sintered in the four sintering runs described in Subtask 3.

Test apparatus: Strength data were generated at GTEC on an Instron
model 1125. X-ray radiography was conducted at GTEC using microfocus
X-ray techniques. Zyglo dye penetrant inspection was done at GTEC using
white and/or black light at magnifications up to 40 times. Fractography
was conducted at GTEC using 1ight microscopy and an ETEC autoscan SEM.

Test procedures: Strength data were generated at GTEC at a strain
rate of 0.5 mm (0.020 in.) per minute. All test data and inspection
observations were compiled using techniques and practices developed pri-
marily at GTEC over a 10-year period on a number of ceramic development
programs.

Prior to MOR testing, all specimens were visually inspected at 40
times magnification and then examined using X-ray and Zyglo dye pene-
trant. Each test bar was assigned two grades of 0 to 5, one based on the
microfocus X-ray results in accordance with the definitions of these
grades in table XVI, the other based on visual inspection of surface
quality.

: Test results: The Task I block diagram of figure 20 indicates that
210 baseline bars and 74 experimental bars (including 68 that were A
resintered after an interruption in the programmed sintering cycle) were
available for baseline characterization. This characterization included
determination of room temperature strength, strength at each of three
elevated temperatures, strength after oxidation, and stress rupture.

Every sintered bar was inspected with an optical microscope up to 40
times magnification, and a surface quality grade was assigned on a scale
of 0 to 5, indicating decreasing surface quality. Figure 31 is a histo-
gram showing the distribution of the number of sintered test bars as a
function of the surface quality grade.

Three groups of 20 bars were selected from the randomized listing
along with 6 experimental bars, which included bars from both the resin-
tered lot and the periphery of the sintering furnace. These were tested
to measure flexural strength (MOR) at room temperature.

Figure 32 is a Weibull plot (two-parameter model) of the 66 bars
with bar number and visual quality grade marked at each datum point. The
average MOR, 540 MPa (79.3 ksi), and Weibull modulus (m) of 7.9 are con-
sistent with the properties of the baseline material at the time the pro-
posal was prepared. This group of test bars included some bars from the
resintered group as well as some sintered in locations different from the
controlled arrangement specifically designed for this program. These
variations in sintering were typical of the practices prior to the start
of this program at ACC.
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TABLE XVI.--VISUAL AND X-RAY GRADE DEFINITIONS

Grade Description

0 Best

Minor flaw(s) outside test zone

Major flaw(s) outside test zone

Minor flaw(s) in test zone, probably not strength limiting*

Moderate flaw(s) in test zone, probably strength limiting

(52 B - S AN

Serious flaw(s) in test zone, significantly strength limiting

*Does not exclude the possibility of major flaws outside the test zone.

TASK 1 VISUAL INSPECTION SUMMARY

%SINTERING RUN 1 (RESINTERED)

120 g~

SINTERING RUNS 2-4

%)
-
o 80f-
-
n
b
- o}
S
i
g w- |
S '
z

0 N 3 I [ 1 N ]

0 1 2 3 4 5
BEST WORST

TEST BAR SURFACE QUALITY GRADE
A-TT583

Figure 31.--Distribution of sintered test bars as
a function of surface quality.
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FAILURE PROBABILITY (PERCENT)
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Figure 32.--Weibull plot preliminary testing on
baseline bars.
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After establishing the initial baseline room temperature strength
and Weibull modulus, additional test bars were flexure tested at room
temperature. This testing increased the Task I data base to 116 bars, 26
of which were resintered. This additional room temperature data was
necessary to enable a more conclusive statistical analysis of Task I
variables (i.e., dewax weight loss, sintering position, sintering weight
loss, density, etc.).

The mean and standard deviation for the 90 sintered specimens that
were tested was 560 +53 MPa (81.8 +7.9 ksi) {normal distribution). This
includes eight Task VII specimens that were processed using baseline pro-
cedures. The mean and standard deviation for the 26 Task I resintered
specimens tested was 475 +46 MPa (70.2 +6.7 ksi). |

A1l fracture surfaces of the tested specimens were examined using a
40 times magnification binocular microscope. Some of the failures ori-
ginated from inclusions, which were either metallic or rust-colored in
appearance. SEM and EDX analyses were performed on selected baseline
specimens flexure tested at room and elevated temperatures to determine
the nature of these inclusions. Inclusions were seen on the fracture
surfaces of several specimens. An example is shown in figure 33. The
EDX analysis of this inclusion, shown in figure 34, revealed iron as the
major constituent in most cases. Traces of chromium and nickel were pre-
sent along with the iron, suggesting a stainless steel as the contaminant
source. Some specimens exhibited spherical inclusions which contained,
in addition to iron, a significant amount of molybdenum (fig. 35 and 36).
Molybdenum was detected only in these spherical inclusions. Many of the
fracture surfaces of the 13990C (25500F) test specimens exhibited bright
areas near the tensile face. An example is shown in figure 37. An EDX
spectrum of this area (fig. 38) showed that the bright area consisted
mostly of titanium and chromium along with several other elements.

A closer examination of selected specimens found that there was a
skin effect on the fracture surface. EDX analysis of the different
shaded areas gave the same energy spectrum showing silicon peaks only.
BSE imaging with an SEM is sensitive to the density of the material and
was used to highlight this effect. An example is shown in figure 39.

The brighter areas of the micrograph may be the denser regions. Polished
sections will be prepared to examine the skin effect in more detail.

Large flaws (of about 2 mm) were detected in specimens by X-
radiography. Figures 40 and 41 show internal and subsurface flaws.
Laminar flaws, revealed by SEM on a fractured surface as shown in
figure 40, are generally clear in X-radiography. The effect these flaws
have on the strength is entirely dependent on their location. They may
not influence the reported strength of a specific bar.

In order to compare the elevated temperature strength of normally
sintered bars with that of resintered test bars, 38 specimens were
flexure tested at elevated temperatures; 30 were sintered specimens, and
8 were resintered. The flexure strength is plotted as a function of
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temperature for sintered and resintered specimens in figures 42 and 43,
respectively, and is tabulated as follows.

Flexure Flexure
strength, Number strength, Number
Temperature, sintered, of resintered, of
oC (©F) MPa (ksi) samples MPa (ksi) samples
Room temp. 560 + 53 90 475 + 46 26
81.8 +7.9 (70.2 + 6.7)
1066 (1950) 420 + 48 10 350 + 21 3
61.1 + 7.2 (50.T + 3.2)
1232 (2250) 320 + 38 10 320 + 18 3
(47.T + 5.7) (47.T + 2.6)
1399 (2550) | 140 + 43 10 125 + 1.4 2
(21.7 + 6.3) (18.0 + 0.2)

A drop-off in strength is seen for both the sintered and resintered
specimens at 10669C. Because 10669C was the lowest elevated test temp-
erature, the threshold temperature for strength degradation is not evi-
dent. At 13999C, the highest elevated test temperature, both the sin-
tered and resintered specimens exhibited slow crack growth during fast
fracture tests. Most of the 13999C specimens exhibited rust-colored
inclusions on the fracture surfaces as well as on the test bar surfaces.
Also, some large green areas were visible on the fracture surfaces of
some specimens. (SEM and EDX analyses were discussed with the room
temperature data.)

In the high-temperature tests described above, an oversize test fix-
ture was required to accommodate the widest bars and some warped bars.
In order to eliminate potential errors due to fixturing or bar geometry,
20 Task I sintered specimens were machined on 3 sides. The flexure test
tensile surface was left as-processed.

A test temperature of 13999C was selected to flexure test 15 bars in
addition to the first 12 to 13 that were broken at each of 3 temperatures
(10669, 12329, and 13999C). The 15 bars has been machined on 3 sides to
eliminate any effects of warped or oversized bars. The tensile surface
remained in the as-sintered condition.

The average strength of the 15 machined specimens was 340 + 31 MPa
(48.7 +4.5 ksi) at 12320C. This is statistically equ1va1ent to the value
of 320+ 38 MPa (47.1 5.7 ks1) obtained on unmatched specimens. There-
fore, sTight warp of some specimens and the use of a modified fixture in
earlier high-temperature testing did not have a significant effect on the
data.
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Figure 44 shows Weibull statistical analysis of high-temperature
strength data for all baseline bars. Values presented are based on 13
barsoéested at 1066°C, 28 bars tested at 12320C, and 12 bars tested at
1399¢°C.

Oxidation durability tests were conducted in a gradient furnace with
a static air atmosphere. Analysis of the bend-strength test (MOR) data
of oxidized samples was completed. Twenty bars had been exposed to air
for 200 hr in a temperature gradient furnace over a temperature range of
3880 to 1296°C (7300 to 23659F). The bars were visually inspected after
heat treatment. The only specimens that changed significantly during
heat treatment were those exposed to temperatures above 12600C (23000F).
These specimens changed from 1ight gray (as-processed) to pale yellow
speckled with brown. Figure 45 shows the room-temperature MOR as mea-
sured on individual specimens. Fractography on the specimens was com-
pared to previous nondestructive evaluations (NDE) and showed that the
two lowest strength values resulted from flaws existing before heat
treatment. All other data are within the normal distribution for the
baseline material room temperature strength. It appears that a slight
strength decrease occurs as a result of increasing oxidation temperatures.

Ten baseline specimens were stress rupture tested to establish a
baseline from which to judge subsequent material improvements. Ini-
tially, a one-stepped stress rupture test was conducted at each test
temperature (9820, 12049, and 1371°C, 3500 hr durability). The tests
were started at 65 MPa and increased by 65 MPa every 24 hr until the
specimen failed. The results are listed below.

9820C 12040°C 13710C
65 MPa - 24 hr | 65 MPa - 24 hr | 65 MPa - 9 hr, 42 min

130 MPa - 24 hr| 130 MPa - 24 hr

195 MPa - 24 hr| 195 MPa - 24 hr

260 MPa - 1 min| 260 MPa - 24 hr
235 MPa - 0

These results furnished information for choosing test conditions for
controlled tests (fixed stress and temperature). The results of the
stress rupture tests on the remaining seven specimens are listed below.

9820C 1204°C
260 MPa - 7 hr, 22 min 260 MPa - 0
260 MPa - 17 hr, 19 min 195 MPa - 1 min
195 MPa - 4 hr, 55 min
195 MPa - 100 hr (survived) 195 MPa - 3 hr, 38 min
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CUMULATIVE PERCENT FAILED
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MOR MPa
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20.0 THETA = 156 MPa (22.57)
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Figure 44.--Weibull statistical plots of high-temperature MOR tests.
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EXPOSURE TEMPERATURE, °C
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Figure 45.--Room temperature strength after 200 hours at temperature in air.

X-ray diffraction analysis was conducted on the surfaces of selected
test bars. Preliminary evaluation of the patterns indicate the
following.

° Resintering did not affect phase composition under the
conditions used. .

) High-temperature testing (at 25500F) significantly affected
phase composition.

° The major phase in all samples is B-Si3N4; several unidentified
minor phases are also present.

The computerized data base for test bars has been updated to include
room- and high-temperature MOR data. Table XVII presents the information
currently included in the data base. Relationships of the variables in
this data base are analyzed for the sintered material.
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CRIGINAL FAGE IS
GF FOOR QUALITY.

TABLE XVII.--SAMPLE DATA BASE--RESINTERED BARS .

NSPEC.
MOLOD SINTER DEWHAX SINTER SINTER TEST  GRADE

BARS LOC OWT LOC SWT DENSITY MATERIAL RUN = TEMP RWN MOR TEMP. VIS. X-RAY
22 2 15.5 1 SIGMA S8 1850

23 3 15.2 A -0.8 . 3.23 1 SIGMA 58 1850 u482-99 2n 3
26 4 15.7 B -2.1 3.23 -1 SIGMA 58 1850 U4%82-99 : ) 3
2 1 1.9 0 -2.5 3.26 1 SIGMA 58 1850 U482-99 72.8 R 4 0
27 3 1.3 ¢ -1.3 3.23 1 SIGMA 58 1850 U482-99 3 2
28 4 15.¢ E ~1.5 3,22 1 SIGMA 58 1850 U482-99 2 1
29 1 15.5 €& -2.3 3.23 1 SIGMA 58 1850 U482-99 4 0
3¢ 2 15.5 € -1.6 3.23 1 SIGMA S8 1850 U482-99 72.3 R e 0
32 4 15.6 0 -1.3 3.22 1 SIGMA 58 1850 U482-99 3 3
33 1 15.7 1 SIGMA 58 1850

3¢ 2 15,5 B -2.3 3.2¢ .1 SIGMA 58 .1850 U482-99 4 0
35 3 15,5 B -1.5 3.23 1. SIGMA 58 1850 U482-99 ) In 2
el 1 15.7 1 SIGMA S8 1850 U491 79.9 R 4 1
42 2 15.7 1 SIGMA S8 1850

43 3 15.7 A -1.9 3.28 1 SIGMA _58 1850 U482-99 71.5 R In L
% 4 15.7 1 SIGMA 58 1850 U491 43.9 R an )
%6 2 15.2 € -l1l.¢ 3,22 1 SIGMA 58 1850 U482~-99 76.¢ R 1 3
“7 3 5.5 . 1 SIGMA 58 1850

8 & 15.0 B -2.1 3.28 1l SIGMA S8 1850 U482-99 72.1 R Gn @
49 1 15.3 A -l1.0 3.2 1 SIGMA 58 1850 U482-99 79.7 R 1 0
S0 2 15.2 E -1.3 3.23 1 SIGMA 58 1850 U482-99 73.2 R 1 0
51 3 15.0 € -2.7 3.26 1 SicMa 58 1850 U482-99 69.1 R 4 1
§2 & 15.2 €& -2.3 3.23 1 SIGMA 58 1850 U482-99 63.1 - R- 3 3
3 1 15.3 ©0 -1.3 3.22 1 SIGMA S8 1850 U482-99 71.0 R 3n 0
s 3 15.2 0 -2.4 3.23 1 SIGMA 58 1850 U482-99 66.6 R 4 1
56 & 15.2 1 SIGMA S8 1850

$7 1 15.3 A -1.1 3.21 1 SIGMA S8 1850 U482-91 68.6 R 3 0
58 2 15.5§ A -1.1 3.22 1 SIGMA 58 - 1850 U482-99 73.2 R 3 1
§9 3 15.1 O -1.5 3.23 1 SIGMA 58 1850 U482-91 67.2 R 2 0
60 & 15,5 0 -1.2  3.22 1 SIGMA 58 1850 U482-99 76.8 R 2 2
61 1 15.2 B -1.9 3.2¢ 1 SIGMA 58 1850 W482-99 2 3
62 2 15.2 €& -2.2 3.22 'l SIGMA 58 1850 U482-99 69.8 R 2 0
64 & 15.0 A -1.0 3.22 1 SIGMA 58 1850 U482-99 46.4 1950 1 o
65 1 15.3 1 SIGMA 58 1850

66 2 155 0 -1.3 3,22 1l SIGMA 58 1850 U482-99 2 0
67 3 15.1 8 -2.8 3.25 1 SIGMA 58 1850 U482-99 73.0 R 4 3
68 4 15.3 € -1.0 3.22 1 SIGMA 58 1850 U482-99 41.5 2250 3 3
69 1 15.2 € -1.8 3.23 1 SIGMA 58 1850 U482-99 71.6 R 3 o
720 2 15.3 D0 -2.3 3.23 1 SIGMA S8 1850 U482-99 69.5 R 2 0
71 3 1.3 0 -1.3 3,22 1 SIGMA 58 1850 U482-99 1 0
73 1 15.7 E -1.3 3.26 1l SIGMA S8 1850 U482-99 1 0
7% 2 15.2 1 SIGMA 58 1850

7 3 15.1 €& -2.1 3.23 1 SIGMA 58 1850 U482-99 1» 3
7% 4 15.2 0 -1.5 3.23 1 SIGMA 58 1850 U482-99 Gn 0
81 1 15.4¢ E -2.1 3.2¢ 1 SIGMA 58 1850 U482-99 “ 0
82 2 15.5 A -1.9 3.27 1 SIGMA 58 1850 U482-99 4 3
83 3 15.3 A -l1.0 3.23 1 SIGMA 58 - 1850 U482-99 17.8 2550 1# 0
8 & 15.2 A -1.1 3.21 1 SIGMA 58 1850 U482-99 1= 3
86 2 15.5 € -2.1 3.25 1 SIGMA 58 1850 U482-99 4 3
87 3 15.4 1 SIGHA S8 1850

88 & 15.5 A -1l.4 3.2 1 SIGMA 58 1850 U482-99 52.1 1950 1 3
89 1 15.5 8B -1.3 3.21 1 SIGMA S8 1850 U482-99 51.8 1950 2 3

BAR 81-416 ARE BASELINE TASK]

BAR 8417-53G¢ ARE MATRIX 1 TASK 7

BAR $745-1088 ARE MATRIX 3 TASK 7. MILLING TIME (OR PSD) OF THESE

BARS CAN BE IDENTIFIED UNDER COLUMN “MATERIAL®.

SINTERING TEMPERATURES OF BAR $745-1088 ARE MOLDING TEMPERATURES

®» IS THE INSPECTION GRADE FROM GTEC, 0-5 IS FROM ACC

GRADE 0 TYPICAL. ACCEPTABLE QUALITY. ’
1 MINOR FLAWIS) OUTSIDE TEST ZONE
2 MAJOR FLAW(S) OUTSIDE TEST ZONE
3 MINOR FLAWIS) IN TEST ZONE, PROBABLY NOT STRENGTH LIMITING
4 MODERATE FLAW(S) IN TEST ZONE, PROBABLY STRENGTH LIMITING
5 SERIOUS FLAWIS) IN TEST ZONE; WILL SIGNIFICANTLY EFFECT MEASUREMENT
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Two-variable relationships of the sintered material and process were
analyzed using the computerized data base. Figures 46 and 47 and table
XVIII show some of the results of these relationships. From these
results, it can be concluded that:

(1)

(2)

(3)

There is no relationship between dewax weight loss and
sintering weight loss (fig. 46b) or between dewax weight loss
and density (fig. 46c). The relationship between sintering
weight loss and density, however, can not be conclusively
determined from the results (fig. 46a).

The relationship of MOR with density or dewax weight loss is
insignificant (random) either at room temperature (fig. 47b and
47c) or at high temperature (not shown). However, the rela-
tionship of MOR with sintering weight loss appears significant
both at room temperature (fig. 47a) and high temperature (not
shown). With these samples, there is a tendency toward low
strengths associated with high weight loss. Therefore, the
variables which related to sintering weight loss should be
investigated more carefully.

Table XVIII indicates that there is no reTationship between
molding cavity and surface visual inspection grade.
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TABLE XVIII.--MOLDING CAVITY LOCATION AND VISUAL

INSPECTION GRADE RELATIONSHIP

Number of bars

Visual inspection grade

Molding cavity 0 1 2 3 4
1 9 7 14 30 14
2 9 7 10 34 10
3 14 10 14 22 10
4 4 10 14 28 15

Molding cavity location: i =1, 2, 3, 4

Visual inspection guide: j =0, 1, 2, 3, 4
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~Task II - MOR Bar Matrix Study

The results of Task I, the first years results of Task VII, and
information and experience from previous programs, were all used to
develop a test plan. This test plan was designed to establish the opti-
mum materials and processing parameters to achieve the initial program
goals of improving test bar properties and reliability. This plan, ori-
ginally submitted in June 1985 and modified after suggestions from the
NASA project manager, allowed the experimental work on Task II to begin
on a limited basis in July 1985. The revised plan is reproduced in
Appendix B of this report. The following is a report of progress made
during the first 10 weeks of the 18-month program.

Matrix II-1.--As described in detail in Appendix B, the lot-to-lot
variations 1n GIE SN-502 powder identified in Task VII along with the
uncertainty in future commercial availability of the powder suggested
that alternates to the powder used in the Task I baseline character-
jzation be considered. Accordingly, Starck H-1 silicon nitride was
selected as the powder to be used in Matrix II-1 (Task II, Matrix 1).

The process flowchart, shown in figure 48, outlines the steps required to
complete Matrix II-1.

Materials tested: The materials tested in Matrix II-1 were the same
as those tested in Task I, with the exception of the Si3N4 powder, which
was Starck H-1 rather than GTE SN-502.

Apparatus and procedures: The same processing apparatus used in
Task I was used in producing the test bars for Matrix II-1. In addition,
a Haake torque rheometer was used to characterize the molding mixes and,
with the aid of a high-shear, twin-screw extension adaptor, to vary mix-
ing procedure. The test plan variations described in Appendix B were
followed. :

Results and discussion: Milling and mixing of the eight molding
batches were completed in accordance with the test plan. Character-
jzation torque data are presented in table XIX (for all eight mixes) and
in figure 49 (for the mixes prior to extrusion). Torque data in
table XIX were obtained from a cycle that was introduced for the purpose
of characterizing premixed powder and binder. The cooling rate of this
cycle was changed to 10C (1.80F) per minute. Another cycle, with a cool-
ing rate of 29C (3.6°F) per minute, had been used for mixing in most of
the previous experiments of Task VII. The new cycle provides for better
temperature control.

The data in Table XIX are consistent in showing that by reducing the-
binder content the torque is increased. The data also indicate that
passing the mix through a high-shear, twin-screw extruder reduces the
torque.
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MATR1X PROCESS STEP

PROCESS FLOW CHART

VAR1ABLE
D MILLING - SINTERING A!DS D- (6% Y503 + 2% Al03) D+ (6% Y203 + 1% AlZ03)
€ MIXING - BINDER CONTENT e- Os.siy| ler (a5t |e- Os.sm] [er (1659
c EXTRUS |ON c- .;:E*. c- c+ c/\u c- T+

MOLDING AND BINDER REMOVAL

WITHOUT POWDER BED 8- D

0 L0

F- v Q o
® D 2 3 9

abce

A | CONSOLIDATION METHOD

SINTER/HIP A+

SINTER A-LJ [j
8 | CONSOLIDATION ENVIRONMENT

WITH POWDER BED 8+

©
L

©°
L

b=
o
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Figure 48.--Process flowchart for Task II, Matrixes 1 and 2.
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TABLE XIX.--TORQUE AT 65°C (1500F) FOR MATRIX II-1

INJECTION MOLDING BATCHES

Torque, m+g

D-

(6% Y203 + 2% Al1503)

D+ (6% Y203 +

1% A1503)

(é1nder)

4.5%
E+ (&ingér)

GW%)

4,5%
E+ ( inde

:

C-
C+ (extruded)

1450
1100

1500
1452

1386
762

1544
1290

Notes:

1. Values are from single mixer runs.

2. Mixer cooling rate was 10C (1.89F) per minute.

3. me-g = meter-gram
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For the powders milled in Matrix II-1, figure 49 illustrates that
there is a significant difference in torque behavior between those with
15.5 percent and those with 14.5 percent binder content. Figure 49a and
49b show the two powder compositions that were mixed with 15.5 percent
binder. Both torque curves show a sudden increase at about 68°C (154°F).
The same material, mixed with 14.5 percent binder, show a more uniform
torque increase.

The probable mechanism that causes the sudden torque increase is a
phase separation between the low-viscosity binder and the solid parti-
cles. Excess binder separates and provides a slip plane between the
higher-viscosity material at the cooled mixer wall and the lower-vis-
cosity material near the warmer, uncooled rotor. As the temperature
continues to drop, the binder itself becomes sufficiently viscous to
prevent slipping. The entire mix is then suddenly brought into a high-
torque mixing mode. Torque curves for the four materials after extrusion
(not shown) exhibit the same trend, but indicate less tendency toward
phase separation.

Injection molding of 1592 bars in a four-cavity die was accom-
plished, thereby completing the molding requirements for Matrix II-1. A
summary of the injected bars is provided in table XX. The process code,
listed in the summary, indicates the values chosen for the variables
being studied. Each of the 8 groups of bars will be subjected to 2
different densification (consolidation) conditions to provide the 16
treatments identified for this matrix. Injection molding temperature
(material temperature prior to injection into the die cavity) was first
estimated by rheometer data and then established by visual inspection of
the injected bars. Bars that were determined by visual inspection to be
of good quality were obtained at 820C(180°F) for all mixes containing
15.5 percent binder. A higher temperature, 880C (190°F), was required to
obtain good quality bars for mixes with 14.5 percent binder.

A total of 640 of the 1592 test bars were completed thrbugh dewax,
with no degradation observed in any of the samples. Further results will
be reported in subsequent monthly progress reports.

Matrix II-2.--Matrix II-2 is a parameter evaluation program parallel
to Matrix II-1 in which Denka 9FW powder is substituted for Starck H-1.

Materials tested: The materials tested in Matrix II-2 were the same
as those tested in Matrix II-1, except that Denka 9FW powder was
substituted for Starck H-1 powder.

Apparatus and procedures: The same apparatus and procedures used in
Matrix II-1 are being used in Matrix II-2.
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TABLE XX.--MATRIX II-1 TEST BAR INJECTION SUMMARY

Bar . Molding

serial Proc$ss temperature,

numbers code oC (°F)

1541-1744 1 82 (180)
ab

1957-2132 bc ‘ 82 (180)
ac

1753-1956 be 88 (190)
ae

2343-2542 ce 88 (190)
abce

2543-2742 bd ' 82 (180)
ad

2743-2942 cd 82 (180)
abed

2133-23422 " de 88 (190)
abde

2943-3142 bcde 88 (190)
acde

Notes:

1. Statistical design treatment codes defined in
Appendix B.

2. Serial numbers 2325-2334 were not used.
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Results and discussions: All materials were received and milling
and mixing of the eight molding batches were completed. Torque rheometer
data are presented in Table XXI. Results are consistent with Matrix II-1
data and will be coordinated with subsequent processing. Injection mold-
ing was initiated with a high X-ray yield (96 percent) and good visual
inspection results on the first two groups. Further results will be
reported in subsequent monthly progress reports.

TABLE XXI.--TASK II MATRIX II-2 RHEOLOGY DENKA SFW

D- 6% Y203 + 2% Al1203 D+ 6% Yp03 + 1% A1203
Temp., | . (15.5% ) 14.5% 15.5 14.5%
oC E- (B'inder E+ (Binder) E- (Binder) E+ (Binder)
IM94-112 IM94-112A | IM94-112B IM94-113
60 1657 1843 1770 1968
C- 65 - 876 | 1304 948 1175
80 120 141 127 140
60 1100 1831 1700 2000
C+ 65 439 796 500 . 748
extruded 80 98 153 143 156
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Task VII - Advanced Materials and Processing

The purpose of this task is to explore new concepts in processing,
to investigate the impact of major processing parameters on material pro-
perties, and to study the interactions between major processing para-
meters. This task is cost shared by ACC. In the first year, following
eight major parameters were selected for evaluation:

(1) Alternate raw materials (Si3Ng)
(2) Alternate binder system

- (3) Binder extraction cycle (dewax)
(4) Injection molding parameters
(5) Alternate powder preparation (PSD)
(6) Additive composition (sintering aids)
(7) Sintering cycles

The evaluations were conducted iteratively. Two or more processing
parameters were investigated in a statistically designed experimental
matrix to determine possible interactions between those parameters.
Prior experience and efficiency of experimental work were used to guide
the selections of parameters included in a particular matrix.

Table XXII shows the parameters chosen for evaluation and the comb-
inations of these parameters in Matrixes 1 through 6. The design and
rationale of each matrix will be explained in the subsequent sections.

Matrix 1 - raw materials/sintering temperatures.--As the first
jteration, four commercial Si3N4 powders were selected for comparison.
These four materials were processed through the dewax cycle using
baseline processing. The last step, sintering, was carried out at two
different peak temperatures to assess the interaction between raw
materials and peak sintering temperature. Figure 50 shows the
experimental matrix design.

Experimental procedures: Figure 51 is a flowchart showing the major
processing procedures and guidelines. The silicon nitride powders chosen
for study were GTE SN-502 (baseline), Denka 9S, UBE SN-EN, and Starck
H-1. The powders were prepared by baseline milling procedures described
in Task I. Each milled powder was blended with a 15.5 percent ACC
standard binder (identified as Bj) using a HAAKE Rheomix model 600 mixer.
This unit was used instead of the baseline mixer (double-arm, sigma-
bladed) which requires a minimum of 4000 g of materials to achieve an
adequate mixing action. The HAAKE Rheomix 600 requires only 107 g of
material, and the mixing parameters are more readily controlled and
monitored.

87



TABLE XXII.--RELATIONSHIP BETWEEN PROCESS SUBTASKS AND

EXPERIMENTAL MATRIXES

Experimental matrix number

112 |3 |45

6

Subtask 1
Raw material

Subtask 2
Binder

Subtask 3
Binder extraction

Subtask 4
Injection molding

Subtask 5
Powder preparation (milling)

Subtask 6
Composition

Subtask 7
Sintering cycle
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M1 M2 M3 M4

S1 10 MOR 10 MOR | 10 MOR 10 MOR
S2 10 MOR 10 MOR | 10 MOR | 10 MOR
M1 = GTE SN-502 Si3Ng4 powder + 6% Y203 + 2% Al203
M2 = DENKA 9S Si3N4 powder + 6% Y203 + 2% A1203
M3 = UBE SN-EN Si3N4 powder + 6% Yo03 + 2% A1203
Mg = STARCK H-1 Si3Ng powder + 6% Y203 + 2% A1203
S1 = Baseline sintering temperature and conditions
S2 =

Baseline plus 50°C

Figure 50.--Experiments designed to investigate the interaction
between raw materials and sintering cycles.
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A new set of mixing parameters, "HAAKE baseline", was chosen for
blending powder and binder for this matrix. Any subsequent experiments
in Task VII that require only a small amount of blended injections mix
also will be processed in this manner.

Results and discussion: All above-mentioned powders, except UBE SN-
EN, were blended successfully using the new baseline blending procedures.
Slow wetting of ;the UBE powder by the binder and the very high mixing
torques required indicated that this powder, milled by the "HAAKE base-
line" process, was not suitabie for injection molding. Therefore,
processing of UBE SN-EN beyond blending was discontinued.

The three successfully blended materials were injection molded by
baseline injection molding procedures (see Task I) after the materials
were pelletized. No difficulty was encountered during injection molding,
and all test bars appeared acceptable by visual inspection.

Binder was removed from 84 bars using the baseline cycle. Bars of
baseline material, M;, appear to be in good condition; however, the other
two materials, M2 and Mg, exhibited cracking.

The test bars subsequently were sintered in two sintering runs, 18500C
(33609F) and 1900°C (34500F) at 0.68 MPa (95 psig) nitrogen. Sintered
densities are reported in table XXIII. A small density increase was
observed at the increased sintering temperature for Mj and M4 powders,
but a slight decrease occurred for M2. Blistering was observed on M2
bars sintered at the higher temperature but not on the other bars.

Sintering shrinkage was measured on each bar. M3 and M4 bars showed
isotropic shrinkage, but baseline Mj bars demonstrated higher shrinkage
in thickness than in length, 16.3 percent compared with 13.9 percent.

This anisotropic shrinkage was probably due to a small amount of
needle-1ike materials, that remained in the milled GTE SN-502 Si3Ng
powder. )

Visual and X-ray radiography inspection of the sintered bars showed
that the quality of M) bars was comparable to that of the Task 1 bars;
however, the M2 and Mg bars had a high rejection rate, 96 and 75 percent,
respectively.

Room temperature MOR measurement data correlated well with the quality
of test bars. The MOR values for M) bars ranged from 515 to 570 MPa (75
to 83 ksi), while the values for M2 and Mg were mostly below 345 MPa (50
ksi). The Tow MOR's for M2 and Mg are clearly due to lower sintered
densities and the presence of defects.

The M2 material exhibited large internal voids on the fracture
surfaces, often associated with large blisters. The M4 material
exhibited some large internal porosity on the fracture surface, but the
porosity was less common and smaller than that of the M2 material. Some
specimens also exhibited internal cracking.
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TABLE XXIII.--SINTERED DENSITIES USING DIFFERENT
Si3Ng STARTING POWDERS

Density and standard deviation,
g/cc
18500C (3360°F) 19000C (34500F)
Starting powder P A p A
M1 3.18 0.03 3.21 0.01
M2 3.06 0.04 2.99 0.03
Mg 2.99 0.02 3.05 0.01

p: average density
A: standard deviation

The low strength and excessive defects observed in the Mz and Mg
test bars suggest either that these two material are intrinsically poor
or that they require a set of processing parameters significantly dif-
ferent from the baseline processing parameters that were used.

Matrix 2 - binder/wetting agent/mixing.--The degree and homogeneity

| of ceramic powder dispersion in the binder are believed to be very impor-
tant to the quality of injection-molded ceramic parts. Figure 52 shows

the design of a matrix which combines binder system, wetting agents, and
mixing conditions.

Experimental procedures: The baseline binder, Bj, and an alternate
binder, B, in conjunction with several wetting agents, and different

- ways of mixing the wetting agents with the powder/binder are being

investigated. Baseline powder was used throughout the matrix.

A1l mixing was carried out on the Rheomix 600 using the "HAAKE base-
line" procedures. The mixer chamber was heated (80°C/1759F) to melt the
binder, then the powder was added to the mixer. A wetting agent was
added 5 minutes after the onset of each mixing run. The twin mixing
rotors were run at 60 and 15 rpm at the end of the mixing cycle in order
to evaluate the rheology dependency on shear rate of the mixed material.

An initial mixing process study was completed using binders Bj and
Bo with wetting agents WAj, WA2, WA3, and WA, all of which are propriet-
ary. : .

Figures 53 and 54 show examples of torque and temperature curves
plotted by the HAAKE Rheomix mixer.
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TB1 TB2 TB3
WA’ B11 B22 B21
WA2 B12 B21 B22
WA3 B21 B11 B12
WA4 B22 B12 B11
TB; = Blending temperature, where i = 1, 2, and 3
WA; = Wetting agent, where i = 1, 2, and 3
B11 = Binder system 1 at level 1
Bi2 = Binder system 1 at level 2
B21 = Binder system 2 at level 1
B22 = Binder system 2 at level 2

Figure 52.--Matrix 2 design.
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Results and discussion: The results of the experiments are shown in
the matrix blocks in table XXIV. The response of each treatment is the
measured torque at high and low shear rates and their ratio. A detailed
analysis of Matrix 2 was conducted and only the highlights are summarized
here.

The results of the data analyses indicated that interaction may
exist among the variables included in this matrix.

(1) Judging from the data in the matrix, the calculated values of
the variances (S2) are significantly high thereby making the
numbers of critical statistics (w) unreasonably higher than the
differences of the main effects.

(2) From figures 55, 56, and 57, the combined effects of mixing
temperature, wetting agent, and binder (Bxy) to torque
exhibited the same pattern of effect. These figures illustrate
a significant interaction between the binder (Bxy) and the
wetting agent.

When interaction exists, the nature of the main,effect being unknown
(it depends on the level of other variables), and the significant test to
estimate the difference of any effect will draw a misleading result.

The identified interaction probably results from specific, proprie-
tary binder (Bxy) components and wetting agents. Significance of this
behavior, with regard to test bar fabrication, will be determined in
separate experiments.

Matrix 3 - binder extraction/injection molding/powder preparation.--
This matrix was designed to study the relationship between dewax cycle,
molding material temperature, and milling time (i.e., PSD). Figure 58
illustrates the matrix design which is known as the Youden square design.
Due to experimental difficulties, certain treatments in the matrix could
not be carried to injection molding, and therefore, the intended statis-
tical analysis of variance could not be conducted. However, even though
the originally planned statistical analysis could not be conducted,
several simpler analyses and observations could be performed and mean-
ingful conclusions were obtained.

Experimental procedures: The baseline material (GTE SN 502 + 6%
Y203 + 2% A1%03) was used throughout the matrix. The processing pro-
cedures, milling through sintering, were part of the matrix evaluation
and are more conveniently described along with results relating to the
evaluation of the particular processing parameters to be followed. The
baseline process was used as one of the experimental variations in this
experiment.
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TORQUE, m.g
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Figure 55.--Mixing torque at high shear rate. (60 rpm).
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Figure 56.--Mixing torque at low shear rate (15 rpm).
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Figure 57.--Mixing torque ratio (high shear rate/low shear rate).
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DCy DC2 DC3 DC4
T1 PSD PSD2 PSD3 PSD4
T2 PSD2 PSD3 PSD4 PSDj3
T3 1 PSD3 PSD4 PSD; PSD2
Tq PSD4 PSD; PSD2 PSD3
DC; = Binder extraction at different thermal cycles,

where i = 1, 2, .....

PSD; = Particle size distribution
T; = Injection molding temperature

Figure 58.--Matrix 3 design.

Results and discussion:

(1) Powder milling (PSD) effect on mixing.--ln order to evaluate the
effect of powder particle size distribution on mixing (with a
binder) and injection molding of the mix, the baseline powder was
milled for 8, 24, 48, and 96 hours. These milled powders subse-
quently were mixed with a fixed quantity of the baseline binder (Bj)
in a HAAKE Rheomix under a programmed temperature profile (fig. 59a)
at 60 rpm rotor rotation speed. The temperature profile and rotor
speed were selected to provide good mixing and an appropriate torque
output for rheological evaluation. It is demonstrated (see

figure 59b) that throughout the 40-minute mixing period, the torque
output level systematically varied inversely with milling time.
Also, it is evident that for a given mix, the torque level varied
inversely with the programmed temperature profile.

The above rheological variation data are to be used as guidelines
for injection molding parameter studies in the future.

(2) Injection molding behavior map.--A series of injection molding
experiments were performed to investigate the molding behavior
variation of mixes. It was found that when all other molding

100



oc

Temperature,

me*g

Torque,

1001
901
.80
701
60+
5 0 Y T T T T ~Y T T T 1
0 20 _ 40
TIME (Min.)
A. Programmed temperature profile for mixing.
HAX] “ﬂ"L‘ : 10
) | J )4’ ¢ "I'ME J'}
- f‘ .+8 hr. Milling Time — -
! .
] U !
- / | /
[ w !1 . !!
i ] ) J IJ !?«t’\ J’l 16
| ’;’ S ™24 hr. Milling Timeﬁpzv}j
1 \ . .AJJU ."'. ,!l iu ” / !
i et ! f™
| ; f<4¥\ o “rz’j;“H
| PACAE L 48 hr. Milling -~ 17/
| \ ~ i\ Time J i
sopt ' -'J
\ VY i
-* . ' \ NM#:‘:: ’ 1, -".f'"“ emer AT L. ,.._,‘__..,-.-",‘t'ﬂf‘:
} %M g Sty ——-«‘u-!:.,.%:u—f-' b
< 1 - 1 I 1 e BRI r r T .
) it (Min.) 0

B.

Mixing torque curves under the programmed temperature
profile at 60 rpm rotor rotation speed.

Figure 59.--Mixing torque curves from powders of various
milling times.

101.



parameters were held constant, the material molding temperature
required to obtain visually good test bars depended strongly on the
PSD of the powder. The molding material temperatures required for
8-, 24-, and 48-hr milled materials were 939, 770, and 710C (2000°,
1700, and 1609F), respectively.

The general flow behavior observed for 18 different milling
time/molding temperature combinations is illustrated in figure 60.
As the graph indicates, high molding temperatures (i.e., greater
than 93°C) are required to obtain satisfactory test bars for powder
milled for 8 hours. Bars which appeared to be satisfactory by
visual and X-radiographic inspection were injected at 710C material
temperature with powders milled for 48 or 96 hours. The following
process step, binder removal, resulted in cracks and shrinkage in
bars with 48- or 96-hour-milled powder; this was attributed to
excess binder.

In figure 60, "insufficient fluidity" describes the condition at
which the material does not flow smoothly but tends to break up as
jt fills and conforms to the die cavity. "Excess fluidity"
describes the condition at which leakage within the injection
molding machine prevents maintaining full pressure during the
forming of the test bar.

(3) Dewax experiments--Four thermal cycles are used for the experi-
ments in this matrix. Weight loss, dimensional change, and surface
quality inspection were evaluated and correlated with PSD (or mill-
ing time) and injection molding parameters. The observations and
results are described in the following paragraphs.

(a) Weight loss analysis--Table XXV shows the treatments in
Mﬁfgix 3 and the experimental results of the dewax weight loss.
The data in table XXV can not be analyzed by using the Latin
square or Youden square methods as was originally planned.
Rather, data from bars which have been through dewax are point
estimated for several selected treatments of dewax cycle,
material temperature, and milling time instead of investigated
in a three-dimensional space of these variables. Therefore,
the statistical analysis is conducted to compare the results
between two points (or treatments).

Table XXVI shows the comparison of two groups of treatments
with the same dewax cycles, and table XXVII shows the
comparison of two groups of treatments with the same molding
material temperature. From these results it is observed that:

(1) With the same dewax cycles, the difference in dewax weight
loss between treatments is significant in most cases. The
difference is more likely influenced by milling time (or
PSD) than by material molding temperature.
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Figure 60.--Flow characteristics of injection molding materials
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TABLE XXV.--MATRIX 3, DEWAX WEIGHT LOSS DATA

DEWAX CYCLES
o1 oc 2 nC3 och
132 HR  850°F 40 HR 850°F 20 HR  850°F
N=4
MILLING TIME
155°F 48 HR
X=15.275%
0=0.05
12 12 16
160°F 48 HR 96 HR #2 24 HR 1
X=15.375 X=15.5 X=15.07
0=0,0866 0=0,0853 0=0.0704
4 24 HR 42
4 96 HR #1 12 24
2 2 B8 HR 6
170°F 24 HR 42 £ 48 HR 96 HR 41
Y X=15.45 0=0.10 X=15.308 X=15.571
" X=15.37 o
4 0=0.0703 X=15.57 0=0.058 0=0.0996 0=0,0751
= ¥=15.0 0=0
a
bt
= 8 12 16 4
2| 180°F 48 HR 96 HR 42 2R A 8 HR
= ¥=15.4 X=15.533 Re15.131 X=15.05
g 9=0.0526 0=0.065 5=0.0602 0=0.0577
g
=
3
g 12 10 8
190°F 96 HR #2 24 HR 42 8 HR
X=15.45 X=15.17 X=14.963
0=0.0904 0=0.0675 0=0.0517
Y
200°F 8 HR
X=15.05
0=0.0577
4
210°F 8 HR
X=14.975
0=0.0958

N=NUMBER OF SAMPLES
MILLING TIME IN HOURS

X=MEAN DEWAX WE|GHT LOSS
O=STANDARD DEVIATION
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(b)

(2) With the same material molding temperature, the difference
in dewax weight loss between treatments is also signifi-
cant in most cases. The difference is also more likely
influenced by milling time (PSD) than by dewax cycle.

(3) With the same molding material temperature, the influence
of different dewax cycles is not significant.

Dimensional change--The thickness of a selected group of
dewaxed bars was measured and compared with the thickness of
these bars before being dewaxed. These dimensional changes are
listed in table XXVIII along with the bars' weight loss as a
function of milling time. The dimensional change data are also
plotted in figure 61. It is obvious that the dimensional
change is a function of milling time (PSD), ranging from an
expansion of 0.5 percent to a shrinkage of 1.5 percent. This
has a significant implication in understanding the cracking
behavior of a dewaxed part. The significance of the increase
in weight loss with milling time (table XXVI) observed on the
same set of test bars can not be interpreted at the present
time.

TABLE XXVIII.--MILLING TIME EFFECT ON BINDER EXTRACTION OF TEST BARS

Test b?rzthickness

Milling time, hr changets¢, % Weight lossl, %
8 +0.5 15.00
24 +0.2 15.10
48 -0.1 15.35
96 -1.0 15.56

Notes:

1. Thickness after binder extraction-thickness before binder extraction

thickness before binder extraction

2. Average of a minimum of 10 test bars
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Figure 61.--Dimensional change during binder removal, using a
constant binder content and GTE SN-502 powder.

(c) Surface quality--A selected number of samples were
examined under a micropscope after dewaxing. It was found
that:

(1) Binder-extracted specimens often revealed additional
defects not seen on injection-molded test bars. An
example is shown in figure 62.

(2) The visual surface quality of the binder-extracted
test bars also depends on the injection molding
temperature and PSD (milling time) as shown in
figures 63 and 64.

(4) Sintering--Sintering was completed on 144 test bars representa-
tive of 4 FSE‘s and 4 dewax cycles. Weight loss was comparable to
Task I resintered bars. Higher weight loss bars (located in the
outer position of the sintering tray) appeared darker and somewhat
grainy. They are relatively free, however of the pitting which was
extensive in earlier bars (shown in figure 65 near the bottom edge).
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OF POOR QUALITY,

F-47248

A. Injection molded B. Dewaxed

Figure 62.--Injection-molded and dewaxed surfaces of test bar no.
904 (76.69C/1709F injection) using powder milled 96
hours.
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F-47249

A. Bar no. 1054 (71°C/160°F B. Bar no. 1072 (77°C/180°F
injection) injection)

Figure 63.--Dewaxed test bar surfaces from two molding
temperatures using powder milled 96 hours.

ORIGINAL PAGE IS
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A. Bar no. 910 (77°C/170°F B. Bar no. 951 (88°C/180°F
injection injection

G- Bar no. 942 (93°C/200°F D. Bar no. 948 (990C/2100F F-47247
injection) injection)
Figure 64.--Dewaxed test bar surfaces from four molding
temperatures using powder milled 8 hours.
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a. Bar no. 48, Task I b. Bar no. 948, Task VII,
resintered Matrix 3

Figure 65.--Sintered test bars with high weight loss.

F-47173
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Densities after sintering were generally higher than Task I results.
Data are presented in table XXIX.

Some improvements were seen in surface finish during sintering as
compared with dewax (see fig. 66). Existing cracks were not healed,
however. It is not clear if a smoother surface results in any flaw
healing.

Three-way plots of the MOR data vs two process variables at fixed
dewax run or molding temperature were made. From these plots the
following observations are made.

(1) At a fixed dewax run, or a fixed material molding temp-
erature, each PSD has its own specific dewax weight loss
region and that PSD affects MOR significantly. For the
same PSD, dewax weight loss does not affect MOR. At this
time, it is concluded that PSD has the primary effect.

(2) At a fixed dewax run or a fixed material molding temp-
erature, different PSD significantly affects MOR and
sintering weight loss. For some dewax runs and some fixed
PSD's,Rthe higher the sintering weight loss, the higher
the MOR.

(3) At a fixed dewax run or a fixed material molding temp-
erature, different PSD has a distinguishable but not
significant region of density. Different PSD signifi-
cantly affects MOR. At a fixed PSD, the higher the
density, the higher the MOR.

Matrix 4 - sintering aids/sintering cycle.--In order to improve the
high temperature strength of the test bars, modification of the type and
quantity of sintering aids is planned. In the first iteration, Y203 and
A1203 levels will be varied with the goal of reducing the A1203 content.
The baseline composition uses 6% Y203 and 2% A1203. Alternate levels
were selected as follows: 6% and 1%, 6% and 0.5%, and 8% and 1%, Y203
and A1203, respectively. Sintering aid, sintering cycle, and heating
rate are combined to form Matrix 4, as shown in figure 67. Hot isostatic
pressing (HIP) cycle is also included in this Matrix.

Experimental procedures: Baseline powder (GTE SN-502 Si3Ng) was
milled for 24 hr with the appropriate sintering aids. The mi?led powders
were then blended with the baseline binder (B1) at the baseline level
(15.5 percent) using the "HAAKE baseline" procedures.

Results and discussion: Because of the variation in sintering aids,
the mixing behavior of the mixes in the HAAKE 600 mixer also varied as
reflection by the mixing torque summarized in table XXX. Correspond-
ingly, the injection molding behavior using the baseline parameters also
differs as reflected by the surface finish of the injection bars (see the
last two columns of table XXX). This suggests that in order to fabricate
good quality test bars, with different sintering aids, the injection
parameters have to be readjusted.
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TABLE XXIX.--MATRIX 3, SINTERING DATA SUMMARY

Milling time, Average density, Average weight Number of
hr g/cc loss, % samples weighed
8 3.22 : 1.44 21
24 3.25 1.65 57
48 3.25 2.14 32
96 3.23 2.17 29
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a. Bar no. 882 as-dewaxed b. Bar no. 882 as-sintered

F47147

c. Bar no. 1082 as-dewaxed d. Bar no. 1082 as-sintered

Figure 66.--Surface changes in sintering. F-48900
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Sl S2

SAl | SA2 | SA3 | SA4 SA1 | SA2 | SA3 | SA4
HR1
HR2
HIP
S = Sintering peak temperature
HR = Heating rate
SA = Sintering aid
HIP = Hot isostatic pressing

Figure 67.--Matrix 4.

TABLE XXX.--MIXING AND MOLDING BEHAVIORS OF MATERIALS CONTAINING
DIFFERENT SINTERING AIDS

Composition, %

Mixing Torque
(m-g) at 650C

Number Surface finish
Standard | of bars | of as-injected
Code | Si3Ng Y203 | A1203 | Average* | deviation | injected | test bars
SA1 92 6 2 400 40 44 Good
SA2 | 93 6 1 507 60 52 Marginal
SA3 | 93.5 6 0.5 510 52 32 Bad
SA4 | 91 8 1 380 35 32 Some good,
, some marginal

*Average of 5 or 6 values
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Matrix 5 - raw materials, milling time, and milling aid.--Matrix 5
(fig. 68) was designed to provide a range of processing conditions in
order to identify appropriate parameters for evaluating new powders and
milling aids (MA] and MA2). The results in Matrix 1 indicated that it
may be necessary to change the processing parameters when evaluating a new
powder.

Based on the results of Matrix 5 efforts, the range of processing
conditions was narrowed to provide a limited number of materials for test
bar fabrication and evaluation in Matrix 6.

Experimental procedure: Each powder and milling aid combination was
milled at a minimum of two different milling time periods. Each of the
milled powders was mixed with binder on the torque rheometer, using a
fixed binder ratio, to determine the mixing and flow behavior.

Materials Mg (Starck LC-1), Mg (KermaNord P95M), and MA2 had no
prior processing history. The experiment plan was modified after finding
that MAp appeared to yield inconsistent milling results, increased mixing
torque, and increased dewax residue. Use of MA> was discontinued until
benefits are shown in further processing of Mj/MA2 and Mg/MA2
combinations.

MAg . MAp MA2
M1 PSD1PSD2 PSD3PSD4
Mg PSDsPSDg

M5

Mg

M = Si3Ng4 raw material

MAg = No milling aid

MAx = Proprietary milling aid
PSDy = Particle size distribution

variations for each powder

Figure 68.--Matrix 5 - milling study on various raw materials.
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Results and discussion: Processing conditions evaluated in Matrix 5
are shown in table XXXI. Seventeen batches were milled and mixed on the
torque rheometer. Torque results shown were taken from one mixer run for
materials not selected for further processing. Materials chosen for fur-
ther processing required additional mixing and provided up to six mixes
for torque data averaging. The standard deviation was typically 10
percent of the average value indicating the level of uncertainty of data
based on one run. In nearly all cases where milling time was increased
for a given composition, the torque value dropped.

Powder M; was initially milled as follows: 48 hours with no milling
aid MAE, 24 hours with milling aid MAj, and 24 hours with milling aid
MA>.. Even with shorter milling times, the use of milling aids provided a
finer powder as shown by the data in table XXXI.

New milled batches were prepared using milling aids MA; and MAjz.
Milling was performed with these materials until the median particle size
(50 percent on the cumulative volume curve) matched that of the baseline
at 0.87 um. Inconsistent milling behavior was observed when MA] was
used; this is not yet understood. The longer milling time resulted in a
coarser powder as indicated by the PSD measurement and supported by the
torque behavior.

Powder Mg (Starck H-1) is finer than Mj and has a greater surface
area. Shorter milling times--2 and 8 hours--were selected for
evaluation. The median particle size for all 8-hour-milled powders
ranged from 0.92 to 0.95 um in diameter. The 8-hour-milled powders were
selected for test bar fabrication in Matrix 6.

Material Mg (Starck LC-1) was reported by the manufacturer to be
physically simi?ar to Mg. The milling parameters chosen for Mg were

based on Mg results. The eight-hour-milled powders were selected for
further processing in Matrix 6. f

Initially, material Mg (KemaNord P95M) was milled eight hours and
mixed. However, very high torque values indicated that more milling was
required. The milling time was increased to 48 hours and a significant
reduction in mixing torque was observed. The effect of MA; observed with
powder Mj was assumed to provide a similar effect with powder Mg.

Powders milled for 48 hours with no milling aid and 24 hours with a
milling aid were selected for further processing.

Increased milling time for all M/MA combinations generally showed
reduced mixing torque. Exceptions to this were small (Mg/MAg) or from a
milling anomaly (Mj/MA2) and could also result in the uncertainty of the
torque rheometry reading. This behavior is consistent with Matrix 3
results.
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TABLE XXXI.--PROCESSING RESULTS--RAW MATERIALS AND
MILLING VARIATIONS

Particle Mixing Bars
Milling size torque molded?

Milling| time, at 50%, at 650C for
Material aid hr um m-g Matrix 6
M1 MAQ 48 0.87 281 Yes

MA1 24 0.80 290

MA1 14 0.87 481 Yes

MA2 24 0.80 310

MA2 26 0.87 479 Yes
Mg MAQ 2 1.05 416

MAQ 8 0.95 452 Yes

MA1 2 1.05 1107

MA1 8 0.93 569 Yes

MA2 2 1.03 1771

MA2 8 0.92 1264 Yes
Ms MAg 2 1.06 946

MAg 8 0.93 765 Yes

MA1 8 0.92 1083 Yes
Mg MAg 8 1900

MAQ 48 1.03 660 Yes

MA1 24 1500 Yes
Notes:

1. Cooling rate 2°C/hr

2. The mixing torque data for materials selected for bar production is
an average of five mixer runs
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Milling aids proved to accelerate the particle reduction rate during
milling for powders M} and M4. The use of milling aids, however,
resulted in a higher torque, at the same or finer PSD, than for those
mixes with no milling aid. Milling with an effective milling aid is not
equivalent to increasing the milling time.

Matrix 6 - raw materials, molding parameters, binder removal, and
sintering.-Matrix 6 was designed to provide a range of processing condi-
tions 1n order to identify appropriate parameters for evaluating new
materials (M4, Mg, and Mg) and milling aids (MA] and MA2). Powders were
milled and evaluated for suitable processing behavior in Matrix 5. Mate-
rials that did not process well in Matrix 1 (M> blistered in sintering
and M3 mixed with great difficulty) were not studied here. Processing
which appeared detrimental in Matrix 1 was avoided (M4 cracked upon dewax
similar to excessively milled GTE SN-502 in Matrix 3).

Experimental procedure: A statistically designed experiment was
- planned to include five variables: four Si3Ng4 powders, three milling
aids, two molding temperatures, two binder removal cycles, and two
sintering cgcles. The large matrix was a combination of four 1/2
replicate 2° fractional designed matrixes. The detailed original plan
was presented (Monthly Report No. 7) and is not shown here due to
required modifications.

The revised matrix is shown in figure 69. Modifications were
required after recognizing the sintering temperature required for densi-
fication was similar for M} and Mg and similar for Mg and Mg but is very
different for the two pairs. The configuration of the submatrixes was
reduced by the elimination of Mg/MA> and Mg/MA2 as discussed in Matrix 5.

Results and discussion: Molding temperatures were selected based on
visual examination of molded test bars. A good correlation exists
between mixing torque and required molding temperature as seen in table
XXXII. Combination M4/MA2 had high mixing torque but was injected prior
to establishing the torque molding temperature relationship. The 770C
(1700F) molded M4/MA2 bars did show evidence of insufficient flow.

Inspection of dewaxed bars showed no effect from the two different
binder removal (dewax) cycles. This is consistent with Matrix 3 results
(Matrix 6, DCy, and DC2 are the same as Matrix 3, DC2 and DC3, respec-
tively). Cycle DC; is currently being used in the program as the stan-
dard cycle. Matrix 6 cycle DC2 doubles the heating rate, apparently with
no damage to thin section test bars.

Dewax weight loss indicated that a significant residue resulted from
the use of MA2. Sintering trails have been run on spare bars represent-
ing Matrix 6 materials. (Spare bars resulted from molding trials for
identifying proper molding temperatures which resulted in less-than-
optimum surfaces.) A sample run included 27 test bars and the data are
presented in table XXXIII. Run parameters were approximately 19750C for
4 hours. M) baseline material went to 100 percent theoretical density
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a. M1 AND M6

NOTES:
1. M
2. MA
3. T
L. oC
5. S

b. M4 AND M5

Si3Nh

MILLING AID

MOLDING TEMPERATURE

DEWAX CYCLE

SINTERING CYCLE
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Figure 69.--Matrix 6 submatrixes; shaded areas to be performed.




TABLE XXXIT.--TORQUE AT 65°C (1500F) AND MOLDING TEMPERATURES
FOR MATRIXES 5 AND 6

MAQ MAy MA2
Molding Molding Molding
Torque |temperature, | Torque | temperature,|{ Torque |temperature,
at 65°C, oC at 650C, oC at 659C, oC
m-g (°F) m-g (OF) m-g (OF)
M1 | 281 77, 82 481 77, 82 479 82, 88
(170, 180) (170, 180) (180, 190)
Mg | 452 77, 82 569 17, 82 1264 17, 82
(170, 180) (170, 180) (170, 180)
M5 | 765 82, 88  |1083 | 82, 88
(180, 190) (180, 190)
Mg | 660 82, 88 1500 88, 93
(180, 190) | (190, 200)
Notes:

1. Mixer cooling rate was 2°C (3.6°F) per minute.

2.

Torque values given are averages from 5 mixer runs.

M
MA

m-g

Milling aid

meter-gram

Si3gNg raw material
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TABLE XXXIII.--MATRIX 6--SINTERED DENSITIES FROM TRIAL RUNI

Number Density Weight Joss

Material of bars | range¢, g/cc range<, %
M1 10 3.25-3.26 3.1-4.0
Mg 10 3.06-3.16 - 2.3-2.8
Mg 3 3.16-3.23 2.5-2.7
Mg 4 3.15-3.26 0.8-2.0

Note:

1. Bars were sintered at 1950°C/4 hr/0.68 MPa (100 psi).

2. Broad range is due to variables including BN powder bed,
sintering position, milling time, and binder residue.

but demonstrated significant weight loss. Mg yielded one 100 percent
theoretically dense sample and indicated low weight loss. This material
will be further evaluated in subsequent experiments.

Silicon nitride Mg, Starck H-1, also showed lower weight loss.
Higher temperatures or pressures are required to fully densify M4-based
samples. These data provide useful input to establishing processing
conditions for Task II, Matrix 1. Successful processing of Mg powder was
achieved in Matrixes 5 and 6 because of understanding gained in Matrix 3
and the iterative approach used here. The same material in Matrix 1
yield poor results.

Matrix 7 - Dewax load size.--The requirements of processing large
numbers of bars i1n Task Il suggested the need to evaluate the effect of
increasing the number of test bars within the closed system of the binder
removal cycle. As many as 100 test bars had been processed in a single
cycle (Matrix 1) with no detrimental effects attributed to the large fur-
nace load. However, the furnace that was used had a processing capacity
that was significantly larger.

Experimental procedure: Test bars were injected in parallel with
Matrix II-1 (Task V) for use in optimization experiments. Dewax run 101
consisted of 36 bars, while run 102 contained 216 bars. Bars from each
of the eight groups injected in Matrix II-1 were distributed uniformly
throughout the furnace in run 102. These included bars with 14.5 percent
and bars with 15.5 percent binder. Only three groups were used in run
101 to provide a statistically significant number of bars in each group.
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Evaluation was performed on load size, tray stacking, and location within
a tray. A three-day dewax cycle was used, which proved acceptable in
Matrixes 3 and 6, instead of the Task I, baseline seven-day cycle.

Results and discussion: Table XXXIV shows the dewax weight loss
from three sets of similar bars from dewax runs 101 and 102. The t test
was used to compare individual sets of bars and indicated a difference
between 1ike sets of bars in different runs. Some sets, however, indi-
cate more residue in run 101 while others indicate more residue in run
102. When combining the data from all sets, the difference is actually
beyond the range of precision of the balances used for obtaining the
data. Very little difference, if any, can be detected between the runs
based on dewax weight loss data.

TABLE XXXIV.--DEWAX WEIGHT LOSS - EVALUATION OF LOAD SIZE

Run 101 Run 102

(36 bars, one layer) (216 bars, 3 layers)
Bar Ave. weight Bar Ave. weight
number N loss, % o number N loss, % o]
1548-1559 | 12 |15.39 . 0.05 1560-1579 | 20 | 15.32 0.07
2343-2354| 12 |14.32 0.07 2383-2402 | 10 |14.41 0.03
2943-2954| 11 |14.44 0.05 2974-2993 | 20 |14.40 - 0.04
A1l bars 3 |14.72 A1l bars 3 14,71
(sets) (sets)

No test bar location was identified in run 102 with three layers of
test bars. Figure 70 shows the average residue measured for eight bars
in each location shown. A1l groups of eight bars consist of one bar from
each of the eight groups processed in Matrix I1I-1. The observed range is
0.08 to 0.16 percent, but this does not appear to correspond to any trend
related to location.

Twelve bars from each of the dewax runs were sintered. A total of
24 bars, consisting of 4 bars from each of the groups identified in table
XXX1V, yielded the sintering results shown in table XXXV. Only a small
difference is indicated in density and no difference in weight loss. The
low densities shown here result from a nonoptimum sintering cycle, and
are especially noticeable for bars with a reduced level of sintering
aids. :
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TABLE XXXV.--SINTERING RESULTS - EVALUATION OF DEWAX LOAD SIZE

Parameter

Dewax run 101

Dewax run 102

Density, g/cc
Weight loss, %

2.9
2.0

3 o= 0.04
o= 0.3

2.9
2.0

6 o= 0.04
o= 0.2
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APPENDIX A

PROCESSING STUDY OF INJECTION MOLDING OF
SILICON NITRIDE FOR ENGINE APPLICATIONS *

By Michael E. Rorabaugh & Hun Yeh

AiResearch Casting Company, Torrance, CA

ABSTRACT

PROCESSING STUDY OF INJECTION MOLDING OF
SILICON NITRIDE FOR ENGINE APPLICATIONS

By Mike Rorabaugh & Hun Yeh
AiResearch Casting Company, Torrance, CA

Silicon nitride is a high temperature
structural material currently considered for
gas turbine engine applications. Due to the
high cost of machining ceramics, net (or near
net) shape forming capability of this new high
performance material is the key to the ultimate
use of this material in engines. Injection
molding is one of the most promising forming
processes being considered.

The integrity and properties of an
injection molded SijN4 part strongly depend on
the processing parameters used. To succesa-
fully fabricate reliable high performance
parts, it is essential to understand the inter-
relationships between processing varisbles and
the resulting microstructure and properties of
the finished parts. This paper summarizes some
of the initial results from an on-going RASA
funded program to improve SijN4 materials (NASA
Contract No. NAS3-24385). The quality of
injection molded test bars at various stages of
processing will be correlated with selected
processing variables.

1.  INTRODUCTION

To increase the efficiencies of gas
turbine engines it is necessary to increase the
gas inlet temperature of the engine. The
current supper alloys used in turbine’ engine
component fabrication limit the inlet tempera-
ture to about 1800°F. Silicon nitride, a
candidate material under evaluation, has the
potential to increase the inlet temperature to
2500°F,

June 1985

Due to the high hardness of silicon
nitride, the cost of machining this material to
engine component configurations is prohibitive.
Consequently, near net shape forming
techniques, such &8s injection molding, are
essential in the manufacturing of silicon
nitride engine components. Ceramic materials
such as silicon nitride currently do not have
high reliability chiefly due to the lack of
understanding the relationship between processing
parameters and mechanical properties as measured
by modulus of rupture (MOR).

A 5-year R&D program at AiResearch Casting
Company (ACC), sponsored by DOE/NASA, is aimed
at increasing the MOR of existing baseline ACC
injection molded silicon nitride by 20X and the
Weibull modulus (reliability) dby 100% through
process optimization using statistical
experimental design and analysis. The major
processing parameters investigated include raw
materials, particle sigze distribution (milling),
binder system, injection molding parameters,
devax cycle and sintering cycle. This paper
discusses some of the initisl results of the
program demonstrating the effects of some of the
processing parameters on the flexural strength
of the test bars (MOR).

2. TEST BAR FABRICATION PROCEDURES

Figure 1 is a flow chart showing the major
steps involved in a typical ceramic injection
molding process. Although several raw SijNg
materials are included in the program, the work
described in this paper is limited to GTE SN 502
sizing with 6 wt.X Y304 and 2 wt.Z Al503 as
sintering aids. The as-received SN 502 Si3N,
was air-classified to remove the coarser
fraction of the powder before being mixed with
Y203 and AL203 through milling. Milling time
vwas varied from 8 to 96 hours to produce a range
of particle size distributions (PSD) for
investigation. Steel mill jars with rubber

*Presented at 1985 SAE AEROSPACE TECHNOLOGY conference
and exposition, Oct. 14-17, Long Beach CA
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lining and Si3N; milling medis were used to
minimize contamination. A Leeds and Northrup
Microtrac particle size analyzer was used to
characterize the milled powders.

An ACC proprietary binder system at 15.5
wt? was blended with the milled powder. A sigma
mixer at a controlled temperature, rpm and time
cycle was used to form an injection mix. The
blended material was then pelletized before
being fed into an injection molder. An Arburg,
screw-type injection molder was used in this
program, which has the capability of
temperature and pressure variation. The
material was injection molded into a four
cavity test bar die producing bars nominally
6.1 x 0.73 x 0.37 em (2.4" x 0.291" x 0.146").
The binder was removed from the test bars in a
nitrogen furnace pressurized at 69 kPa (10 psi)
gauge pressure using a proprietary thermal
cycle. Binder removal of more than 99%
complete was normally accomplished.

BINDER/
LUBRICANT
PRECONDITIONING
(MILLING)

A-83837

Figure 1. Injection Molding Process Flow Chart

Sintering of the dewaxed test bars was
carried out in a 690 kPa (100 psi) Nz furnace
using a thermal cycle with a peak temperature
of 1850°C (33629F).

Visual inspection up to 40x under a
binocular microscope was performed on each bar
after injection molding, dewaxing, and
sintering, respectively. Based on the
inspection, a quality grade on a scale of 0 to
S, 0 being the best, was assigned. 1In
addition, conventional x-ray radiographic
inspection was made on the bars after each step
of processing. Weight change of the test bar
at each processing step was also monitored.

The room temperature 4-point flexural
strength (MOR) of sintered test bars was
measured on an Instron testing machine at a
cross head speed of 0.5 mm/min (0.02"/min),

128.

NUMBER OF TEST BARS
S

Figure 2.

3. RESULTS AND DISCUSSIONS

.(a) Baseline Test Bars

The baseline test bars were processed
using the 24 hr milled powder and
injection molded at 77°9C (170°F)
material temperature and 9.6 MPa (1400
psi) injection pressure. The
resulting sintered baseline test bars,
a total of 66, yielded test bars
having surface quality ranging from
grades 0 to 4, with grade 3 being the
most frequent as shown in Figure 2,
The strengths (MOR's) of the bars are
plotted on & Weibull statistic graph,
Figure 3, to obtain the Weibull
modulus (a measure of reliability).
From this plot and a computer program,
the Weibull modulus was determined to
be 7.9 and the average strength was
547 MPa (79.3 ksi). To illustrate the
relationship between test bar surface
quality and strength, the visual
surface quality grade and test bar
serial number are marked next to each
datum point, as shown in Figure 3.
There is a clear trend that the lower
the MOR the higher is the surface
quality grade (i.e. more surface
defects). This observation indicates
that the surface quality is one of the
most important factors in influencing
the strength of test bars under
flexure test conditions, when sample
density, composition and micro-
structure were not intentionally

. varied., It is possible that the
degree of sub surface defects, which
are often found to be the failure
origins under bending, are directly
proportional to the degree of defects
on the surface.

-
N
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g
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[
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©

TEST BAR SURFACE QUALITY GRADE

Distribution of Sintered Test Bars as
a Function of Surface Quality
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g Figure 4, Median Particle Size Resulting
: 10 from Ball Milling
€ the test bars. The output of the
P~ rheometer, mixing torque, correlates
g with the test bar molding behavior.
sl FPigure 5 shows a systematic variation
of the mixing torque output of the
rheometer. The rheometer was operated
under the chosen thermal cycle, as
.lozr-: indicated in the figure, at 60 rpm.
_ It also shows the mixing torque
2 44- g:gnsgs :z::z decreases as the particle size
\WEIéULI. &dOD :79 decreases with increased milling time
CHAR. STRENGTH :84 1 ksi (1).* -Lower material viscosity,
s (AR, STRENGIR = 53.1 ksl indicated by lower mixing torque,
40 BO 60 70 80 100 120 140 results in easier flow in injection
STRESS (ksi) molding. Excessively high and low
. . viscosities have adverse effects on
Figure 3. Weibull Plot on Baseline Bars the molded parts as to be discussed

later.

(b) Milling Time (or Particle Size
Distribution) and Molding Temperature
Effects

GTE SN 502 SijN, plus 6% Y503 and 2%
Al703 vere milled for 8, 24, 48 and 96
hrs to produce a range of particle
distributions. Figure 4 shows the
progressive reduction in particle size
with increased milling time until 48
hrs, beyond which the reduction is
particle size is not clear. The
scatter in particle size at 24 hr
milling time could be due to variation
in as-received SijN,.

TEMPERATURE. C

TORQUE, mg

0 [ S B |
Injection molding mixes prepared from TIME, MIN.
the powders milled for different
length of time vere characterized on a Figure 5. Mixing Temperature Profile and Mixing
Haake torque rheometer. The operating Torque Response for Powders Milled 8,
paraneters (temperature and rpm) were 24, and 48 Hours
chosen to represent the range of
operating conditions used on the *Number designates reference at the end
injection molding machine to fabricate of the paper.

A-83834
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Based on a series of controlled

injection molding experiments, a
molding quality diagram as a function
of molding temperature and powder
milling time (or PSD) is constructed

as shown in Figure 6.

Test bars

molded in the "insufficient fluidity"
region, Figure 6, show severe surface
defects while testbars molded in the
"excess fluidity" region require lower

Figure 6, illustrates that a given
powder, such as the 8 hr milled powder,
can be molded with different quality
depending on the injection condition.
A good quality test bar was made with
the 8 hr milled powder, (Figure 7a) at
99°C (210°F), while a very poor test
bar was molded with the same powder at
77°C (170°F), (Figure 7b). However, a
good test bar can be molded at 77°C

molding pressures which results in (170°F) if a finer PSD powder (24 hr
internal defects (voids). The "good milled powder) is used as shown in
injection" region produces test bars Figure 7c. Figure 8 shows typical

with acceptable surface quality

(grades 0 to 1), with no detectable

internal voids in the as-molded

defects on surface of dewaxed test
bars produced from materials subjected
to 48 or 96 hours of milling. This

condition. type of defect, sink marks, probably
resulted from the excess quantity of
wax (more than required to provide
good as-injected test bars) which,
upon removal, produces unfilled space
(voids) under the surface. The
I7) relatively low temperatures required
©. 100} \® \ 4210w for good injection of 48 to 96 hour
& \ w powders also suggests that excess
2 \ N -2oo§ binder is present.
g o0} \ EXCESS =
g B \ \\ FLUIDITY 4190 § (¢) Sintering Effects
2 N &
e GOOD \\ -180; The defects found on the surface of
© 80} NJNJECTION S as-dewaxed test bars normally remain
g ) N\ © i 11708 but become less prominent upon
3 b ~ S sintering. The surface appearance of
S 70| INSUFFICIENT -5 1 1'€03 test bars #910 and #1068 after
FLUIDITY - s sintering are shown in Figure 9a and
- : , : ~ 150 9b, showing the changes from the
$ N2 24 48 96
MILLING TIME, HOURS A8 appearance of the same bars before
sintering as shown in Figure 7b and
Figure 8. The surface quality grades
Figure 6. Flow Characteristics of Injection and room temperature MOR's of these

Molding Materials as a Function of

Injection Milling Time and
Material Temperature During
Molding

—

a. 8 Hr. Milled Powder 210°F b.
Molding Temperature

Figure 7.

8 Hr. Milled Powder 170°F e.
Molding Temperature

two sintered test bars are also
indicated in Figure 9, again the lower
the surface quality the lower the
strength.

24 Hr. Milled Powder 170°F
Molding Temperature

Photographs of As-Injected Test Bars Showing Effects of Injection Temperature and PSD



Figure 8. Dewaxed Test Bar Made

(a)

(b)

(¢)

(d)

(e)

(f)

With Powder Milled 96 Hours

CONCLUSIONS

The as-sintered room temperature
average strength and Weibull modulus
of a baseline silicon nitride material
are 547 MPa (79.3 ksi) and 7.9,
respectively.

In general the strength of the
baseline test correlates with the
surface quality observed at 40x.

Torque rheometer is an effective tool
to characterize the flow behavior of a
ceramic injection mix and mixing
torque output can be correlated with
injection molding behavior of test
bars.

At a given injection pressure, quality
of injection molded test bars can be
varied by adjusting injection
temperature and powder particle size
distribution.

Additional surface defects appear on
test bars made from powders having very
fine particle size distributioms or
made usipng excess binder.

The mechanical properties of as
sintered injection molded test bars,
strongly depend on processing
parameters such as particle size
distribution, injection molding
parameters, and binder systems.
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APPENDIX B

TASK I1 TEST MATRIX AND
EXPERIMENTAL TEST PLAN (REVISED)
JULY 23, 1985

1. INTRODUCTION

The objective of Task II is to conduct a series of test matrixes to
establish optimized materials and processing parameters to achieve the
initial program goal of improving the test bar properties. Figure B-1
shows the estimated overall schedule for Task II.

The initial two test matrixes, 1lst Iteration, are designed based on
prior experiences and the results obtained in Tasks I and VII. They are
to be completed in the first seven months of this task. Subsequent test
matrixes in the 2nd Iteration, and the optimization experiments, are to
be designed based on the results of the 1st Iteration and the continuing
Task VII studies. At the end of Task II, a set of optimized material/
processing parameters are to be selected for Task III, Optimized MOR Bar
Study, to demonstrate reproducibility and to fabricate test bars for
evaluation at NASA-Lewis.

In figure B-1, the two test matrixes in the 1lst Iteration are termed
Ist and 2nd test matrixes, and the two in the 2nd Iteration are 3rd and
4th test matrixes.

A proposed matrix design and experimental procedures for the 1lst
Iteration are described in this plan. Upon the completion of the 1st
Iteration, a plan for the 2nd Iteration and the parallel optimization
experiments will then be formulated and submitted for approval.

2. SELECTION OF KEY VARIABLES

The fractographic analyses conducted in Tasks I and VII indicated
that surface, subsurface and internal flaws and foreign inclusions were
the major failure origins of the MOR test bars tested. In addition, MOR
test results suggest that strengths of sintered bars are related to test
bar bulk densities and surface quality grades. To improve the strength
‘(both room and high temperature) and reliability of the test bars, it is
gecessary to reduce/eliminate the above-mentioned defects in the test

ars.

Based on prior experience and results obtained in the first nine
months in this program, the following six variables are considered most
important and thus are selected for initial evaluation in the 1st
Iteration in this task. A brief discussion of each of these variables
follows. :
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Raw Materials: It was found in Task VII that the starting raw
material has a strong influence on the processing behavior.

The interaction between starting powder and several of the
processing steps results in parameters which may be optimum for
one material but unsatisfactory for anpther. It is desirable
to ev?}uate more than one material in the test matrix study of
Task II.

Task | baseline powder, GTE SN-502, is not included in the
first iteration of Task II. Lot-to-lot variations, identified
in Tasks I and VII, led to variable results from the same
processing. The version of GTE SN-502 Si3N4 used in Task I is
no longer available.

Two Si3Ng4 materials, Starck H-1 and Denka 9FW, are more consis-
tent in properties, compatible with the injection molding pro-
cess, and available in quantities required for this program.
These two materials are recommended for evaluation in parallel
in the 1st Iteration, Task II, as test Matrix 1 and test Matrix
2, respectively. ‘

Task VII will continue to evaluate/monitor the evolution of GTE
SN-502 Si3Ng4 properties. We will reconsider GTE SN-502 Si3Ng

for future #ask II evaluations when the GTE production process
reproducibly yields a suitable, injection-moldable grade power.

Consolidation Method: A new sinter/HIP cycle has been
developed recently at ACC which produces higher-density parts
than the 0.68 MPa (100 psi) N2 sintering. Therefore, two
levels of consolidation methods, sintering and sinter/HIP, are
included in the test matrix.

Consolidation Environment: Covering SiaNg samples in a high
temperature powder such as SijNg or BN in sintering usually
improves the surface quality of the sintered test bars.

Comparison will be made between with and without powder bed in
iingaring and sinter/HIP. The powder chosen for initial study
s BN.

Mixing (Blending): Some of the internal flaws in the test bars
most 1ikely resulted from nonuniform mixing of the injection
mix. The baseline sigma mixing will be compared with sigma
mixing plus extrusion.

Sintering Aid: To improve the high temperature strength of the
test bars, it is necessary to reduce the sintering aid level.
The results from Task VII suggest that 6% Yp03 + 1% Al03 is a
promising initial candidate for evaluation in comparison with
the baseline 6% Y03 + 2% Al1203.
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) Binder Concentration: The baseline binder still appears to be
an acceptable binder until an improved binder is developed.
However, results from Task VII suggest that a lower binder
content may minimize dewax defects. 15.5% (baseline) and 14.5%
are included in the evaluation.

3.  EXPERIMENTAL DESIGN (1ST ITERATION)

To include all six variables previously mentioned, two five-factor
matrixes will be conducted. One matrix applies to Starck H-1 and the
other to Denka 9FW Si3Ng4. These first two matrixes are identical in
design except that the raw materials used are different.

The matrix design is a half replicate of a 25 fractional factorial
design as shown in figure B-2. A brief discussion of this design
follows:

For an experiment of five factors, each in two levels, the full-
factorial design consists of 32 treatment* combinations (25). In the
first iteration of Task II, (months 1 through 7), only half replicate of
the full design is used. The full matrix is then divided into two blocks
of confounding ABCDE interaction, each block will include 16 treatments,
and the following block of treatment combinations is chosen as the first
jteration of the Task II experiment:

1, ab, ac, bc, ad, bd, cd, abcd, ae, be, ce, abce, de,‘ébde, acde, bcde

The "1" denotes the treatment combination in which every factor is
at its lower level; treatment "ab" represents the higher levels of
factors A and B and the lower level of all other factors; treatment
"abed" is the higher levels of all four factors and so on. These
treatment combinations are indicated in the shaded areas of figure B-1.

By conducting only a half replicate of a factorial design, each
effect will be confused with another effect, that is, the effects occur
in pairs which are termed "aliases". It is imperative to determine the
aliases for any fractional design in order to avoid confusion of
important effects. The alias structure of the fractional factorial
experiment in figure B-1 is shown in table B-1. The symbol "=" in
table B-1 implies "alias with." In table B-1, it is. indicated that all
the main effects and two factor interactions can be evaluated if three
and more factor interactions are negligible. Thirty bars will be tested
in each treatment. It is realized that this is only one sample. To
repeat the experiment to obtain more replications (obtain several
samples) is prohibited by time and budget. However, in the case of
ceramic materials, the within-sample variation is so large compared with

*Treatment is a statistical term referring to a unique combination of
experimental parameters. In the original proposal and elsewhere in this
plan the term “treatment" is used interchangeably with "experiment".
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the variation of between-sample that the repeat sampling is statistically
less important, but the power for detecting differences in the analysis
of variables will be reduced.

An important feature of most industrial experiments is that the
observations are made in sequence, either singly or in sets of a few at a
time, so that the results of one set become available before the next set
need be started, Following this procedure when investigating a number of
factors, even when a full factorial design may ultimately be required,
requires dividing the factorial design into blocks confounding higher
order interactions and dealing with these blocks in succession, examining
each as soon as it is completed.

It may happen that the first block will give all information
required. In this case the other blocks need not be examined. If one or
more of the factors demonstrates a large effect, all further work will be
confined to the more favorable levels of such factors. The experiment is
then redesigned with fewer factors, or, if required, with other factors
to replace the ones dropped as a result of the first trial.

In the Task II experimental design, (1st Iteration, months 1-7), the
factors are investigated at two levels. This does not necessarily
restrict the range over which the factors are examined, because the
experiment in Task II consists of a series of fractional replicates in
which each of the factors are examined at two levels, but not necessarily
at the same two levels in the whole series.

4. TEST BAR FABRICATION AND CHARACTERIZATION

Both in-process and post-process characterizations will be conducted
for each experiment (or treatment) as outlined in figure B-3.

The characterization procedures are somewhat modified from the one
in the proposal based on the experience learned in the first nine months
of the program. Post process characterization now includes high-
temperature MOR testing on a minimum of three test bars from each
experiment.

5.  SCHEDULE - 1ST ITERATION

Figure B-4 is the proposed schedule showing the activities for both
Matrixes 1 and 2 covering the period July 1985 through January 1986.
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TABLE B-1

ALIAS STRUCTURE OF THE HALF REPLICATE OF A 23
FRACTIONAL FACTORIAL DESIGN CONFOUNDING ABCDE

BCE

A = BCDE AD =

B = ACDE BD = ACE
C = ABDE ~ CD = ABE
D = ABCE At = BDC
E = ABCD BE = ACD
AB = CDE CE = ABD
AC = BDE DE = ABC
BD = ADE
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ACC
A/C
AR
BET
BSE
EDX
GTE
GTEC
HIP
IRT
ksi
L/N-
MOR
NASA
PSD
RBSN
RPM
SEM
usp

APPENDIX C
GLOSSARY

AiResearch Casting Company

Air classified

As-received

Brunauer-Emmett-Teller Surface Area Measurement Method
Back scatter electron imaging in SEM

Energy dispersive X-ray analysis

General Telephone and Electronics, Inc.

Garrett Turbine Engine Company

Hot isostatic pressing

IRT Corporation, San Diego, CA

- Thousand pounds per square inch

Leeds and Northrup

Modulus of rupture

National Aeronautics and Space Administration
Particle size distribution

Reaction-Bonded Silicon Nitride

Revolutions per minute

Scanning electron microscope

Ultrasonic probe dispersion time
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