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CERAMIC TECHNOLéGY PROJECT SEMIANNUAL PROGRESS REPORT
FOR APR?L 1992 THROUGH SEPTEMBER 1992

SUMMARY

The Ceramic Techno]ogy Project was originally developed by the
Department of Energy’s Office of Transportation Systems (OTS) in
Conservation and Renewable Energy. This project, part of the 0TS’s
Materials Development Program, was developed to meet the ceramic tech-
nology requirements of the OTS’s automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE), National Aeronautics and Space Administration
(NASA), and Department of Defense (DoD) advanced heat engine programs have
prov1ded evidence that the operation of ceramic parts in high-temperature
engine environments is fea$1b1e However, these programs have also
demonstrated that add1t1oné] research is needed in materials and processing
development, design methodology, and data base and 1ife prediction before
industry will have a sufficient techno]ogy base from which to produce
reliable cost-effective ceham1c engine components commercially.

An assessment of needs was completed, and a five-year project plan was
developed with extensive 1hput from private industry. In July 1990 the
or1g1na1 plan was updated. through the estimated completion of development
in 1993, The objective of‘the project is to develop the industrial
technology base requzred fbr reliable ceramics for application in advanced
automotive heat engines. The prOJect approach includes determining the
mechanisms contro111ng reliability, improving processes for fabricating
existing ceramics, developing new materials with increased reliability, and
testing these materials in simulated engine environments to confirm relia-
bility. A]though this is a generic materials project, the focus is on the
structural ceramics for advanced gas turbine and diesel engines, ceramic
bearings and attachments, and ceramic coatings for thermal barrier and wear
app11cat10ns in these engines. This advanced materials technology is being
developed in parallel and c]ose coordination with the ongoing DOE and
industry proof-of-concept eng1ne development programs. To facilitate the
rapid transfer of this techno]ogy to U.S. industry, the major portion of
the work is being done in the ceramic industry, with technological support
from government 1aboratorles, other industrial laboratories, and
universities.

This project is managéd by ORNL for the Office of Transportat1on
Technologies, Office of Transportat1on Materials, and is closely coordi-
nated with complementary ceramics tasks funded by other DOE offices, NASA,
DoD, and industry. A joint DOE and NASA technical plan has been estab-
lished, with DOE focus on automotive applications and NASA focus on aero-
space applications. A common work breakdown structure (WBS) was developed
to facilitate coordination. The work described in this report is organized
according to the following WBS project elements:




0.0 Project Management and Coordination
1.0 Materials and Processing

1.1 Monolithics

1.2 Ceramic Composites

1.3 Thermal and Wear Coatings
1.4 Joining

2.0 Materials Design Methodology

2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Base and Life Prediction

Structural Qualification
Time-Dependent Behavior

Environmental Effects

Fracture Mechanics

Nondestructive Evaluation Development

W W W W W
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4.0 Technology Transfer
4.1 Technology Transfer
This report includes contributions from all currently active project

participants. The contributions are arranged according to the work
breakdown structure outline.
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0.0 PRO%ECT MANAGEMENT AND COORDINATION
|
|

D. R. Johnson
Oak Ridge National Laboratory

Objective/scope

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






1.0/ MATERIALS AND PROCESSING

INTRODUCTION

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS). It contains four subelements:
(1) Monolithics, (2) Ceramic Composites, (3) Thermal and Wear Coatings, and
(4) Joining. Ceramic research conducted within the Monolithics subelement
current]y includes work activities on low cost S]iN powder, green state
ceramic fabrication, character1zat1on, and dens1f1cat1on, and on struc-
tural, mechanical, and phys1ca] properties of these ceramics. Research
conducted within the Ceramic Composites subelement currently includes
silicon carbide, silicon nitride, and oxide-based composites. Research
conducted in the Thermal and Wear Coatings subelement is currently limited
to oxide-base coatings and involves coating synthesis, characterization,
and determination of the mechanical and physical properties of the
coatings. Research conducted in the Joining subelement currently includes
studies of processes to produce strong, stable joints between zirconia
ceramics and iron-base alloys. As part of an expanded effort to reduce the
cost of ceramic components, a new initiative in cost effective machining
has been started.

A major obJect1ve of the research in the Materials and Processing
project element is to systematically advance the understanding of the
relationships between ceramic raw materials such as powders and reactant
gases, the processing variables involved in producing the ceramic
materials, and the resultant microstructures and physical and mechanical
properties of the ceramic hater1a1s Success in meeting this objective
will provide U.S. companies with new or improved ways for producing
economical, highly reliable ceramic components for advanced heat engines.






1.1 MONOLITHICS

1.1.1 Silicon Carbide

High Temperature Hexoloy SX Silicon Carbide
S. K Lau and G. V. Srinivasan |

o Introduction:

Hexoloy SX has been demonstrated to possess higher toughness and strength than Hexoloy
SA®*[1] Its toughness is about 50% to 100% higher than that of SA and its typical room
temperaturé MOR value ranges between 620-915 MPa (90-133 ksi). Moreover, these are
only preliminary data, it is believed that the mechanical properties can be further improved
via proper optimization of composition, powder selection and processing conditions.

o Scope and Objective:

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

The three major objectives for the current program are as follows: (1) to establish property
database and conduct detailed characterization for the current best SX material, (2) to
improve the processing conditions of that material via a designed experimental method, and
(3) to develop a second generation SX material with improved properties.

o Task 1 Objective: Complete Chéracterization of Generation I SX-SiC Material.
Completed, details reported in lajst semi-annual report.

o  Task 2 Objective: SiC Powder Sélection.
Completed, details reported in la$t semi-annual report.

o Task 5 Objective: Development iof an Improved Dispersion Process.
Completed, details reported in lajst semi-annual report.

o Task 3 Objective: Property Optimization for Generation I SX-SiC

The objective of Task 3 was to loptimize Hexoloy SX-G1 properties through a designed
experiment approach by varying 'the three most influential processing parameters, namely,
the sintering temperature, the post-treatment temperature and the post-treatment pressure.
The upper and lower limits for each of these factors are listed below:

* Hexoloy SA, registered trade mark of Carborundum Company




Sinter Temperature: ST, and ST,
Post-Treat Temperature: PT; and PT,
Post-Treat Pressure: P, and P,

A main factor plus interaction mode! was used to design this series of experiments. The
upper and lower limits of these three factors form a design experiment cube. Totally, there
were 10 sets of experimental conditions, with 8 at the corners of the cube and 2 experiments
at the center of the cube (Fig. 1).

The responses used to monitor these experiments included room temperature MOR and
toughness, MOR and toughness at 1232°C, and dynamic fatigue at 1232°C.

To prepare the test samples, the powder processing technique first chosen was turbomilling
because this process had demonstrated the potential of achieving very high mechanical
properties as reported in Task 5. However, processing reproducibility remained a major
issus. The most difficult part of this process was to overcome the chipping of the grinding
media which resulted in significantly lower density and strength. Alternate approaches to
overcome the chipping problem were evaluated, including the use of sintered SX media and
milling with no or lower amounts of grinding media. However, these initial attempts were
unsuccessful. It was determined that more effort was required to overcome this problem.
Carborundum, therefore, recommended the use of the traditional milling process used in
Task 1 to complete the remaining Task 3 work while an internal Carborundum program was
carried out to define acceptable turbomilling conditions.

With the concurrence of the ORNL technical monitor, A new SX~G1 mix was then prepared.
All the 10 experiments were successfully conducted. The final densities obtained were
between 97.7% to 100.0% T.D. with 6 out of 10 conditions showing densities over 99.3% T.D.

The appropriate mechanical testing and microstructural characterization were then conducted
according to the contract specifications.

The responses as a function of densification conditions are shown in Table 1. The densification
conditions are normalized, i.e., -1 for the lower limit and +1 for the upper limit of the
conditions. There is no significant change in K. for various densification conditions, while
a significant change in RT MOR is evident as a function of densification conditions.

A maximum average MOR at room temperature of 140 ksi was obtained for the processing
conditions of lower sintering temperature, higher post-treatment temperature and pressure.
This strength is 24% higher than that of the previous Task data (113 ksi). It was observed
that the higher MOR at RT also resulted in a higher MOR at 1232°C, Furthermore, no slow
crack growth was evident from dynamic fatigue studies at 1232°C for any of the densification
conditions.

Fractographic observation confirmed that the strength limiting defects are still the silicon
rich "pools". These pools are actually clusters of phases resulting from reactions of yttrium
aluminates with SiC as suggested in Task 1. It appears that the severity of the reaction is
lower at lower sintering temperatures and higher post-treatment pressures,

To better analyze the experimental data, contour plots were also generated. From these figures
(figures 2 10 7), it can be concluded that lower sintering temperature is preferred for achieving
maximum final density and strength. Higher post-treatment temperature and pressure also
yield higher strength. More importantly, the analysis from the designed experiment also
reveal that the optimum post-treatment conditions are in fact falling outside of the
experimental cube implying that the mechanical properties can still be further improved.

Deliverables of 20 MOR bars were then fabricated using the best densification conditions
from the design experiments. However, this first batch of bars yielded a lower than expected
MOR (108 ksi vs. 140 ksi). This may indicate the current process is very susceptable to
minor variations in processing conditions. A new batch of plates were sintered and
post-treated. Satisfactory densities were obtained. The plates have been sent out for machining
into MOR  bars.



) pT2

Over-Pressure, ksi

Post-Treat
Temperature

PT1

ST1 Sintering Temperature ST2

Figure 1. Experimental Design Matrix
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Table !

Task 3 - Experimental Conditions and Mechanical Property Results

Chevron Notch
MOR, ksi Toughness
MPa m!

Sin. PT. PT. PT. SCG*
Temp. | Temp. Pressure Deg:ity RT 1232°C RT Paralgfleter
0 0 0 99.9 128 76 4.9 No SCG
+1 -1 +1 97.7 84 60 5.2 No SCG
-1 +1 -1 99.5 103 66 5.4 No SCG
+1 +1 +1 100.0 124 60 4.9 No SCG
-1 +1 +1 99.9 140 76 4.7 No SCG
0 0 0 99.9 115 72 49 No SCG
-1 -1 +1 99.3 105 62 4.4 No SCG
+1 -1 -1 98.0 79 54 4.6 No SCG
-1 -1 -1 97.7 80 57 43 No SCG
+1 +1 ~1 98.2 84 58 5.5 No SCG

*Stow Crack Growth. No SCG means N is approaching infinity,
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Task 4 Obhjective: Continue Optimization of SX-G1

Prior to the start of Task 4, under a Carborundum in-house sponsored program, efforts to
develop a second generation SX composition (SX-G2) as well as improve the processing
conditions of turbomilling were conducted. Results obtained revealed that although there
were several compositions identified to possess wider processing windows, the SX-Gl
composition developed previously after several years of intensive work still remains the best
one as far as RT and high temperature MORs are concerned. On the other hand, these
internal efforts have also successfully identified appreaches to improve the reproducibility
of the turbomilling process which in tura can be expected to further enhance the mechanical
properties.

Based on these considerations, Carborundum believed that it was not warranted at this point
to conduct the full mechanical property characterization on SX-G2 as outlined in the original
program plan. Instead, the technical approach proposed for Task 4 is to conduct a second
series of design experimenis to further improve the SX-G1 composition using the results
described above and those reported under Task 3. The proposed experimental conditions
are:

Powder Processing Techniques: Improved Turbomilling Process
Sianter Temperature: STg to STy

Post-Treat Temperature: P13 to PT,

Post-Treat Pressure: Ps to Py

The upper and lower limits for each of the furnacing parameters are selected based on the
findings described earlier as well as previous Carborundum in-house research data. For
example, although it has been found that lower sintering temperatures and higher
post-treatment temperatures are preferred, Carborundum in-house daia has showa that below
Ts, SX-G1 cannot be sintered to the minimum density required to achieve >99% posi-treatment
density. This defines the lower temperature limit. While on the other hand, at above T,
excessive silicon pool formation will occur, which defines the upper temperature limit.
Regarding the post-treatment pressure, preliminary in-house data revealed that at or above
P4, the mechanical properties obtained are rather poor. Similar observations on Si3N4 furnacing
indicated that too high a gas pressure could have the effect of "pumping”® gaseous species
into the material microstruciure and retarding the sintering cycle. The upper limit for the
post-treatment pressure has, therefore, been set at Py.

It is estimated that a total of 11 experiments are needed to complete the experimental matrix.
After the evaluation of the resulting mechanical data, including MOR at room temperature
and 1232°C, toughness at room temperature and 1232°C, and dynamic fatigue at 1232°C, the
optimum furnacing conditions will be selected. Two sets of samples will then be fabricated
using these conditions. The {irst set of samples will be characterized for tensile strength and
MOR at room temperature, 1000, 1232 and 1371°C. The slow crack growth and creep
behavior of the optimized (G1 material is not expected to be different from the earlier Gl
material tested for Task 1. Hence experiments involving slow crack growth and creep need
not be conducted again. The second set of samples will be delivered to ORNL for other
detailed evaluation and characterization.

Upon the approval from ORNL for this revision to Task 4, powder processing work for Task
4 was then initiated.

After an initial series of experiments to define the optimum turbomiiling processing conditions,
turbomilling was carried out in several batches at Southern Illinois University to yield 40
pounds of premix. These powder batches were then further processed at Carborundum, The
particle size analysis and BE'T surface area measurements are consistent from batch to batch.
The surface area increased from about 15 sq. m/gm. to about 22 sq. m/gm after this improved
milling process. The powder was then spray dried. Green plates have been pressed and
baked out. The sintering and post-sintering experiments under the new design conditions
are in progress.
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Plan - complete the desxgn experiments, conduct limited mechanical property evaluation
to identify the optimum processing conditions. Prepare samples for full property
characterization. |

Communications/Visits/Travel:
None.
Problems Encountered:

Sensitivity to processing variables has resulted in a lower than expected strength in the test
bars for the deliverables under Task 3. /It is hoped that an enhanced turbomilling procedure
combined with the further optlmlzed process conditions from Task 4 will reduce this
variability.

Publications:

None.
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1.1.2 Silicon Nitride

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

Objective/Scope

Currently, the starting materials in the manufacture of silicon
nitride ceramic components are fine powders. These fine sized powders
tend to form agglomerates due to the van der Waals attractive forces,
For improved reliability in the manufacture of ceramic components, the
agglomerates in the powders should be eliminated since they form
defects. In addition, the powders should have an appropriate range of
size distribution and specific surface area for achieving a near-
theoretical density of the ceramic after densification. These factors
necessitate the use of powder milling as one of the major powder
processing unit operations. Therefore, milling of powders is an
integral unit operation in the manufacture of silicon nitride components
for advanced energy applications. The production and use of these
powders require the wuse of efficient milling techniques and
understanding of characteristics of the milled powders in a given
environment. High energy attrition milling appears to offer significant
advantages over conventional tumbling and vibratory mills.

The major objectives of this project are: 1. establish
repeatability of particle size distribution and other relevant
characteristics of slurries milled in a high energy agitation mill
(HEAM); 2. determine processing and densification chavacteristics of
powders milled in HEAM; and 3. compare properties of powder, and
resulting ceramic obtained by milling in the HEAM vs. vibratory ball
mill in a collaborative project with Norton Company.

Technical Progress

Measurement Ervors: Experiments to evaluate repeatability of milled
powder properties and comparison with vibratory milling have been
initiated, These repeatability experiments have been plamned in

consultation with a statistician. One of the goals of this study is to
estimate various ervors in the characterization of milled powders. For
example, in the determination of particle size distribution, errors due
to measurement and sawpling have to be included in the overall statement
of repeatability. We investigated the measurement error in considerable
detail, in the analysis of milled powders. It turned out to be a non-
trivial issue since equipment limitations and aging of powder in aqueous
environment were major problems. Procedure for the determination of
measurement error consisted of retaining and reusing the same dispersion
over and over. This is not too difficult in the use of Horiba LA-900
particle size analyzer. However, loss of a small fraction of the
particles cannot be ruled out. We have minimized this error by
development a of careful sample collection procedure,
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Additionally, reagglomerat&on of particles in dilute suspension is a
critical issue. Since the procedure calls for reusing the same sample
over a period of one week‘by different operators, no changes to the
sample are to be made. We found that dispersion in the original sample
could not be held stable after the first day. As a result, we were
unable to evaluate measurement error by this procedure. Subsequently,
we have explored the p0551b111ty of obtaining a compound effect which
includes errors due to me%surement and sample. In this method, one
sample of dispersion from a 1.0 g of powder in 20 ml water was prepared
and subsequent subsamples were obtained from it. These data show that
a relative standard deVLadlon for ds; is at 3%, if we eliminate aging
during week-end. ;
Repeatability Experiments: In the meantime, we initiated milling tests
to define repeatability.  The first experiment was completed and
essential data were obta#ned It appears that only 60 minutes of
milling is sufficient to increase the specific surface area from 6 to 9
m?/g. This milling test showed that the mixture of SNE-10, 5 and 3 had
a very low viscosity at 50% V loading, which indicates that the packing
density of the particles is better than that of the SNE-5 and 3 mixture.

The particle size distributlon and specific surface area during milling
exhibited a linear relatiohshlp with milling time. The milled slurry
was cast into 3 in. x 3 1n blocks of approximately 3/8 in. thick.

Initially, we experlenced‘ considerable difficulties in obtaining a
crack-free green body. Dlscu551ons with Dr. Vimal Pujari, Norton
Company, revealed that the gypsum blocks had to be wetted prior to
pouring the slurry for ca$ting Pretreatment of the gypsum block by
wetting for 5 to 10 min. appears to be sufficient to prevent fast drying
at the initial period. The tests conducted in this exercise indicate
that dry gypsum blocks tend to remove water from the slurry at a fast
rate which appears to 1nduce drying cracks due to inhomogeneous draining
of water.

Milled powders containing 4% Y,0; in dry form have been analyzed for
particle size distributionfand specific surface area, and slurries have
been analyzed for pH, conductivity, electrokinetic sonic amplitude
(ESA), and isoelectric pH. | These data have been collected at 0, 20, 32,
50 and 80 min. milling time so that milling kinetics can be evaluated.
The milling kinetics data show that most of the size reduction has taken
place in the first 20 mlndtes indicating that deagglomeration is the
primary mechanism in the ! 1n1t1a1 stages. Since deagglomeration is
accompanied by a signlflqant increase in specific surface area, it
indicates that the agglomerates containing smaller particles in the as-
received powder have undergone deagglomeration. Mechanistically, the
largest agglomerates aré the first to undergo nearly-complete
deagglomeration, followed by the next size smaller particles. Strength
of bond between the prlmary particles in these powders appears to be
strong since application of ultrasonics at 30 watts from 3 min. was not
sufficient to fracture these agglomerates. As a result of such
mechanism which is typical for this powder, we are able to arrive at 8-9
m?/g specific surface area‘within 60 minutes.



18

A comparison of particle size distribution from all five tests indicates
expansion of the repeatability band with the increase of particle size.
In otherwords, at d;; the data are more reproducible than at dgy, where
the subscripts of d stand for percent weight of particles finer than the
stated size in micrometers. In addition, at shorter milling times,
reproducibility is better than at longer milling times. The data are
being analyzed using statistical methods to observe trends. There are
no obvious reason to explain the range of variability. The slurry data
also show some degree of variability in repeatability. The initial pH;,,
at 6.4 + 0.3 of slurry containing silicon nitride powder, water, 1000
ppr polymethacrylate surfactant and 4% yttria remains almost at the same
level even after milling for 80 min., while the specific surface area
changed from 5.8 + 0.3 m?/g to 11.2 + 1.0 w?/g.

A batch of milled slurry from the latest test has been sent to Dr. V. K.
Pujari, Norton-St:, Gobain, for slip casting followed by densification.
The green body showed a higher density than that of slurry produced in
a vibratory mill. Additional milling tests will be conducted based on
the results of this evaluation.

Analysis of Slurry Preparation: The slurry preparation step, involving
mixing of water, dispersant, followed by a slow addition of silicon
nitride powder, was studied in detail using electroacoustic, pH and
conductivity measurements., The slurry preparation procedure involves
the use of a high speed mixer and orderly addition of ammonium hydroxide
(to pH = 9.5 * 0.2), and polymethacrylate dispersant. The silicon
nitride powder addition to this solution is carried out over a period of
30-40 minutes while the mixer is operated at a high speed to keep the
slurry in suspension. Once approximately 30% v/v slurry is prepared,
the slurry is passed through the mill for size reduction. In the first
10 min. of milling, the entire powder is added to reach a slurry density
of 504 v/v. The powder addition is carried out by adding slowly, but
steadily at the same rate throughout the 10 win. The slurry is milled
for an additiomal 11 min. to a total 21 min. when the Y,0; powder is
added within a 2 min. interval. The milling is continued up to a total
of 80 min. Samples are takem at 0, 20, 32, 50 and 80 min. during
milling, and set of analyzed for physical and surface chemical
properties. Table 1 shows a typical data of pH, electrokinetic sonic
amplitude (ESA), conductivity and pH;,,. These data show an excellent
agreement at 80 min., while the agreement of these data is not as good
as one proceeds from 80 min. to 0 min. milling. Therefore, as milling
proceeds for a longer period, the slurry components have a longer time
to become homogenecus. The variation in these parameters jn the initial
stages of milling is primarily due to the lack of homogeneity, different
levels of deagglomeration, and different concentration of powder as a
function of milling time in the slurrxy. It is logical to assume that
the sooner we achieve overall homogeneity during the milling period,
higher the likelihood of getting repeatable slurry parameters. In the
remaining tests, we plan to further tighten the procedure to achieve a
higher level of repeatability.
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Milling of Experimental Powder: At the request of Dr. V. K. Pujari,
Norton-St. Gobain Company, we examined the feasibility of milling -100
mesh silicon nitride powde# produced by their proprietary process.
Using the procedure described above, a 2 kg sample of the powder was
milled in an aqueous environment, and the resulting samples were
analyzed by the measurement pf a slurry properties. This experiment on
milling of slurry containing) 504 v/v powder demonstrate the feasibility
of milling a coarse size powﬁer, In the milling of Ube powders, most of
the size reduction is primarily due to deagglomeration of strongly held
particles. As a result, power consumption in the mill is very small.
However, the new powder; studied contains large particles and
agglomerates exhibiting trimodal size distribution. In addition, the
agglomerates appear to be much stronger. Therefore, the power
consumption in the mill was on the order of 20 amps, which is two times
the power drawn during milllng of Ube powders. The initial trimodal
particle size distribution changed to bimodal and finally to monomodal
within 30 minutes. \

Table 1. Comparison of pH, Conduct1v1ty, ESA and pHy,, of the Milled

Samples

Test No. Samﬁle 0 20 32 50 80
Time Qmin.)

I. pH 41 ‘ 8.2 9.4 9.6 9.5 9.7
42 ' 8.5 8.3 8.4 8.8 8.6
43 | 8.0 7.9 8.2 8.4 8.5
44 ‘ 7.4 8.9 8.9 8.6 8.5
II. ESA 41 5 -0.34 -0.60 -0.44 -0.53 -0.52
42 | -0.45  -0.47 -0.49  -0.47 -0.51
43 | -0.37  -0.50  -0.47 -0.50 -0.49

44 j -0.49  -0.51 -0.52 -0.50 -0.49

I1I. Conductivity 1
41 j 22 54 53 71 83

42 22 59 64 73 85
43 : 22 43 46 52 68

44 i 42 42 46 49 60
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IV. pHy, 641 6.7 6.7 7.1 7.1 6.9
42 6.7 5.8 6.4 6.6 6.4
43 6.2 5.3 6.0 6.1 6.4
44 5.1% 6.4 6.2 6.0 6.3

* Ultrasonicated before pH,,, measurement
Status of Milestones

On target.
Communications/Visits

Dr. V. Pujari, St. Gobain-Norton Company visited NIST in September to
carry out milling test.

Publications
None
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Microwave Sintering of Silicon Nitri
T. N. Tiegs, J. O. Kiggans, P. A Menchhofer, and K. L. Ploetz
(Oak Ridge National Laboratory)

Objective/

The objective of this research element is to identify those aspects of micro-
wave processing of silicon nitride that might (1) accelerate densification, (2) permit
sintering to high density with much lower levels of sintering aids, {3) lower the
sintering temperature, or (4) produce unique microstructures. The investigation of
microstructure development is ‘bemg done on dense silicon nitride materials
annealed in the microwave furnace. The sintering of silicon nitride involves two
approaches. The first approach comprises heating of silicon nitride and sialon
powder compositions in the 2. 45- or 28-GHz units. The second approach deais with
using reaction-bonded silicon nitride as the starting material and is done entirely in
the 2.45-GHz microwave furna‘ce
ical highli |

intered R ion-Bond ilicon Nitri RBSN) - In continuing work on
SRBSN materials, several specimens were fabricated, nitrided, and sintered in the
2.45-GHz microwave furnace. The compositions for these samples are shown in
Table 1. Summaries of the results on nitridation and sintering are shown in Tables 2
and 3, respectively. The conventional processing is done in two separate steps for
nitridation and sintering, whereas the microwave processing is done in one contin-
uous operation. The samples that achieved high densities, >985 % T. D., were
machined into mechanical property test specimens. A summary of the strengths
determined to date is given in Table 4.

Previously, it has been shown that the mechanical properties of the
MWSRBSN are not equal to ceramncs made from the higher-cost powders, but are
appropriate for a number of applications at lower temperatures and stress levels.1
At ambient temperature, typical strength, toughness (K)¢c), and hardness values of
the current materials are 480 MPa, 4.8 MPavm, and 14 GPa, respectively. It would
be desirable to improve both the strength and toughness of the materials.
Consequently, additional samples were fabricated using different processing
procedures and materials to improve these properties. For example, isopropy!
alcohol (IPA) has been substituted for the water in the milling step. This reduces the
oxygen pickup and improves nitridation of the silicon at lower temperatures, thereby
increasing the a-SigN4 content of the compacts prior to high-temperature sintering. 2
This should result in more elongated grain growth and an increased fracture
toughness Use of IPA will also reduce agglomeration of the silicon and decrease
the aging time that was problematic in the previous samples. The newer samples
are also nitrided with approximately 5 vol % He in the Np-Ho atmosphere to further
increase the a-SigN4 content in the compacts.2 Additional compositions are being
fabricated to investigate the effects these will have on densification behavior and
properties. Nominal compositions will include SizN4-9% Y203-3% AloO3 and
SigN4-5% Y203- 2% MgO-3% Alo0s3.
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Table 1. Compositions of sintered reaction-bonded silicon nitride materials.

Material Material
Silicon Mean Additive a-SigN4 cost - ($/Ib) cost - ($/Ib)
purity paricle content@ content as- as-

Sample (wt%) size (um) (wt%) (Wt%) fabricated? sintered®

TM-138 <0.51 3.4 11.5.% 54 4.06 2.90
R.E3

TM-139 < 0.052 4.2 11.5% 55 7.29 517
L32036

aAll compositions contain the same molar content of sintering additives.

bMaterial cost based on purchase price in 10-kg lots. Cost will decease
at larger quantities.

CAssumes a yield of 58% from nitridation of silicon.

1Elkem Metals Co., Buffalo, N.Y.; grade metallurgical Si.

2Elkem Metals Co., Buffalo, N.Y.; grade Si-HQ.

3Molycorp, White Plains, N.Y.; grade 5210, rare-earth mixture
(<1% CeOp).

4Gtarck, Berlin, Germany; grade S1 SigNy4.

5Starck, Berlin, Germany; grade LC-10N SizNa,

8Molycorp, White Plains, N.Y.; grade 5205, >99.9% Laz03.

Table 2. Summary of results on nitridation of reaction-bonded silicon nitride
compositions. Samples were heated to 1480°C in a 24-h period.
Atmosphere was nitrogen-4% hydrogen.

Silicon weight Fraction silicon

Sample Heating type gain (%) reacted (%)
TM-138I, TM-138J Conventional 52.8 81
TM-1394, TM-139K Conventional 48.1 74

TM-139N, TM-1380 Microwave 55.9 86
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Table 3. Summary of densifi¢ation resulits on sintered reaction-bonded silicon
nitride compacts duriing microwave and conventional heating.

‘ Sintering
1 conditions Density {g/cms,
Sample Heating type (°C/h) % T.D.)
TM-138I Convéntional 1800/4 3.06, 91.3
TM-138E, TM-138F Microwave 1800/4 3.18,94.8
TM-139J Convéntional 1800/4 3.20, 95.4
TM-139G, TM-139H Microwave 1800/1 2.92, 86.5

TM-139L, TM-139M  Microwave 1800/2 3.23,96.4

Table 4. Summary of fiexural strength of SRBSN samples.

| Flexural strength (MPa)
Densification

Sample No. technique 25°C 1000°C
TM-138E Microwave 466 + 34 338 £ 52
TM-138F Microwave 422 + 34 325+9

T™-1394 Conventional 415 + 54 269 + 31

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

Specimens of AS-44 silicon nitride from GCC/Allied-Signal have been
annealed. Conditions used were 1600 to 1800°C for times of 210 10 h. The
samples were machined into test specimens and tested for mechanical properties.
Results of the fast fracture strength and fracture toughness are shown in Table 5.
As shown, the stress-rupture behavior at elevated temperatures was significantly
improved over the baseline material. Samples of GN-10 silicon nitride have been
fabricated and microwave annealed. Samples are currently being machined into test
bars. !
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Table 5. Summary of resuits on microwave annealing of GS5-44 silicon nitride.

Microwave exposure Conditions

Properties Baseline 1600°C/HA0 h 1700°C/10 K 1800°C/2h
Flexural Strength (MPa)

25°C 961 =10 9315 210+ 3 831+3
900°C 697 +7 620 + 11 7105 634+9
1100°C 434+ 3 448 + 7 386+ 5 413+ 5
Fracture Toughness

(MPavm) 8.04 £ 0.16 8.05+0.14 8.09+0.14 7.79 £ 0.51
Stress-

Rupture

900°C-413 MPa 0.0h >24 h 421 h 0.01h
900°C-379 MPa 0.3h >24 h >24 h 0.07h

Samples of Norton NT-154 with high a-phase contents have been annealed.
The results are reporied in a following section. A second set of samples was micro-
wave annealed and is currently being machined into test specimens. Additional
samples of Norton NT-154 with high a-phase contents have been annealed,
machined into test specimens, and tested under dynamic fatigue conditions identical
to previous samples. The results are shown in Table €. Another set of samples is
currently ready to be microwave annealed.

Samples of Norton reaction-bonded silicon nitride have been fabricated and
microwave reaction-bonded and sintered. The results are summarizaed in a following
section.
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Status of milestones

All milestones on schedule
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Table 6. Summary of dynamic fatigue results at 1370°C on microwave-
annealed NT-154.

Dynamic fatigue

Sample ‘ eXp?G']ent, a-SizNy4 content {%)
MW8 12.7 16
MW9 | 17.3 4

MW10 | 22.0 23

Communications/visits/Arave]

Travel by T. N. Tiegs td Washington, D.C., on April 9, 1992, to attend the
CTAHE Bi-monthly Project Meetmg A presentanon was made ent:tied "Cost-
Effective Sintered Reaction Bonded Silicon Nitride for Structural Ceramics.”

Travel by T. N. Tiegs frd)m April 12-16, 1992, to Minneapolis, Minnesota, to
attend the American Ceramic Socsety Annual Meeting and present a paper entitled,
"Cost-Effective Sintered Reactlon Bonded Silicon Nitride for Structural Ceramics.”

Travel by J. O. Klggansa from April 27-30, 1992, to San Francisco, California,
to attend the Materials Research Society Fall Meeting and present a paper entitled,
"Characterization of Sintered Reactlon Bonded Silicon Nitride by Microwave
Processing." |

Travel by T. N. Tiegs frém August 11-24, 1992 to Melbourne, Australia, to
attend the Austceram'92 Mee’dng and present a paper entitled, "Smtered Reaction
Bonded Silicon Nitride for Structural Ceramics.”

Travel by J. O. Kaggans from September 21-22, 1992, to West Lafayette,

Indiana, to present a seminar to the Purdue University Graduate Seminar entitled,
"Microwave Processing of Ceramscs

Problems encountered

None
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Publication

J. O. Kiggans and T. N. Tiegs, "Characterization of Sintered Reaction-Bonded
Silicon Nitride by Microwave Processing” to be published in Proceedings of the

Materials Research Society Fall Meeting, San Francisco, California, April 27-30,
1992.

T. N. Tiegs and J. O. Kiggans, "Cost-Effective Sintered Reaction-Bonded
Silicon Nitride for Structural Ceramics” to be published in Ceram. £ng. and Sci.
Proc., American Ceramic Society.
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Development of Microwave Processing of Silicon Nitride Components
for Advanced Heat Engine Applications Reaction Bonded and Sintered
Reaction Bonded Silicon Nitride - C. A. Willkens (Saint-Gobain/Norton
Industrial Ceramics Corporation) |

CRADA No. ORNL 90-0036

Obijective/Scope

Microwave processing offers potential advantages, such as decreased nitriding and sintering
times, nitriding of larger cross-sections and unique microstructures, as compared to traditional
sintering techniques. This CRADA pro;ect will apply Microwave processing technology
developed at ORNL to unfired reactlon bonded silicon nitride (RBSN) and sintered reaction
bonded silicon nitride (SRBSN) materials processed at NRDC. Powder compacts produced at
NRDC will be brought to ORNL for microwave nitriding and sintering studies. The properties of
microwave nitrided and/or sintered smcon nitride will be directly compared against same lot
materials traditionally "fired" at NRDC

Technical Progress

RBSN

Presintered silicon powder tiles wer¢ microwave nitrided at ORNL using the 6 kW, 2.5 GHz
furnace. Three types of silicon, having different particle size distributions, purity and green
density were evaluated. A narrow particle size distribution, having a green density of ~1.45 g/cc
was nitrided using a temperature cycle having a number of different ramp rates, but no
intermediate soaks except for a final 1hr soak at 14400C. Four 2 x 4 x 0.2 inch tiles were
nitrided in a cycle. Figure 1 shows the microwave power output during the cycle. The decrease
at ~1200°C was due to the controller compensating the output due to detection of the reaction
exotherm. Sample temperature is monitored at the tile surface with a thermocouple during the
cycle. One of the four samples had a small region of silicon meltout of the bottom. Otherwise,
the samples looked very uniform after nitriding. A broader, coarser particle size distribution,
having a green density of 1.53 g/cc, was microwave nitrided in a separate cycle. The power
output is shown in Figure 2. This run was smoother than the previous run with only a single
decrease in power to maintain ramp rate. A very smooth ramp rate was maintained throughout
the cycle, even at low temperatures. Again, the samples looked very uniform after nitridation.
Table 1 compares results of the microwave nitrided tiles with the resuits from same lot tiles
nitrided by conventional furnacing at NRDC. The weight gains are very similar. Samples were
machined into bend bars at NRDC and sent to ORNL for mechanical property evaluation.
Microstructural characterization of the baseline, RBSN - Narrow, showed a slightly higher free
silicon level for the microwave nitrided (0.4%) as compared to the traditionally nitrided (0.2%)
The alpha content was similar at 81% for microwave and 83% for traditionally nitrided. The
room temperature bend strengths (MIL-STD -1942A, Sample Size B) were similar, a limited
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number of bars (3) of each have been tested. Testing was on machined surfaces. A higher
purity silicon was used for sample 6120. The iron level of this silicon was 200 ppm as compared
to ~2000 ppm for the above samples The weight gains were similar (Table 1), and both showed
a slight amount of meltout. !

Table 1 - Current RBSN Results

; (%) (%) (%) (MPa)
Sample Nitride Technique | Weight Gain | Alpha | Silicon | RT Strength
RBSN - Narrow | conventional 62.9 83 0.2 194 £ 4
RBSN - Narrow | microwave 63.1 81 0.4 234 + 26
RBSN - Broad conventional 60.0
RBSN - Broad microwave 61.5
RBSN - Pure conventional | 62.7
RBSN - Pure microwave | 61.3

SRBSN:

SRBSN precursor tiles that were cbnventionally nitrided at NRDC were microwave sintered at
ORNL in the 6 kW, 2.5 GHz microwave furnace. One of the compaositions was also nitrided and
sintered in a single microwave cycle. Two compositions were evaluated, SRBSN-A (lower
eutectic) and SRBSN-B (higher eutectic). Both are experimental compositions from NRDC, not
commercial products. Two tiles, 3 x 3 x 0.300 inch, of a given composition were sintered in each
microwave cycle. Sample 6120/7 044, composition B, was nitrided conventionally using two
different final soak temperatures, 1370°C (Sample 6120/7044) and 14400C (Sample
6120/6220). The 1370°C soak temperature resulted in ~5% residual silicon. Table 2 shows the
current results from the SRBSN stpdy Tiles of Composition B, that had no free silicon and also
a lower alpha silicon nitride content after conventional nitriding (6120/6220), did not heat by
microwave at jow temperature (<500°C). Both microwave and conventionally sintered tiles of
7078/7084 showed residual snhcon and microporosity. Failure origins were large grains of silicon,
up to 60 yM, that appeared to have coalesced during sintering. Tiles of 7078, Composition A,
were also supplied for nitriding and sintering in a single microwave cycle. The density of this
sample was slightly lower than the combination of conventional nitriding and microwave
sintering. Figure 3 shows the muorowave power output during the sintering cycle for 6120/7044,
The decrease in power at ~1490°C is thought to be due to formation of the intergranular liquid
phase resulting in dielectric relaxahon Figure 4 shows the output for 7078/7084. The rise in
power starting at ~11009C is due to the increase in temperature ramp rate called for by the
controlier. The decrease at ~12500C is believed due to either nitridation of any residual free
silicon or the formation of the mtefgranular liquid phase resulting in dielectric relaxation. Figure
5 shows the output for 7078/8055 Where nitridation and sintering were done in a single
microwave cycle. Future work will focus on these single-cycie materials using composition A.
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Table 2 - Cuirent SRBSN Results

Sinter (g/cc) (MPa)
Sample Composition | Technique Density RT Strength
6120/7044 B conventional 3.18 4956
6120/7044 B microwave 3.25 460
6120/6220 B conventional 3.19 448
6120/6220 B microwave poor heating
7078/7084 A conventional 3.30 448 + 34
7078/7084 A microwave 3.32 413 £ 62
7078/8055 A microwave 3.25 248

nitride + sinter

Samples were machined into bend bars at NRDC and sent to ORNL for mechanical property
evaluation. Composition 7078/7084 showed full conversion to beta silicon nitride for both
microwave and traditional sintering methods. Polished sections showed the amount of residual
porosity and free silicon was significant, resulting in the relatively low strength and fracture
toughness. Both were nitrided traditionally using a low final scak temperature. The same
composition (7078/8055) was both microwave nitrided and sintered in a single cycle. There was
also a significant amount of residual silicon and porosity. The amount of perosity is related to
the amount of residual silicon and increases going from the outside to the inside of the compact.
A portion of the porosity may in fact be silicon pullouts. The relatively low eutectic temperature
of this composition is likely causing for partial sintering to occur prior to full nitridation.
Composition 6120/7044 microwave had a density of 3.26 g/cc and showed only minor porosity
(~1-2 micron diameter). Preparation of additional samples of Composition 7078 was hindered
due to a hydration problem with one of the sintering additives. This resulied in cracking of the
tiles prior to the presinter step. Additional samples are being prepared using Composition 6120
variations, which will be both microwave nitrided and sintered in the same cycle.

Status of Milestones

On schedule.
Publications

None
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MICROWAVE ANNEALING
R.L.Yeckley(SGNIC), T.N.Tiegs, J.0O.Kiggans, K.L.Ploetz(ORNL)

CRADA No. ORNL 90 - 0037
|

Objective/Scope

The purpose of the annealing triéis is to improve the fracture toughness and creep
resistance of HIP silicon nitride with 4% yttria by promoting growth of elongated grains.

Technical Progress

Earlier microwave experiments at ORNL found that sintered silicon nitrides with retained
alpha silicon nitride would complete transformation during annealing. In addition to the
transformation, significant grain growth occurred with some toughness improvement. In
these same trials, HiP silicon mtrzdes with 100 % B silicon nitride did not show any grain
size changes. Microwave anneahng improve the high temperature deformation
resistance of both materials. Therefore the first series of microwave annealing trials
investigated the changes occurnng to HIP silicon nitride with untransformed alpha silicon
nitride. The alpha content before annealing was 24%. Below a certain annealing
temperature no transformation Was ocbserved as seen in table 1.

Mechanical Properties - Mechanical testing was done with 2 3 mm by 4 mm flexure bar
on a 4-point quarter point fixture w;th an outer span of 40 mm. Toughness was
determined by the indentation fracture procedure. The indent load was 10 kilograms.
All the annealed fracture toughness values are lower than the silicon nitride after HIPing.
The grain boundary crystalllzatnon accounts for part of the toughness decreases. Yitrium
disilicate was not detected in the as HIP material. Yttriia disilicate was present after all
annealing trials. The toughness of MW2, 3, 4, and 7 is typical of as HIP silicon nitride
with yttria disilicate. The lowest toughness were found in annealing trials during which
further o to B transformation accurred. The greater toughness decrease is expected to
be due to a number of factors such as: anneal temperature, time at temperature, extent
of crystailization. ‘

Table 1. Microwave Annea!i Property Summary.

Fracture Toughness 1370 Strength Phase Analysis
D MPam12 ‘ stdev Avg stdev #alpha Y25in07
M¥1 484 I 0018 79 45 03 alpha
M2 558 - 005 10105 125 254 gamma
M3 531 0 947 46 2 alpha
MW4 5.9 019 782 5.1 7 alpha
M5 5.18 P03 801 35 0 alpha
MWO 4.02 0.7 129 65 0 gamma
MW7 55 0.44 941 75 21 gamma
HP 569 009 24 nd.
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The higher 1370° C fast fracture strengths and improved resistance to slow crack
growth are obiained from the lower temperatures within the microwave anneal matrix. In
general, crystallization of the intergranular phase and associated changes to the
microstructure are expected to be the primary factors improving the high temperature
behavior. The stressing rate exponents determined from flexure tests at 1370 are in
Table 2. Testing was done with a 3 mm by 4 mm flexure bar on a 4-point quarier point
fixture with an outer span of 40 mm. The stress exponent for standard NT154 is 16.7.
Only the microwave anneal MW2 showed a significant improvement in the stress
exponent. The MW2 fracture surfaces at the low stressing rates of .001 MPa/s did not
exhibit any apparent slow crack growth. Typically, slow crack growth is observed at
stressing rates of 0.1 MPa/s. MW2 will be duplicated and further analysis is planned {o
verify this experimental point.

Table 2. Slow crack growth exponent at 1370 C.

1370 Dynamic Fatigue
D N
M1 16.8
M2 8.7
MW3 183
M4 25
MWS 133
MWS 139
M7 169

The improved dynamic fatigue behavior of MW2 occurred even though this material still
had 25% « SiaNg4 and a finer grain size than NT154. A two step microwave anneal trial
has been comipleted. The first step at high temperature completes the wto 3
transformation. The second step at the same conditions as MW2 will crystallize the
grain boundary phase. The dynamic fatigue behavior of this material will be compared
to MW2.

Annealing Trals - Improved slow crack growth at 1370 C was measured for one of the
microwave annealing trials completed. No evidence of increased silicon nitride aspect
ratio was observed for any of the annealing conditions. A final set of annealing traiis are
planned. These last annealing trials will focus around the apparent optimum condition
for siow crack growth determined in previous experiments.
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Cost Effective Sintering of Silicon Nitride Ceramics (SIU-C)
D. E. Wittmer (Associate Professor, Southern lllinois University
at Carbondale, Carbondale, L. 62901

Obijective/Scope

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

Technical Highlights

The project research éoals for Phase | are divided into 4 major tasks:

Task 1. Conduct economic comparisons of continuous sintering with
batch sintering.

Task 2. Assess the eﬁfects of heating rate on densification,
microstructure and properties.

Task 3. Determine feésibility of using lower cost Si;N, powders.

Task 4. Determine feejxsibility of using alternate materials and furnace
design to improve load and throughput.

Task 5. Final Report..

Task 1. Conduct ecoanic comparisons of continuous
sintering with bptch sintering.

This task was essentially completed during this reporting period.
Further work was conducted on comparative analyses of the costs involved
with continuous sintering and batch sintering. Different furnace sizes and
constructions were considered which would allow for the sintering of a large
number of parts roughly the size of a small roller cam follower. Additional
refinements of the economic model were made which allowed for variations in
furnace volume and throughput for both the belt and batch furnaces. Also the
cost of the Si,N, powder and processing cost of the part were considered.
Some specific results for different furnace configurations for sintering a 5 gram
Si,N, part are given in Table|l. Assumptions were made of the same process
hours per week and that the scale-up of the batch furnace would reduce the
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yield. A $200/kg processed powder cost was used in determining the actual
part cost, this number could be reduced with the use of lower cost Si;N,
powder and sintering aids and automated shape fabrication. The yield was
used in determining the total Si;N, consumption and is reflected in the overall
cost per part (including powder processing). This model does not allow for
unexpected furnace down-time, annual maintenance, or overheads,

Table I. Sample of Sintering Cost Comparisons for Belt and Batch Furnaces

Belt Furnace ll Batch Furnace
Property BW-36L 6W-361. 12W-72L 6X6X15 12X12X12 | 24X18X36
Tungsten | Double | Graphite Tungsien Graphite Graphite
| Pass
Process !
Hrs Per i 168 168 168 168 168 168
Week
Parts Per
Year 4.44 8.88 17.75 0.8 2.25 12.9
{million)
Yield % l 98 98 a8 a0 70 70
$/Part 0.05 0.03 0.02 0.82 0.18 0.08
Sintering ‘!
$/KG 9.299 6.81 4.51 187.76 36.63 16.17
Sintering l
$/Part
Including 1.07 1.05 1.02 2.03 1.61 1.51
Powder ' ~
Task 2. Assess the effects of heating rate on

densification, microstructure and properties.

As reported previously, several batches of Si;N, containing sintering
aids were processed to uniform green density by processing methods
developed as part of subcontract 19X-SA796C, WBS Element 1.1.1.6
Improved Processing of Ceramics Composites (SIU-C). The processing
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employs turbomilling' for homogenization of the Si,N, powders and sintering
aids, followed by pressure casting, drying, and isopressing. The Si;N,
compositions and formulations prepared inciuded:

- A4Y13--4 wt.% AL, O, (Ceralox), 13 wt.% Y,0, (Starck) and 83 wt.% Si;N,
(2 batches using Starck LC-10 and Ube E-10)

+A4Y13--4 wt.% ALO, (Ceraloxj), 13 wt.% Y,0, (Starck) and 83 wt.% Si;N,
(Ube E-10) containing § wt. % g-Si,N, seed.

- A4Y6--4 wt.% ALO, (Ceralox); 6 wt.% Y,0, (Starck) and 90 wt.% Si;N,
(3 batches using Starck LC-10, Starck LC-128X and Ube E-10)

- A4L6--4 wt.% AL, (Ceralox), 6 wt.% La,0, (Molycorp) and 90 wt.% Si,N, (3
batches using Starck LC-10, Starck LC-128X and Ube E-10)

+A2Y8--2 wt.% Al,O, (Ceralox) 8 wt.% Y,0, (Starck) and 90 wt.% Si;N,
(2 batches using Starck LC-10 and Ube E-10)

+ ABL8--2 wt.% ALO, (Ceralox); 8 wt.% La,0, (Molycorp) and 90 wt.% Si;N,
(2 batches using Starck LC-10, Starck and Ube E-10)

- A4YBLT7-4 Wt.% AL,O, (CeraloX), 6 wt.% Y,0, (Starck) 7 wt.% La,0,
(Molycorp) and 83 wt. % Si;N, (Ube E- 10)

Several of these Si;N, fprmulatlons (in the form of disks approximately
7.5 cm in diameter by 1.5 cm #hick) were sintered in the Centorr Furnaces 6-
BF belt furnace in flowing N, at 1625, 1675, 1725, 1750, 1775, 1800, 1825 and
1850°C for 30 to 90 min,. with poor to excellent density results. Compositions
sintered at 1800° C and above were severely decomposed and reacted with
the Mo boat material. This was anticipated due to the lack of N, over-
pressure to retard the SijN, decomposition. At lower temperatures most of
the compositions smtered W|th very good to excellent results. In order to
eliminated cracking due to thermal shock, it was necessary to run the belt
furnace with the first hot- zone off for compositions with lower sintering aid

additions. 3

' The turbomill is a high shear mixing/grinding apparatus originally developed
by the Bureau of Mines and is presently being manufactured by Noble
Technologies Group, RR 1, B¢x 1208 Ridgewood Drive, Gilmanton, NH 03237
(603) 267-6344 |
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Some disks were selected from the initial sintering runs which produced
relatively high sintered densities. Some of these disks were machined into
standard test bars, while for others the faces were machined to determine the
extent of surface reactions. Table Il shows the results from density

Table ll. Density and Flexural Strength Results for Some
Selected Sintering Trials

Sample [ Compasition Sintering Density Flexural
D Conditions (%TD) Strength
L . (MPa)
T T ‘“’ o
Belt Furnace
9-1 A2Y8-E10 1625/90 min. 3.07 (94%) 880
1st Zone Off
N,
Overpressure
20-5 A4YBL7-E10 1750/240 3.30 (99.1%) 972
min.
Beit Furnace
20-9 A4Y6BL7-E10 | 1625/90 min. | 3.28 {99.4%) a74
1st Zone Off
Belt Furnace
23-6 A4Y13-E10 1625/90 min. | 3.32 (99.5%) 929
5% B-Seed 1st Zone Off
Belt Furnace
24-10 A4Y13-E10 1625/90 min. | 3.32 (99.5%) 918
1st Zone Off
A4Y13-E10 Belt Furnace
23-1 5% B-Seed 1725/90 min. 3.32 (89.5%) 215
Belt Furnace
24-2 A4Y13-E10 1725/90 min. 3.32 (99.5) 1084
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measurements and flexural te#ting for some of the selected disks. As seen in
this table, A4Y13, A4Y13 with p% B-Si;N, seed, and A4Y6L7 were sintered to
near full density with excellent flexural strengths. Also, A2Y8-E10 (Ube E-10
Si;N,) gave excellent flexural strength for only 94% dense material.
Microstructural examination is currently underway on all compositions;
however it is expected that, in order achieve such strength in low density
material, the porosity is very fine and well dispersed (as has been observed in
other continuously sintered SiyN,).

Following the initial sintering trials, additional sintering trials are were
made to observe the sintering rate dependence on temperature for the lower
liquid phase additions. Specifically the A2Y8, A2L8, A4Y6,and A4L6
compositions, using both Starck and Ube Si;N, powders, were sintered in the
Centorr 6-BF belt furnace in the temperature range of 1675 to 1750°C for 30
to 90 min. Typical data for the best sintering runs are given in Table 1.

Best to Date Sintered Densities of Si;N, Compositions Sintered

Table lll.
in the Belt Fumaice
Composition Firing Ten#ip Firing Time | Bulk Density % Theor.
L °C _ min g/cc_r Density |
A4Y6-LC10 1700 : 60 3.116 95.6
A4Y6-L.C12 1725 90 3.212 98.5
A4Y6-E10 1700-1 7Sb 60-80 3.25 99.5
A2Y8-LC10 1750 | 90 2916 89.5
A2Y8-E10 1750 90 3.265 100
A416-LC10 1675 60 3.046 93.4
A4LB-LC12 1700 | 60 3.141 96.4
A4L6-E10 1750 90 3.230 99.1
A2L8-LC10 1750 90 3.030 92.9
A2L8-E10 1725-1 75b 80 3.231 99.1
A4Y13-ASN34 1675—172% 30-80 3.33 100

The disks represented
standard test bars for flexural

in Table il are presently being machined into
strength and fracture toughness measurements.
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As seen in Table lil, ASN-34 Si,N, from Perfermance Ceramic Co. (92%
a-Si;N,, with a surface area of 9.5 m%g and an O, content of 1.8 %) in the
A4Y13 formulation was sintered to 100% of theoretical density in the belt
furnace at 1675-1700° C for 30 to 90 min.

Also as part of this task, several samples of Norton Co. NT-451,
provided by Norton/TRW, Salem, NH, were successfully sintered to greater
than the target density in separate belt furnace runs. The effect of continuous
sintering on the microstructure and properties was examined by Norton/TRW
and found to be comparable to their best batch sintered material.

Due to the success of continuously sintering Si;N, a modification of the
present contract has been granted to continue this task as a milestone for
another year. The concentration will be to generate more data by sintering a
large volume of Si;N, for a specific formulation.

Task 3. Determine feasibility of using lower cost SijN,
powders.

This task was initiated through the use of 3 commercially available Si;N,
powders as part of Task 2. These 3 Si,N, powders have a range of purity and
cost, with the LC-10 being the lower cost and purity and Ube E-10 being the
higher in cost and purity. Formulations prepared from both LC-10 and E-10
were sintered to high densities in the belt furnace, however those prepared
from the £-10 Si;N, had somewhat higher densities for the same sintering
conditions. Several Si;N, powders and a small amount of spherical Si;N,
milling media have been received from Performance Ceramics, Peninsula, OH
for testing. ASN-34, containing 92% «-Si;N, with a surface area of
9.5 m’/g and an O, content of 1.8 %, was processed by the standard
turbomilling and pressure casting methods in the A4Y13 formulation. The
Si;,N, milling media on loan from Performance Ceramics was used during
turbomilling. For & 2 h milling cycle there was no measurable wear on the
media. As reported in the previous task, disks prepared from the A4Y13-
ASN34 mix were sintered in the belt furnace to complete dznsity for a wide
range of temperatures and times.

Additional formulations containing low cost Si;N, powders from
Performance Ceramics Co. and low cost Lanthana concentrate from Molycorp
were prepared in a A2Y4La 4 formulation. The slurries tended to gel at fairly
low solids content and produced very low as-cast green densities. The
sintered density of these disks was on the order of 75 to 80% of theoretical at
1700°C.

As part of the contract extension, this task will also be continued.



a1

Task 4. Determine feasiti)ifity of using alternate materials and
furnace design to improve loading and throughput.

|

This task was completed during this reporting period. Initially the use
of alternate construction materials and design of the belt were investigated to
improve the loading and partithroughput, The impact of improving the
loading and throughput on the per part cost were incorporated as part of the
input in the economic modelling in Task 1. A change in the belt design was
tested which allowed for at Ieést double the load capacity of the previous
design. In addition, alternate setter and crucible materials were investigated
as a means of improving heating uniformity and reducing the reactions
between the Si;N, parts and the setter. These modifications were tested
successfully in Task 2. !

Also, the construction materials for the furnace elements and belt are a
major issue in determining both the load capacity and operating costs for a
continuous sintering furnace. Several options have been considered which
need to be addressed by further research.

Contract Modification

Due to the demonstrated potential of continuous sintering for
compositions with reduced smtermg aids, additional funding was requested for
the following tasks: 1) refine economlc model and design for a chosen
furnace, 2) continue the evaluation of sintering parameters on properties of
selected Si,N, composition, 3) continue evaluation of low cost Si,N, powders.

Given the success of this additional research, it is anticipated that
Phase Il would involve the de‘sign construction and testing of a pilot scale belt
furnace with improved load beanng capacity for specific heat engine
component, 3) sintering of parts provided by industrial partner(s) and 4)
continued evaluation of sintering parameters on properties of selected Si,N,
composition, and Phase Il would involve conducting pilot scale production of
heat engine components, and the assessment of properties, production yields
and manufacturing costs related to continuous sintering of actual heat engine
component(s). |
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Status of Milestones

1. Conduct economic comparisons of continuous Completed
sintering with batch sintering.

2. Assess the effects of heating rate on On Schedule
densification, microstructure and properties.

3. Determine feasibility of using lower cost On Schedule
Si;N, powders.

4, Determine feasibility of using alternate materials Completed
and furnace design to improve load and throughput.

5. Final Report On Schedule

Publications
None

Presentations

None
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R Foley, A. K. Garg, N.l. Paille,

P. J. Pelletier, L.C. Sales, C. A Willkens, R. L. Yeckley (Norton Company)

OBJECTIVE/SCOPE

The goals of the program are to develop and demonstrate significant
improvements in processing methods, process controls, and
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and fractography data were generated to establish the nature of failure
precursors for guidance on the process improvements necessary for
strength and reliability enhancement in subsequent iterations.

From the strength and fractography data generated during the latter
part of Stage Il, HIP parameters, post-machining treatment and machining
related flaws were found to be significant. Therefore, controlled
experiments were designed to reevaluate the HIP and post-machining
treatments and to optimize the machining process to a level sufficient for
the current study, as described below:

i) Evaluation of HIP and Post-Machining Treatments

Specimens from lteration AC were tested to confirm the
optimized HIP cycle and post-machining heat treatment, Fast
fracture tensile strength data for 36 room temperature and 8 high
temperature (1370°C) tests are summarized in Tables 1 and 2.
Specimens were processed with either the standard or optimized
HIP cycle and either with no post-machining heat treatment or with a
modification of the previously optimized treatment.

The room temperature data clearly show that the optimized
HIP cycle produces higher strength specimens (830 vs. 702 MPa)
than the standard cycle. The modified heat treatment degrades
strength (630 vs. 702 MPa, 678 vs. 830 MPa), contrary to the
strength enhancement found with the optimized heat treatment. The
data also suggests a high temperature strength degradation (348 vs.
379 MPa) attributable to the modified heat treatment. These results
validate the optimized HIP cycle and post-machining heat treatment
as SOP (Standard Operating Procedure) for Stage Il process
demonstration.

Table 1: Room Temperature Tensile Strength -lteration AC
Heat Average Standard Number
HIP | Treatment Strength Deviation Specimens
(MPa) (MPa)
Std None 702 95 17
Std Mod 630 24 4
Opt None 830 98 10
Opt Mod 678 101 5
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Table 2: 137Q°Q Tensile Strength - iteration AG

Heat Average Standard Number
HIP Treatment Strength Deviation Specimens
i - (MPa) (MPa)
Std None 368 54 2
Std Mod - 372 44 2
Opt None . 379 99 2
Opt Mod . 348 10 2
ii) Machining Process Optimization

Four distinct machining procedures were evaluated for their
influence on tensile strength. Specimens from lteration AA (mill
Batch CO28) were used in the study. Consistent with the focus on
machining damage effects, the specimens were not given heat
treatments for the purpose of this study. A total of 72 specimens
from 3 HiP runs were machined and tested in the study.

Customary practice expresses surface finish specification in
terms of the average roughness R,. Early Stage !l work resuited in
a reduction of the R, spec from 16 uin (0.4 um) to 10 uin at the
buitonhead racius and to 8 uin along the gage length. The current
study maintained these R, specs bul varied the rough grinding
procedure. The four procedures considered differed according to
intermediate grinding sieps, diamond wheel type and depths of cut.
On the basis of the grinding parameters employed, the machining
procedures would be ranked according to operational precision from
#1 10 #4, with #4 being the most precise procedure.

In spite of the major differences in operational precision, the
resultant tensile strength data showed no statistically significant
dependeme on procedure, Figure 1, even though Ry (maximum
peak to valley) Ta!ysuﬁ surface finish values were significantly
higher for procedures #1 and #2 when compared to precedures #3
and #4. |

The mean strengths found in this study are consistent with the
900 MPa room temperalure target, given the absence of strength
enhancing heat treatment. Therefore the primary consideration in
choosing a machining procedure for Stage Il was attaining a
minimum variability of strength and high Weibull modulus. Table 3
lists the mean and standard deviation found for each procedure.
Since procedure #1 had the smallest standard deviation, it was
chosen as SOP for Stage i1l demonstration.
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|
Table 3: Macbining Procedure Strength Data
\

Procedure Mean§ Standard Deviation Count
1 812.5 18.4 31
2 767.0 34.7 10
3 847.3 30.2 14
4 845.0 42.5 9

iii) Fabrication of MJLP (Machined from Large Piece) Specimens

Fabricability of the 50 mm diameter MLP specimen using the
colloidal consolidation techmque was demonstrated during the
reporting period. These specimens were also fully densified using
the HIP process. To examine the uniformity through the cross-
section, MOR bars (3 x 4 x 50 mm) were machined from various
sections of the specimen for room temperature and 1370°C fast
fracture flexure strength and fracture toughness (4-point indentation
strength) measurements.

The fast fracture flexure strength data are presented in a
Weibull plot in Figure 3 Room temperature tests were performed
on a group of specimens which were oxidized and on a group given
no heat treatment. Similar to previous experience in testing NSF
tensile bars, the oxidation treatment was found to enhance the
characteristic strength, but diminish the Weibull modulus: (1018
MPa, 12) vs. (873 MPa, 24). Excellent 1370°C strength was
measured (660 MPa, 46) especially in view of the fact that these
specimens ware not given a post-HIP crystallization heat treatment,
Seven fracture toughness tests were performed and these provided
an average toughness of 6.8 + 0.36 MPavm..

Stage |l Demonstration Set Fabrlcat:on and Testing

Large scale productlon of NCX-5102 net shape formed buttonhead
tensile bars using SOP estabhshed in Stage Il commenced during the
reporting period for demonstratlon of the optimized aqueous processing
methodology. This demonstration will conclude by November 30, 1992. A
minimum of 300 room temperature fast fracture tests will be conducted to
establish the strength distribution associated with the optimized
methodology. A minimum of 25 specimens will be tested to establish
elevated temperature fast fracture strengh (1370°C) and stress rupture
(1230°C) properties. w

In this section, currentw issues and data related to the demonstration
effort are discussed. All reqmred tensile bars have been processed
through the steps of milling, ‘castmg and HIP densification and are being
machined and tensile tested jas per schedule. Details of Stage |li
processing activities are summarlzed below:
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i) Powder Milling

Six 30 kg batches (CO34 - CO40) were prepared using the
closed loop aqueous milling procedure. Using establishsd SPC, the
required physical and chemical properties of the powder
suspensions have been assured. Amongst various characterization
techniques, the casting rate of the suspension is measured to
establish its suitability for cast density uniformity. An upper control
limit (UCL) has been established for the slope of the thickness
squared vs time curve in casting trials using puck shaped samples.
As discussed below and indicated in Figure 4, batches C0O34 - C0O36
were found unsuitable for casting.

In the early stages of the Stage Il activities, a new lot of
powder (Lot E) was found to be significantly different than previous
lots (Lots A,B,C,D). Lot E powder showed a measurably higher
isoelectric point (IEP) thus affecting dispersion and casting rate.

Lot E powder after milling showed decreased casting performance in
regard to cast density. Only part of this decrease was attributable
to & narrower particle size distribution, primarily due to a finer EC3.
Samples of milled powder, with yttria, prepared using Lot D and Lot
E silicon nitride were sent to Dr. Subhas Malghan at NIST for
measurement of the isoelectric point using the Matec ESA 800C0.
The Lot E powders gave a higher isoelectric point than the Lot D
powder. Samples of only the starting silicon nitride powder were
then measured at Matec in Hopkinton, MA on the Matec ESA 8000,
The raw E03 and E10 powder also showed a trend of decreased 1EP
for Lot D as compared to Lot E. Using our PenKem System 7000
Acoustophoretic Titrator (PenKem, Bedford Hills, NY), these relative
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ditferences were confirmed. Various conditioning treatments were
evaluated for adjusting the surface chemistry of the powder, and
shown to be successful by the PenKem 7000. FTIR analysis using a
Nicolet 510P, diffuse reflectance, confirmed the effectiveness of the
conditioning treatments on controllmg the surface groups. These
treatments were then introduced for preparing small batches, and
were shown to be effective in drastically improving the casting
behavior as compared to the untreated Lot E Ube silicon nitride
powder. Large batches (C0O34 and CO35) were then prepared using
one of these treatments. Only partial improvement in casting
behavior was obtained, and this correlated well with the isoelectric
point. Apparently this partlcular conditioning treatment did not
scale-up well. Adjustments to the milling process (CO36) resulted in
additional improvements (decreased isoelectric peint) but did not
meet prior casting results with Lot D. Pre-shipment samples of Lot
F powders were received and measured by Sedigraph and PenKem
7000. These Ube lots were shown to have preferred particle size
distribution and isoelectric point as compared to Lot E. Iteration
batches CO37 through C0O40 were processed with the new Lot F
silicon nitride powder. The casting results were the best to date,
even compared to Lot D. The final size distribution and isoelectric
point correlated nicely with the improved casting performance. As a
consequence of this experience, specification for isoelectric point
has been added for qualification of incoming powder and milled
slurry.
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i) Casting

The milled aqueous suspensions mentioned above were
processed through closed loop, computer controlled casting
equipment. A programmed pressure profile was designed and
applied automaticaily to assure reproducibility of casting. From
each milled batch approximately 120 NSF bars were cast. Cast
weight and green density were monitored as SPC parameters.

iii) Densification

The cast bars are densified using a glass encapsulated HIP
process optimized during Stage |l of this processing program. The
HIP process was optimized to achieve fracture toughness in the 6.2
- 6.5 MPavim range and greater than 90% yield.

A lower control limit of 99.5% theoretical density (3.23 g/cc)
has been set for the HIP operation. Density values for aver 400
acceptable Stage Il tensile rods are plotted in Figure 5.

iv) Mschanical Testing

The inspection and testing of Stage Il net shape formed
buttonhead tensile bars are being carried out following the
procedure outlined in the flow diagram of Figure 6. Briefly this
involves measurements for dimensional tolerances and surface
finish, NDE for volume and surface flaws, loading to fast fracture at
a 60 MPa/sec rate using Instron buttonhead supergrips, optical and
SEM fractography and finally, analysis of the strength, NDE and
fractography data.

To date, 409 tensile rods have been qualified through the HIP
operation for machining. Approximately 40 rods per week are being
machined until the end of October. As of September 30, a total of
101 room temperature tensile tests had been completed. Of these,
89 were successful gage section fractures. The remaining rods
fractured either in the transitron region (5), shanks (5) or
buttonheads (2). Elevated temperature testing, (fast fracture and
stress rupture) is scheduled for October and November. SEM
fractography of the 82 gage failures has been completed,
Preiiminary analysis of the strength, NDE and fractography data is
being pursued.

V. Non Destructive Evaluation

a. Microfocus X-ray

Radiography is being employed at various points of the
process for detection of contaminants in the raw material and
slip and for detection of defects in the green and final
machined specimens. During the reporting periced, this in-
process inspection technique was instrumental in detecting an
air leak in the casting system. A sudden rise in radiographic
void indications led to the discovery of a leak which was
causing air entrapment voids in the cast specimens.
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Correciive actions were completed after only a minor
interruption in the casting process.

MFX was also used to evaluate the effect of chemical
treatment of the plaster of Paris molds on the low density
region that develops at the filtration surface. The study was
pursued as part of the Lot E powder evaluation discussed
above., Radiographs of tensile rod cross sections clearly
established that the treatment substantially reduces the depth
of penetration of this low density zone (from 1.2 to 0.3 mm).

The machined and ready to test tensile bars have also
been examined for volume flaws by MFX. Of the 148 bars
examined so far, six were found to contain high density
inclusions suspected to be iniroduced from the mold material.

. Ultrasonics

A set of 13 machined NSF bars from Iteration AE were
examined for volume flaws (using 100 MHZ toric transducer)
and surface/sub-surface machining flaws (using focused 100
MHZ spherical transducer in surface wave mode).

The specific toric transducer used in this study scanned
an annuler region between 1.5 and 2.5 mm below the surface.
No detectable flaws were found in the gage section of the
bars. Two other toric transducers are required to scan the
remaining volume of the gage section. So far several
unsuccessful attempts have been made to fabricate these two
transducers. The fragile nature of PVDF transducer material
resulted in premature cracking during stretching and casting
operations of the PVDF fiims.

Surface and sub-surface machining flaws were
examined using the surface wave imaging procedure
described in the February-March 1992 bi-monthly report.
Machining scratches and surface pits above the 40 um
detection limit were clearly observed in the C-scans of some
of the bars. C-scans of two separate specimens are shown in
Figure 7. The vertical direction in those C-scans represents
the "unwrapped" cylindrica! surface of the bars. This
evaiuation procedure will be utilized on a select basis for
Stage !l NSF bar QA.

C. NMR Specirascopy

NMR has been utilized by Dr. R, Botto at Argonne
National Laboratery to obtain fundamental suspension
characterization data to compliment standard measurements
such as pH, viscosity, |IEP, zeta potential and casting rate.
During this period, tests were conducted to establish
adsorption isotherms of 40% Si;N, stock slurries prepared
with two different surfactants, S-1 and S-2.

A standard NMR method for monitoring adsorption of
surfactant on the surface of the ceramic powder was
developed previously. This method involves standardization
of integrated signal intensity from methyl protons in a
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b) Specimen with a dominant surface defect

Figure 7: UT C-scans Sf "unwrapped” gage surfaces



54

standard solution of the surfactant against the signal from an
analytically prepared aqueous NMR reference standard. The
NMR reference chosen was 3-(trimethyisilyl) propionic -2,2,3-
d, acid, sodium salt (TSP).

Subsequently, this method was found to be suatable for
monitoring the adsorption of the surfactant S-2. The 'H NMR
of surfactant S-2 exhibits an intense, well resolved 'H NMR
sugnal necessary for quantitation in D O solution. However
the 'H NMR spectrum of S-1 in D,0 lacked such an intense
characteristic NMR signal. The overlappmg 'H frequencies
reduce the resolution and signal intensity in the NMR
spectrum of surfactant S-1 severely, this rendering 'H NMR
spectroscopy unsuitable for monitoring the adsorption of the
type S1 surfactant.

The adsorption of surfactant §-2 in a D,0O slurry of Si;N,
(containing 37.5 wt% solids) was measured as a function of
time at two initial concentrations. Within experimental error,
no adsorption of surfactant S-2 was observed over a period of
eight days at either the 1 wt% or 0.1 wt% initial level. At this
point the expenment was terminated.

The water 'H NMR relaxation times T, and T, were
previously observed to change as the Si;N, slurry aged
Clearly, liquid-solid interfacial changes must be occuiring as a
function of time. The initial surfactant concentrations in this
preliminary study were substantially higher than those
typically used in investigations of this type. Perhaps
adsorption equilibrium was reached quickly and/or the initial
surfactant concentrations used were too high to observe
changes in signal intensity with adsorption of the surfactant.
Therefore, the experiment will be repeated using initial -2
levels in the range of 0.01 wt% to 0.001 wt%. When a
suitable initial concentration level has been determined, the
adsorption of surfactant $-2 will be monitored as a function of
time, and the adsorption isotherm of surfactant S-2 in a 40%
Si;N, slurry will be determined.

Status of Milestones

All milestones are on schedule. Key milestone #114108 - "Complete
Factorial Design Experiments for Process Optimization" completed on
schedule April 30, 1992.

Publications

1. "NMRS Characterization of Ceramic Slurry for Pressure Casting",
A.K. Garg, V.K. Pujari, D. French and R. Botto was presented at the
ACS Annual Meeting in Minneapolis, MN, April 15, 1992 by A.K.
Garg.

2. "Green Microstructure Control in the Colloidal Consolidation of
Silicon Nitride", was presented by V.K. Pujari at the 23rd Annual
Meeting of the Fine Particle Society/Symposium on Ceramics, Las
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Vegas, Nevada, July 16, 1992.
|

"An Investigation of Résidual Stresses in Machined Silicon Nitride",
D.J. Snoha and M.R. Foley, Army Materials Technology Laboratory
TR 92-46, July 1992, j

"Processing Methodology for the Production of Reliable High
Strength Silicon Nitride" by V.K. Pujari et.al. was submitted August
25, 1992 for Preprints of Automotive Technology Development CCM,
November 2-5, 1992.

“In-Process Inspection and Control for High Reliability Si3N4" was
presented by D.M. Tracey at the DoE/ORNL Advanced Ceramic
Manufacturing Workshop, Washington, D.C., September 22, 1992.

"High Strength Silicon Nitride Production Through Advanced
Processing", by D.M. Tracey, V.K. Pujari, M.R. Foley, L.C. Sales
and P.J. Pelletier has been accepted for presentation at the MRS
fall meeting, Boston, MA, Nov. 30 - Dec. 4, 1992.

"Microstructural Develﬁopment of HIP'ed SiaNa With 4% Y203" by
R.L. Yeckley and M.J. Mangaudis has been scheduled as a poster
paper at the MRS fall meeting, Boston, MA, Nov. 30 - Dec. 4, 1992.

"Process Control Methods in the Consolidation of Highly
Concentrated Suspensions”, V.K. Pujari, L.C. Sales, and N.I. Paille
has been scheduled as a poster paper at the MRS fall meeting,
Boston, MA, Nov. 30 - Dec 4, 1992.



Improved Processing
S. D. Nunn, O. Q. Omatete, C. A. Walls, N. Beall, and K. L. Piveiz
(Oak Ridge National Laboratory)

Objective/scope

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

Technical highliahts

1. Silicon Nitride Geleasting

Several silicon nitride compositions were prepared using iwo of the new gelcasting
systems that are being evaluated as lower-toxicity replacerments for acrylamide. The
two systems are: methacrylamide monomer (MAM) with pclyethylene glycol
dimethacrylate (PEG1000DMA) crosslinking agent and MAM with methylene
bisacrylamide (MBAM) crosslinker. The compositions that were prepared are shown
in Table 1. Al of the compositions contained UBE SigN,, either grade £-10 (0.2 pm
average particle size) or a blend of grades £-032 {1.0 pm), EGP(0.7 m), and E-10. In
addition, oxides were added as sintering aids.

The compositions prepared in the MAM/PEG system contained silicon nitride
powder pius & wit % yllria and 4 wt % alumina as sintering aids. It was found that a
slip containing 45 vol % ceramic was too viscous to allow adeguate deairing when
UBE E-10 silicon nitride was used (batch 1). In generai, it is more difficull to
disperse fine powders such as the E-10 silicon nitride, which resulis in a high
viscosity slip. Batch 2, having the sarne composition but prepared using a blend of
UBE silicon nitride grades E-10 (10 wt %), ESP (8C wt %), and £-03 (60 wt %), had a
low viscosity and was easily deaired and cast. No air bubbles were observed in the
cast parts after they were removed from the molids. Samples cast from this batch
had a green density of 1.7 g/em® (53% theoretical) zfter diying. The sampies were
fired at 1750°C for 4 h under 1 atm of nitrogen, and the sintered density was 96% of
the theoretical density.

Several silicon nitride batches were gelcast using the MAM/MBAM system. These
compaositions are also shown in Table 1. The baiches contained 45 vol % ceramic
and were prepared with varicus sintering aids and either UBE £-10 silicon nitride or
a blend of UBE silicon nitride grades E-10, £8P, and E-03. The baiches were mixed
using a turbo mill to produce low-viscosity siuiries which were cast and gelled.

Samples prepared with UBE E-10 containing 8.5 wi % La,0; and 2.0 wt % ALLO,
(batches 3 and 4) were fired at 1750°C for 4 h and at 1800°C for 5 h. The density
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Table 1. Gelcast silicon nitride batch compositions

Batch Gelcast SizN, Weight %
number system grade”  SigN, Y0, La,0, ALO, SiO,
MAM/PEG E10 9000 60 40
2 MAM/PEG E03  54.00 6.0 4.0
ESP  27.00
E-10 9.00
3 MAM/MBAM E-10 8950 85 20
MAM/MBAM E{0  89.50 85 20
5 MAM/MBAM E03 5370 85 20
ESP 2685
E-10 8.95
6  MAM/MBAM E-10  91.80 7.4 0.8
7 MAM/MBAM E-10  91.80 7.4 0.8
8 MAM/MBAM E-10  91.80 7.4 0.8
9

MAM/MBAM  E-10 92.00 6.0 2.0

*UBE Industries, Grades E-10, ESP, and E-03.

of the samples from the 1?50°C firing was 97%, while those fired at 1800°C had a
density of 98%, as summarized in Table 2. Gas-pressure sintering (GPS) of this
composition did not significantly increase the density.

|

Fired ceramics from batch% 4 were machined into modulus of rupture (MOR) bars
and tested in 4-point bending for flexural strength. The samples fired at 1750°C
had a strength of 580 + 129 MPa; those fired at 1800°C had a strength of 574 +
120 MPa. While these strengths are respectable for sintered silicon nitride, the
standard deviations are quite high. Examination of the fracture surfaces revealed
that the low-strength samples failed at internal pores, which appeared to have been
formed by trapped air bubbles These pores were much finer than those that have
been observed in the past but were still serious, strength-limiting defects.

A similar composition (batch 5) prepared using a blend of UBE grades, as in
batch 2, sintered to only 91% density when fired conventionally and 94% when
gas-pressure sintered. Whlle the blend resulted in a very fiuid and easily cast slip,
the large fraction of relatlvely coarse silicon nitride particles appears to strongly
inhibit densification. ‘
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Table 2. Gelcast silicon nitride property measurements

Batch Firing Temp. Time Pressure Density Densitly Strength Toughness
number  method” <) {h) {psi) (glce) (%) (MPa) (MPavm)
2 Conv. 1750 4 15 312 96.0
3 Conv. 1750 4 15 3.25 96.9
3 Conv., 1800 5 15 3.28 98.0
3 GFS 1850 2 100
1800 1 2300 3.29 98.3
4 Conv. 1750 4 15 3.25 96.9 580 + 129
4 Conv. 1800 5 15 3.28 97.9 574 + 120
5 Conv. 1750 4 15 3.06 1.3
5 Conv. 1800 5 15 2.80 83.7
5 GPS 1850 2 100
1900 1 300 3.16 94.4
8 Conv. 1800 5 15 2.83 86.0
& GPS 1850 2 100
1900 1 300 3.28 99.6
7 Conwv. 1800 5 18 2.48 75.4
7 GPS 1850 2 100
1800 1 300 3.26 99.0 338 + &1 3.85 :+ 019
8 GPS 1850 2 100
1200 1 300 3.22 97.7
9 GPS 1850 2 100
1900 1 300 3.23 99.2 673 + 76 7.05 + 0.06

*Samples were fired conventionally (1 atm N,) or by a two-step gas-pressure sintering method.

MAM/MBAM compositions containing La,0, and Si0, as sintering aids (batches 8,
7, and 8) were difficult to sinter conventionally but achieved very high densities
(98 to 100%) by GPS. However, the mechanical properties (measured on
gas-pressure sintered batch 7) were poor. As shown in Table 2, the fracture
strength was only 340 MPa. The fracture toughness, measured by the controlied
surface flaw method, was about 3.9 MPaym. These samples are being examined

for microstructural features, which may explain the cause of the low strength and
toughness.

Batch 9, which used the MAM/MBAM gelcasting chemistry and contained yitria and
alumina sintering aids, reached high density by GPS and had very good mechanical
properties. The density was greater than 99%, the average fracture strength was
674 MPa, and the fracture toughness was about 7.0 MPav/m. These samples are

also being examined to characterize the microstructure and to determine the
fracture origins.

Evaluation of these new gelcasting systems and modifications to improve the
gelcasting process will continue.
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2. Sintered Reaction Bonded Silicon Nitride (SRBSN) Gelcasting

The gelcasting of Si for forming SRBSN parts is being evaluated in the MAM/MBAM
gelcasting systems. The initiai attempts at preparing gelcast batches have been
unsuccessfui due to the reactivity of Si metal in the aqueous slurry. Pretreatment of
the Si powder by aging in water at room and at elevated temperatures, oxidizing in
air at 800°C, and partlally nitriding the powder at 1200°C are methods that have
been tried {o passivate the powder surface and reduce reactivity. Thus far, these
efforts have been unsuccessful.

In addition, batches have been prepared using isopropy! alcohol or a mixture of
alcohol and water to reduce gas evolution at the Si surface. While this methed
helped during the milling process, gas formation was observed when the catalyst
and the accelerator were added to the batch prior to casting. Further efforts will be
required to determine the best possible processing conditions for preparing gelcast
silicon.

3. Alumina Gelcasting ‘
An alumina batch was prépared and gelcast using the MAM/MBAM system. The
alumina powder used was Reynolds RCHP DBM with 0.05 wt % MgO, which is a
sinterable grade of alumina having an average particle size of less than 0.5 um. The
solids loading in the gelcast slurry was 60 vol %. The mixture had a low viscosity
and was easily cast and deaired. The resulting tiles were sintered at 1500°C for 4 h
and reached a density of 3.95 g/cm® (99.3%). MOR bars were cut from the samples
for flexure strength testing. The bend strength was 527 + 160 MPa. This compares
very favorably with typical values of 300 to 450 MPa for dense, high-purity alumina.
The standard deviation was quite high, and examination of the fracture surfaces
revealed that the low-strength samples failed at regions of inhomogeneity, which
may have resulted from poor mixing or nonuniform gelation. No evidence was
observed of pores resulting from trapped air bubbles in the gelled material.

4. Alternate Gelcasting System‘é - Gel Characterization

Several alternative low—tox;cny geicast’ﬁg systems are being evaluated to replace the
neurotoxic acrylamide system Two, in particular, the MAM-PEG and the
MAM-MBAM systems, have shown excellent promise as replacements for the
acrylamide system. However, during the initial investigation of the gelation process,
there is a need to characterize the gel in order to determine the physical properties
that may define acceptable gels. In the past, this has been done qualitatively by
visual observation and by pushing a glass rod into the gel. To obtain quantitative
physical characterization of the gels, it is necessary to measure some rheological
properties of the gels.

Samples of the three gels: acrylamide, MAM-PEG, and MAM-MBAM, labeled A, B,
and C, respectively, were sent to the laboratories of three rheometer vendors for
characterization. All three laboratories ran oscillatory experiments in both frequency
sweep and amplitude (strain) sweep modes. The following parameters were
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measured: G’, the storage or elastic modulus; G, the loss or viscous modulus;
¥, the complex viscosity; and tan 8, the damping or loss ratio (G”/G’). These
measurements yield quantitative data for characterizing the gels. Two of the
laboratories also carried out creep and relaxation tests on the gels.

The data showed that the gels were viscoelastic, with the elastic component being
larger than the viscous compongént for all three gels as shown in Table 3, an
abbreviated summary of scme of the test results. (The values for a given gel vary
somewhat from one lab to another due to variations in test conditions and the
dependence of the properiies on both the amplitude and the frequency of the
applied strain.) The viscous component for gel C, the MAM-MBAM system, was
much larger than for the other iwo gels as shown in Table 3 and clearly illustrated
by the data plot from Lab 2, which is shown in Fig. 1.

Table 3. Characieristic properties of the gels at 5 Hz

Gel A Gel B Gel C
Laboratory
G:
Storage or Elastic Modulus, kPa
1 32.0 25.0 35.0
2 23.0 20.0 18.0
3 22.0 17.0 18.0
Gn
Loss or Viscous Modulus, kPa
1 4.20 3.80 16.00
2 0.55 0.51 5.30
3 2.10 210 6.00
lan & (G"/G)
Loss or Damping Ratio
1 0.131 0.152 0.457
2 0.024 0.025 0.279
3 0.085 0.123 0.316

Figure 2 (aiso from Lab 2) compares G, the elastic moduli for the three gels, at
varying frequencies. The elastic moduli for gels A and B show negligible variation
over the frequency range, while that of gel C shows a wide variation. This implies
that gels A and B are well crosslinked compared to gel C, which has a much lower
level of crosslinking. This result agrees well with the qualitative observations and
with the level of crosslinking monomers actually incorporated into the original
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monomer solutions. The test results indicate that an appropriate rheometer may be
used to characterize the gels, thus enabling the guantitative selection of gels for
alternative low-ioxicily sysiems.

5. Garrett Cooperative Research and Development Agreement (CRADA)

As a foltow-cn io the previcus Collaborative Research Agreement (CRA) between
ORNL and Garrett Ceramic Compaonants (GCC), work on the gelcasting of silicon
nitride components will continue under an exiension of the CRA. Research under
the previous agreement demonsirated the feasibility of using gelcasting to produce
comalex-shaped components (automotive turbocharger rolors) using GCO's GN-10
SigN, compositien. Mechanical property testing showed that gelcast Si;N, could be
produced that had mechanical properiies comparable to GCC’s slipcast SijN,.
Under the new agreement, ORNL will incorporate one of the new g@!a,ameng
chemical systems that has improved environmental, safety, and nealth ratings.
(Previous work was done in the acnylamide system. The acrylamide moinomer has a
high toxicity rating.) Work will focus on achieving low-viscosity slips containing high-
volume fractions of Si;N, powder and on complete removal of the organic materials
during binder burnout. Garrett will fire gelcast samples using glass-encapsulation
hot isostatic pressing and measure the mechanical properties.

Binder burnout - One of the new gelcasting systems being evaluated is the MAM
and the crosslinking agent polyethylene glyccl dimethacrylate (PEG DMA). A
sample of the dried MAM/PEG gel was examined using thermogravimetiic analysis
1o determine the temperatures wwen decomposition occurs. As shown by the plot
in Fig. 3, the weight ioss curve exhibits sharp inflections (rapid changes in the rate
of weight loss) at about 170 and 355°C. These temperatures will bz used 1o help
establishi an efficient binder burnout schedule for removing the polymers from paris
cast using this gel system.

Status of milestenes

On schedule

Publications arn¢l presentations

0. 0. Omatete, “Rheoiogy of Zirconia-Alumina Gelcasting Siurries,” presented at
the 1992 Spring Meeting of the Materials Research Sociely, San Francisco,
California, April 27 - May 1, 1992,
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Rheology and Particle Packing of Chem- and Phys-Adsorbed,
Alkylated Silicon Nitride Powders
T. Kramer and F. F. Lange (University of California)

Obijective/scope

Three alcohols with extended carbon chain lengths between =~ 1 to 2 nm were
chem-adsorbed on a Si3dN4 powder by reacting with hydroxyl surface groups at
temperatures < 200 °C. Slurry rheology, particle packing density and body rheology
were determined for toluene and dodecane slurries formed with these chem-adsorbed
powders. These same properties where determined for slurries where the alcohol was
simply added, but not reacted with the powder (phys-adsorbed powders). The
viscosity of chem-adsorbed slurries are shear-thinning with longer chains producing
lower viscosities at a given shear rate. The relative density of powder compacts
produced by pressure filtration (10 MPa) was high (~ 0.60) for octadecanol and
dodecanol reacted powders, and lower (~ 0.50) for the octanol reacted powder. When a
sufficient amount (> 10 times that required for chem-adsorption) of the same alcohol
was simply added to the unreacted 5i3Ny slurry system, the phys-adsorbed slurries
exhibited similar rheological behavior as the chem-adsorbed slurries, but unlike chem-
adsorbed slurries, their packing density was lower and their slurries were de-stabilized
by water vapor. Stress relaxation experiments showed that bodies formed with the
octadecanol chem-adsorbed powders where plastic after consolidation, whereas phys-
adsorbed bodies were brittle (fractured before flow). All evidence suggests that the
short chained alkyl groups are steric 'stabilizers' at small interparticle distances, and
thus prevent the particles from making surface-surface contact in common organic
liquids, i.e., they produce a short-range interparticle, repulsive potential. Chem-
adsorbed molecules, but not phys-adsorbed molecules, persist during particle packing
and in moist environments.
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1. Introduction

It has been shown 1.2 that weakly attractive interparticle potentials can be
by adjusting the pH to produce a highly repulsive

adding a large concentration of an indifferent

achieved in aqueous alumina slurries
interparticle potential (pH < 4) and
electrolyte. When the electrolyte is added, the counterions diminish the magnitude of
the repulsive, long-range electrostatfc potential and produce a short-range, repulsive
potential not suggested by classmal Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory.3 When the salt concentration exceeds a critical value, 12 known as the critical
coagulation concentration (CCC), the initially dispersed particle network becomes

attractive. Above the CCC, the yield

content until a concentration where

short-range repulsive potential due

strength of the particle network increases with salt
further additions have no further effect. 2 The
to added salt has been confirmed with sapphire

plates in the surface force apparatus by Ducker et al. 4 The short-range interparticle

potential is currently believed to be due to a hydrated layer similar to that found for

mica surfaces ° and suspected for clay surfaces. 6

Pressure filtration and cen&imgaﬁon studies show that alumina bodies produced
with slurries where particles are a{tractlve, but non-touching exhibit high particle
packing. 17 It appears that the short-range repulsive forces can act as a 'lubricant’ to aid
in the rearrangement process required for particle packing. 8 Due to the attractive
nature of the interparticle potentials, bodies can be formed by centrifugation without
mass segregation ? as recently demonstrated by the processing of unique multi-layered
transformation toughened composites. 19 In addition, bodies formed from coagulated
slurries exhibit plastic-like body rheology 11 and can be reshaped. In many respects,

coagulated slurries and the bodies th

ey form can have rheological characteristics similar
to clay systems.

Recent rheology and particle packing studies 12 with aqueous SizNy slurries
exhibiting an isolectric point at pH 6 show that an indifferent electrolyte can produce
similar effects as observed for dumiﬁa slurries when the Si3Ng4 surface has a net positive
charge density (low pH), but not wi\en the surface has a net negative charge density
(high pH). In addition, although the short-range repulsive potentials appear to be
present in the slurry state, they disappear during particle packing, viz., the saturated,
SizNyg bodies crack before they plastically deform.

We have considered using the steric effect of very small adsorbed molecules as a

second means of producing a short-

large adsorbed macromolecules ¢

range repulsive potential. It is well known 3 that
an produce long-range repulsive interparticle
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potentials. It is also well know that the macromolecules are much more effective when
they are strongly attached, e.g., chemically bonded (chem-adsorbed), to the surface
rather than weakly bonded, e.g., hydrogen bonded (phys-adsorbed). Thus, adsorbed
molecules that are short enough to allow particles to be attractive due to their van der
Waals potential, but sufficiently long enough to keep particles from touching and thus
falling into a deep potential well, are expect to produce the weakly attractive particle
network found for the salt added, alumina slurries. We chose to demonstrate this
concept by using the reaction of different alcohols with -M-OH surface groups, a
method patented by Iler 13 for grafting carbon chains to the surface of silica particles for
lubrication applications. Since Iler's work, both methanol and ethanol were reported 13
to produce some "additional stabilization" preventing particles from coalescing or to
form weak instead of hard agglomerates.

Other short, adsorbed molecules have been reported to produce effects
suggesting the presence of a short-range repulsive potential. Johnson et al. 14 note that
oleic acid or steric acid adsorbed onto an alumina surface do not produce stable non-
aqueous dispersions but reduce the viscosity of the slurry relative to uncoated powders.
Since these molecules are not long enough to produce a stable dispersion by steric
stabilization, they term this the 'semi-steric effect’. They attribute this 'semi-steric effect’
to a decrease in the apparent energy minimum because the bound molecules prevent
the surfaces from touching and to a reduction in the effective Hamaker constant as
described by the Vold model 13. Bergstrom et al. 16 have shown that a series of
adsorbed fatty acids that increase the steric barrier thickness from = 0.7 nm to 2.5 nm,
can progressively increase the maximum particle packing density. A variety of
adsorbed, potential-determining counter ions (sulfate to citrate anions) are believed to
produce short-range steric effects 17 responsible for decreasing the yield strength of
aqueous, ZrQ; slurries. 18

As we show below, alcohols, both chem- and phys-adsorbed on SizNy particles,
produce short-range repulsive effects in non-aqueous slurries that are proportional to
their molecular length. Only the strongly bonded, chem-adsorbed molecules persist in
a moist environment and during particle packing. Chem-adsorbed molecules produce
high particle packing and a plastic body rheology, whereas, phys-adsorbed molecules
produce a lower particle packing and a brittle body.

2. Experimental Procedure

2.1 Preparation of Chem- and Phys-adsorbed SizNy Slurries
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Two silicon nitride powders, ﬁmufactured by the same company and denoted
as E-3 and E-10 8 , were used in this s-%tldy. Two different lots of the E-3 powder were
used for different experiments. Each% had a different maximum packing density, but
they could not be distinguished by othfer properties. Nitrogen adsorption  and the BET
equation was used to determine the sjurface area (5 and 14 m?/g, for the E-3 and E-10
respectively). Both powders appearec;,i chemically similar (viz., identical pH of the iso-
electric point), the higher specific surface area of the E-10 powder was necessary for the
infrared spectroscopy.  The alcohols %(octanol, dodecanol, and octadecanol) were used
as-received. Toluene and dodecane; were used either as-received or recycled after
distillation. i

To produce chem-adsorbed sﬂi(]:on nitride powder, the powder and alcohol were
mixed together (with a weight ratio of 1:1) and reacted in a three-neck flask outfitted
with a nitrogen supply line, a therxfnometer,‘ and a gas-exit line equipped with a
bubblier. During the reaction, nifrog%n flowed through the flask to prevent oxidation
and carry away water, the expected reaction product. The flask was heated (+ 2°C) with
a mantle and controller connected to a%thermacoupie placed between the heating mantle
and the flask. The reactanis were héat&d for 2h at temperatures between 150°C and
200°C. After cooling, the powder was%rinsed with toluene to remove unreacted alcohol.
Rinsing was done with a Soxhlet extrajictor, followed by vacuum drying at 100 °C. The
second batch of E-3 powder, used for %dy rheology determinations, was rinsed 3 times
with isopropanol to remove unreacted§ alcohol, centrifuged after rinsing, and dried in an
oven at 60 C for 24 h.

Chem-adsorbed slurries were férmed by untrasonicating © the alkylated powders

with dodecane (or toluene) and placing them on a shaker table for at least 16 hours.
Most slurries were formulated to cant;jiin 20 volume percent SizNg powder.
Phys-adsorbed slurries were prjepared by simply ultrasonicating and shaking the
powder-toluene (or dodecane) slurries with a given weight fraction of alcohol (based on
Si3Ny4 content) without heating. For TGA and FTIR spectroscopy experiments, the
phys-adsorbed slurries were also rinsed to determine if the alcohol could be remove.
SizNy4-dodecane slurries that did not contain either chem- or phys-adsorbed
alcohols were prepared by mixing both constituents. These slurries, termed flocced,
were too viscous to ultrasonicate; they were stirred with a spatula and then shaken for
at least 16 hours. ,
The extent of reaction and the effectiveness of rinsing was evaluated by TGAd
weight loss measurements at 5°/min. Samples {100 mg) were loaded into the platinum

pan of the TGA with a counter-balance of 100 mg added so that the system was nearly
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perfectly balanced. If a two-step weight loss was observed (observations suggest that
phys-adsorbed alcohol desorbes at a lower temperature relative to the pyrolysis of
chem-adsorbed species) the sample was re-washed before repeating the experiments.
Weight loss experiments were also carried out with as-received silicon nitride powder
to obtain baseline data.

2.3 Infrared Measurements

FTIR spectroscopy € was used to test the hypothesis that the alcohol chemically
attaches to the surface during the heat treatment. A sample of the E-10 powder was
reacted with octadecanol (200°C/2h) and a second sample of E-10 was simply mixed in
a solution of octadecanol and toluene to phys-adsorbed the alcohol onto the surface.
Both of these samples were then washed by repeated rinsing and decanting with
toluene. This washing was expected to remove the phys-adsorbed but not the chem-
adsorbed species. Each were prepared for the IR spectrometer by grinding the washed
powders with KCl powder before consolidating them under vacuum with a bolt press;
all were uniformly translucent and gave an acceptable signal in the FTIR spectrometer.

2.4 Rheological Measurements

To understand the role played by the three different chem-adsorbed carbon
chains in modifying the interparticle interaction, the viscosity vs shear rate behavior of
each slurry was measured in a constant stress rheometer f. A cone and plate geometry
(diameter = 5.0 cm, angle = 0.04 rad) was chosen because the stress-range of the
instrument and slurry were compatible. Measurements were performed by placing = 1
ml of slurry on the bottom plate and lowering the cone into place. Preliminary tests
were run to determine the proper stress range for the sample. The sample was then pre-
sheared at 1000 s’ for 30 s. A stress ramp (from 0 to 1 to 0, where 1 is the stress required
to produce a shear rate of at least 1000 s'1) was then applied to the sample and the rate
recorded as a function of both increasing and decreasing stress. Only octadecanol,
which produced the weakest particle network, was used to compare the rheology of
chem- and phys-adsorbed slurries. Phys-adsorbed slurries were prepared by mixing
0.5, 1, 2, and 5 wt % of octadecanol with the SisN4g (20 vol %) in dodecane. These
slurries were equilibrated for at least 16 h and then remixed immediately before
rheological measurements. The viscosity of the flocced slurries (no added alcohol) was
too large for similar measurements.

The effect of temperature on slurry rheology was also examined. After applying
a stress-loop to the slurries at room temperature, they were cooled to either 5 or 10°C
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were another stress-loop was applieh, and then the temperature raised to ambient for a
third measurement. For some sabples, the excursion to lower temperatures was
repeated. Condensed water was observed on the tool during the first runs. A nitrogen
purge was used to prevent conden%aﬁon and a comparison made between the purged
and un-purged samples. |

The rheology of the consolidéted bodies were determined with stress relaxation
experiments were performed within a servo hydraulic mechanical testing machine &.
Only bodies consolidated with chellh- and phys-adsorbed octadecanol slurries, as well
flocced slurries, were examined; tHe second batch of E-3 powder was used for these
experiments. Details of the test areje described elsewhere. 11 Because dodecane has a
very low vapor pressure relative to water, unlike experiments described for water
saturated, consolidated bodies, it was not necessary to contain the dodecane saturated
consolidated bodies in a plastic baé to prevent evaporation during testing. After the
consolidated body was placed on tﬁe bottom platen, the piston was carefully raised to
bring the top portion of the consolidfated body in contact with the upper platen. A small
compressive load of 0.5 to 2N was applied to the sample to ensure that both platens
were in good contact with the specirjnen.

An experiment consisted of ‘ applying a 2% compressive strain at a relatively
rapid strain rate of 2 sec’l. After aﬁéining the 2 % strain, the cross-heads were fixed and
the relaxation stress was recorded with time. The stress was calculated assuming that
the area of the specimen did not%change during straining. Each experiment was
terminated after = 20 minutes. Aftér the applied load was relaxed to zero by lifting the
loading platen, a second experimenjt was conducted by applying a second strain of 2%
to the same specimen. |

2.4 Pressure Filtration ‘

The pressure filtration devicé detailed elsewhere 19 was constructed of stainless
steel and consisted of a cylinder with a sintered filter at one end and a movable plunger
sealed to the wall with an o-ring at ti\e other. In operation, a Teflon membrane filter (0.2
pum pores) covered the partially defnse, stainless steel filter and trapped the particles.
Pressure was applied with a hanci—operated press M and consisted of an initial low-
pressure segment until the plunger motion ceased (=10 minutes) after which pressure
was increased to 10 MPa. Consglidation was estimated to be complete after the
pressure would remain constant for a period of 10 minutes. Immediately after the
consolidated body was removed forlm the die cavity, its dimensions were measured and
it was weighed. Bodies preparegji for density measurement were dried at room

|
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temperature in a hood. When the sample ceased to lose weight (typically 1 day), the
final weight was recorded. The initial and final weights were used to calculate the
particle packing density within the saturated body assuming the body consisted of two
components: silicon nitride and dodecane (or toluene) with known densities.

3. Results

3.1 Extent of Reaction

Table 1 shows the results from the TGA weight loss for the E-3 powder. The
chemically bound organics pyrolyzed at ~ 250°C, while phys-adsorbed organics were
removed at ~ 150°C. The values of weighl-loss were near the precision of the thermal
analysis system and the smallest are just above the weight loss observed for the as-
received powder. For this reason, the determination of the surface site density of akly
chains is not accurate. However, it is clear that the alcohols with the higher molecular
weights produce the largest weight loss during pyrolysis. In addition, reacted and
washed powder were very hydrophobic, whereas phys-adscrbed and washed powders
became hydrophilic.

Figure 1 shows the IR spectrumn of E-10 powder after reaction with octadecanol.
Absorption bands (2850 c¢m1) indicative of hydrocarbon chains of moderate to high
molecular weight can be seen. For comparison, the spectrum from a phys-adsorbed and
rinsed sample showed that these absorption bands are absent, indicating that phys-
adsorbed alcohol is easily removed from the surface. This comparison is a strong
indication that, in the reaction process, stronger chemical bonds form between the
surface and the alkyl chain. [Note that the absorption bands between 2400 and 2300 cm-
1 are the result of atmospheric CO;.] In addition, the washed, reacted powders were

strongly hydrophobic, whereas the washed, phys-adsorbed powders were hydrophilic.

3.2 Relative Density via Pressure Filtration

Table 2 shows that the molecular weight of the alcohol had a strong influence on
the particle packing density produced by pressure filtration, viz., packing densities
produced by either chem-adsorbed octadecanol and dodecanol were ~ 60 % of
theoretical, whereas chem-adsorbed octanol only produced a packing density of = 50 %.
These data suggest that a chain length for the chem-adsorbed species must > ~ 1 nm to
achieve a high particle packing density.

Relative density data for chem- vs phys-adsorbed (5 weight %) octadecanol and
for flocced slurries were obtained for the second lot of E-3 powder and are also shown
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Table 1
Summary of thermal analysis results for various reaction products.
TGA | Molecular weight length*
Alcohol mightJnis.(%) (g/mole) nm
Octadecanol 017 270.5 2.3
Dodecanol 015 186.3 1.5

Qctanol 0.07 ! 130.2 1.0
none 0.05 |

* extended bond length calculater%‘i assuming a bond length of 0.154 nm and a bond

angle of 110°. ‘
0.75
|
B long
chain
hydrocarbon
|
c " 1| |
S |
i)
a atmospheric
o ;
@ i | CO2
2 ' 1 physisorbed r_]
i chemisorbed
0.65 1 1 i ! i 1 1
1

3200 3000 2800 2600 2400 2200 2000

|
NVavenumber (cm-)
|

Figure l.. IR spectra of SizNg4 fpowders, one reacted with octadecanol and another
simply mixed with octadecanol (5 wt %, relative to powder). Both have been repeatedly
rinsed with toluene. The peak at 2850 cm! is the result of the chem-adsorbed alkyne.
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Table 2
Rheology and processing results for chem- and phys-adsorbed slurries containing 20
volume % SizNy4 in Dodecane.

Chem- or Phys-  Bingham Yield Relative

Alcohol Absorption Stress (Pa) Density ***
Octadecanol chem- 2.0 60
Dodecanol chem- 5.3 59

Qctanol chem- 80 51
Octadecanol phys- (1%)* 20** -
Octadecanol phys-(2-5%)* 8 53%* (5%)*
Octadecanol chem- 2 S55%*

none - - 48**

* weight % of alcohol added relative to S5i3N4 powder
h second lot of SigNy4 powder
o Pressure Filtration, 10 MPa
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in Table 2. It can be seen the relative packing density of the chem-adsorbed slurry is = 5
% lower relative to the first lot of powder. In addition, the packing density of the phys-
adsorbed powder is between that of the chem-adsorbed and flocced slurries of this same
powder lot. |

3.3 Rheological Measurements

Both toluene and dodecane p;roduced identical results. Without any alcohol,
SigN4 and dodecane mixtures formed thick pastes for volume fractions examined (=
0.20). Namely, without either chemj—absorbed alcohol or sufficient concentrations of
phys-adsorbed alcohol, the Si3Ny4 particle networks were strongly attractive; their
viscosity was too high to be measuried with the current instrument (slippage would
occur at either the cone or plate before slurry flow. Slurries with sufficient fluidity for
viscosity measurements could be pr%epared with either chem-adsorbed or sufficient
phys-adsorbed alcohols. Figure 2 shows that slurries formed with powders that were
chemically reacted with the specified : Ellcohols exhibited a shear-thinning behavior. The
lower the molecular weight of the reacted alcohol, the higher the viscosity at a given
shear rate. Table 2 lists the Bmgharﬁ yield stress determined from this same data by
extrapolating the stress vs shear rate data to zero shear rate. Note that the yield stress
scales inversely with the chain-length bf the reactant alcohol.

Stress vs strain-rate data foml‘L different phys-adsorbed, octadecanol-toluene
slurries are shown in Fig. 3a. Similar data, illustrated as viscosity vs shear rate are
shown in Fig. 3b for the second lot of E-3 powder as dodecane slurries. This data
shows that the behavior of powders mixed and equilibrated with = 1.5 to 5 weight % of
phys-adsorbed octadecanol are similar, suggesting that the = 2 weight % octadecanol is
sufficient to cover the surface of the powder, and to be in equilibrium with octadecanol

in solution. These figures also show that a much smaller concentration of chem-
adsorbed alcohol produced a lower viscosity at any shear rate, viz., the chem-adsorbed
network was much weaker relative io the phys-adsorbed network. The rheology of
powders mixed and equilibrated w1th the 0.5 weight % octadecanol could not be
measured with our instrument due to their very high viscosity.

The rheology of selected chem-‘« and phys-adsorbed slurries were examined over
the temperature range of 5 to 25°C. No significant changes were observed for chem-
absorbed slurries under any cond}tmn However, Fig. 4 shows the effect of
temperature excursions on the stres‘s vs strain-rate behavior of the phys-adsorbed
toluene slurry prepared with 5 we1ght % octadecanol. These temperature excursions

were done in air; water was observed to condense on the apparatus. As shown, the
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phys-adsorbed slurries were stron‘gly affected by condensed water during these

excursions. When a nitrogen purge v}as used to protect the samples from condensation,
these changes were not observed. 1

Figure 5 illustrates typical stress relaxation data for consolidated bodies formed
with a) chem-adsorbed octadecanol, b) 5 weight % phys-adsorbed octadecanol and ¢)
flocced slurries formulated with the s‘;econd lot of E-3 powder as dodecane slurries. As
shown, bodies formed with chem-adsorbed slurries are plastic, viz., rapidly relax the
applied stress. The yield stress (retamed stress after an extensive relaxation period) for
both phys-adsorbed and flocced bociixes is a significant fraction of the applied stress
required to achieve 2 % strain. The cracked body shown in Fig. 6 is typical of both the
phys-adsorbed and flocced bodies observed after the stress relaxation experiment
(portions of the cracked body removed) i.e., these bodies were brittle.

4. Discussion
4.1 Estimating Interparticle Potentialsi

To estimate the effect of adsoirbing small molecules onto the surface of silicon
nitride, the van der Waals potential was calculated as a function of interparticle
separation distance using the methodology developed by Hough and White 20 with the
optical properties of silicon nitride 21 22 and dodecane 20. These calculations assume
that the Hamaker constants of the adsorbed species are identical to the solvent; the
effective Hamaker constant for 513N4 in dodecane calculated to be A =4 x 10-20]. Using

the short-range approximation (h << a) for the van der Waals potential (E):
A a

12 h’ f )
where a is the particle radius and h 1% the surface to surface separation distance.

Figure 7 shows a plot of this calculated potential as a function of distance from
the surface for a pair of 0.4 pm diameter particles. Twice the length of octyl, dodecyl
and octadecyl chains are marked o%n the plot, representing the separation distance

E = -—

where fully extended adsorbed molecules on approaching particles would begin to
|

interact. As shown in Fig. 7, the length of each molecule is too short to produce a long-
range repulsive interparticle potenztial, viz., the van der Waals potential is strong
enough to cause the particles to be e;ittractive before the molecules interact. With the
assumptions that a) the work done by the van der Waals forces is insufficient to remove
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before flow-see Fig. 6).
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Figure 6 Cracks observed after stfess-relaxanon experiments in bodies produced
with a) phys-adsorbed (octadecanol) and b) flocced (no alcohol), Si3Nyg-dodecane
slurries. Portions of body in b) are removed to show fractured body. Both bodies are
brittle, viz., fracture before flow. (Dxameter of pressure filtered bodies are 25 mm).
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the adsorbed molecules as the particles approach one another and b) the equilibrium
particle separation distance due to the short-range repulsive potential produced by the
molecules is proportional to twice the extended chain length, it is clear that for this size
range of molecules, small differences in molecular chain length translates into large
differences in the depth of the potential well were particle reside due to the attractive
van der Waals potential. !

Figure 7 suggests that adso‘rption of any of the alcohols studied here will produce
an attractive, but non-touching pzfirticle network, where the depth of the potential well,
and thus the network strength, wih be inversely proportional to the molecular weight of
the adsorbed organic chains. This simple model suggests that the short-range repulsive
potential might be varied by changing the molecular weight of an adsorbate. Because
an attractive particle network forms, it is expected that the slurries will shear thin (work
is required to break apart the attractive particle network) and that the viscosity at any
given shear rate will be inversely proportional to the depth of the potential well (the
maximum force required to separate the particles, determined from the differential of
the potential curve, increases with well depth). This expected rheological behavior is
observed: all slurries are shear thinning and slurries with higher molecular weight

adsorbents had lower viscosities.
|

4.2. Particle Packing Density vs l\%iolecular Weight of Adsorbed Species

Both long-range and shorf—range repulsive forces can be effective lubricants 1.7
for the rearrangement processesi required to increase the packing density with forces
applied to the particle network, In effect, repulsive forces lower the coefficient of
friction between particles to allotj/v easier rearrangement. It is known that when only
attractive van der Waals interpafrticle potentials exist, it is difficult to achieve a high
particle packing density due to the strongly cohesive particle network. 19 It can be
hypothesized that the coefficient of friction between particles is proportional to the
depth of the potential well in W;hich attractive particles reside. Namely, for a given
particle surface morphology, the 7highest coefficient of friction will exist when only van
der Waals interparticle potentia}ls exist. A short-range repulsive potential, summed
with the van der Waals potential Mill decrease the coefficient of friction in proportion to
the change in depth of the potentjial well. With this reasoning, one can understand why
particles with reacted octyl chainjs pack to the lowest density, viz., as suggested in Fig. 7,
octyl chains are expected to resyﬁlt in the deepest potential well relative to the longer
chains examined. They also produce the strongest attractive particle network observed
through rheological measuremeqijts.

\

|
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4.3. Chem- vs Phys-adsorbed Molecules

Although slurries made from chem-adsorbed and phys-adsorbed molecules
show similar shear thinning behavior, larger amounts {> 2 wt %) of alcchol are required
to produce the same rheological properties as observed for the chem-adsorbed slurries
(< 0.2 wt %) and phys-adsorbed slurries have higher Bingham yield stresses. The
chemical bond formed during the reaction makes the chem-adsorbed samples resistant
to water contamination during processing. For the phys-adsorbed species, the water
appears to replace the alcohol on surface sites eliminating the short-range repulsion
potential. In addition since the phys-adsorbed slurries did not pack as well as the
chem-adsorbed slurries, and phys-adsorbed bodies were brittle, it appears that the
compressive force between particles that exists during consolidation is sufficient to
'push’ away phys-adsorbed molecules.

Although our studies only used alcohols as phys-adsorbed species, other species,
such as acids or amines, may provide stronger bonds with the surface and hence short-
range repulsion potentials at lower concentrations. One the other hand, the polar
nature of these bonds will also make them susceptible to water as observed for the
phys-adsorbed alcohol studied here. The large decrease in packing density of Al;O3
powders with the molecular weight of adsorbed fatty acid reported by Bergstrom et al
16 strongly suggests that the fatty acids were also weakly bonded to the surface and
could be 'pushed’ away during particle packing.

5. Summary

The surfaces silicon nitride powders react with low molecular weight alcohols at
moderate temperatures and reasonable times. These reacted, chem-adsorbed powders
do not form stable dispersions, but form a weakly attractive particle network in liquids
in which the alcohol is soluble. Rheological and packing measurements strongly
suggest that the particles are not in surface to surface contact because the short chain
reaction product prevents this contact in a manner similar to the well known steric
effects 2 produced by much larger, adsorbed macromolecules. Namely, the short chain
molecules on the surface produces a short-range repulsive potential. We propose that
the depth of the potential well in which the particles reside due to the sum of the van
der Waals attractive and short-range repulsive potentials is inversely proportional to
the chain length (or molecular weight) of the reaction product. For this reason, the
attractive, but non-touching particle network exhibits shear thinning behavior and the
strength of the network, and thus the viscosity of the slurry, is inversely proportional to
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the chain length of the reaction product. High particle packing is achieved during
pressure filtration when the attractive network is weak, where the short-range repulsive
forces act as effective lubricants' required for particle rearrangement. Non-reacted,
phys-adsorbed molecules can also produce weakly attractive networks with in the
slurry state, but phys-adsorbed molecules due not persist in moist environments and
during particle packing. A nﬁnuséﬂe amount of chem-adsorbed alcohol is needed to
produce the short-range repulsivqJ interparticle potential; the presence of a strong
chemical bond with the surface a:re attractive for processing, viz., slurries are not
effected by moisture (do not age); The chem-adsorbed alcohols have several

environmental advantages, viz., ttétey produce very smaller volumes of gas during
pyrolysis and the organic liquids used in the slurry are stable and easily purified for
reused. The major by-product of the powder-alcohol reaction is water.

As expected, preliminary ofbservations show that alkylated surfaces can be
produced with most ceramic powdejrs. The similarity of the alkylated surfaces of nearly
all ceramic powders is of great tecl}*mological significance. Namely, discounting large
differences in the Hamaker constan:t for different particle chemistries, the rheology and
particle packing behavior of mixed powder systems are expected to behave in a similar
manner described above. In addﬁtion, the attractive nature of the mixed, particle
network will prevent phase segreéation 9, and will thus lead to more homogeneous
mixtures, especially for systems lifke Si3Ng4 which requires the addition of a second
phase powder to achieve densificati%on.
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1.2 CERAMIC COMPOSITES

1.2.2 Silicon Nitride Matrix

Characterization of Grain Boundary Phases in Silicon Nitride Ceramics
I. M. Peterson and T. Y. Tien (The University of Michigan)

i

|

|

Obiective/S
|

The objective of this 1nvest1gatlon is to develop silicon nitride ceramics with
high flexural strength, high fracture toughness and superior creep
resistance. The fiber-like structure of the B-Si3N4 grains can be obtained by
sintering the silicon nitride ceramics at higher temperature under higher
nitrogen pressure. The composition of the sintering additives will affect the
microstructural development, grain boundary characteristics, and hence , the
mechanical properties. The grain boundary phases have never been
synthesized separately and their properties have never been studied. The
goal of this project is to synthemze and characterize the grain boundary
phase and to understand the relatmnshlps between the nature of the grain
boundary phase and the propertles of silicon nitride ceramics. It is believed
that with a thorough understanding of these relationships, ceramics with
optimum mechanical propertm% can be obtained.

Glass forming compositions in the system 8i,Al,Mg/N,O were selected for this
study. Compsotions studied were in the compatibility triangle Si3N4,
coridierite and N-phase. N phase has a composition 2S512N20:MgAl204.

Both cordierite and N-phase have thermal expansion coefficients lower than
that of silicon nitride. :

Technical Progress

The glasses wre synthesized from the starting powders, A1203, Si3N4,Si02
and MgO. They were mixed by hand with isopropyl alcohol w1th an agate
mortar and pestle, dried, and cold pressed into pellets. The pellets were
melted at temperatures between 1650°C and 1700°C, depending on the
composition, for two hours under 10 atmospheres of N2, The samples were
quenched by turning off the power to the furnace, and cooled to room
temperature in approximately 3 hours. The compositions were verified by
EPMA after firing. The presence of crystalline phases was determined by x-
ray diffraction: only samples which did not show any crystalline peaks were
used to determine the thermal expansion coefficient and Tg.

The thermal expansion coefficient was measured from room temperature to
1200°C using an alumina smgie rod dilatometer calibrated with a fused silica
standard. The value of the thermal expansion coefficient form room
temperature to 515°C was calculated The Tg was determined from the
dilatometer trace. |
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As shown in Figure 1, the thermal expansion coefficients of cordierite-based
glasses with up to 10 wt % Si3N4 show the expected decrease in thermal
expansion coefficient with increasing nitrogen content. The effect of varying
the cation ratio can be seen from Figure 1 as well. For compositions with the
same N/Si ratio, the addition of Si3N4 as the nitrogen source causes a larger
decrease in the thermal expansion coefficient than the addition of N phase as
the nitrogen source. When N-phase is used as a nitrogen source Mg and Al
ions are added to the cordierite glass which would lower the average
coordination number of the cations in the glass and partially offset the effect
of the nitrogen.

The glass transition temperature shows alinear increase as the weight
percent of Si3N4 increases, regardless of changes in the cation ratio as shown
in Figure 2. The glass transition temperature for cordierite-based glasses can
be fitted to an equation of the form:

Tg = 829.5 + 10.9 X

where X is the weight percent silicon nitride added. If Tg is plotted as a
function of Si/O ratio, the effect of the cation content is evident in the
separation of the two thermal expansion vs composition curves. The addition
of nitrogen in the form Si3N4 has a greater effect on Tg than the addition of
the same amount of nitrogen in the form of N phase. Once again, this reflects
the change in the structure of the glass with a change in cation ratio.

Status of Milestones
On schedule

Publication
None
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Optimization of Mechanical Properties of Silicon Nitride Ceramics
K. Houser, K. J. Lee, and T. Y. Tien (The University of Michigan)

Obiective/Scope

The objective of this project is to develop processing techniques to obtain
silicon nitride ceramics with a controlled grain morphology for optimum
mechanical properties at room temperature as well as at high temperatures.
Silicon nitride ceramics exhibit high flexural strengths and high fracture
toughness when the microstructure contains fiber-like B-SigN4 grains.

Obtaining these fiber-like B-Si3N4 grains depends upon the sintering
conditions and the grains' interaction with other phases present. Ideally, if
the equilibrium conditions between the phases present are understocd as
well as the kinetics controlling the growth of these fiber-like grains, one could
ultimately tailor a silicon nitride ceramic's microstructure for certain
mechanical properties. This project will focus on these structure-property
relationships for one composition in the Si,Al,Y/N,O system.

Technical progress

This project will be working with compositions from the B-SigN4 - o'-SiAION
two-phase region along the SigN4-Y90g3:9AIN join in the Si,Al,Y/N,O system.
The o'-SiAlON phase has a composition Y1/3mSi12-(m+n)Alm+nN16-nOn,
which can be obtained by mixing the proper amounts of the compounds
SigN4, Al203, AIN, and Y203. During hot pressing, this composition was
found to form a liquid phase that aided in densification during the initial
stages of sintering and was later reabsorbed into the silicon nitride lattice.
One objective will be to see if this transitional liquid phase sintering is
possible under pressureless sintering conditions, and if the resulting
microstructure contains any liquid phase at the grain boundaries. This work
will be performed initially using a composition of 30wt% o'-SiAlION and
70wt% P-SigN4 . Once the feasibility of pressureless sintering has been
established, a controlled study of the growth of the fiber-like B-SigN4 grains

and the o’-SiAlION grains will be performed.

Status of Milestones
On schedule.

Publication
None.
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In-Situ Reinforced Silicon Nitride
H. Yeh and J. Pollinger {Garrett Ceramic Components)
C-W. Li and J. Yamanis (Al?ied—Signa] Research & Technology)

OBJECTIVE/SCOPE !

The objective of this{program is to develop compositions and
processes to obtain high fracture toughness and strength for silicon
nitride (Si3Ng) based ceramic materials through microstructure
contrel. Resulting microstructures would have elongated grains that
would promote crack bridging and deflection toughening mechanisms.
These types of materials khown as in situ reinforced (ISR) Si3Ng, are
intended for application in advanced heat engine components. A
significant amount of the improved mechanical properties must be
retained to elevated temperatures. The properties should not
substantially degrade over time and would thus allow the material to
survive stress under extended exposures at high and moderate
temperatures in oxidizing environments. The mechanical property goals
of the program are listed below:

Modulus of Rupture ati25°C* 900 MPa (130 ksi)
Modulus of Rupture at 1200°C* 630 MPa ( 90 ksi)
Modulus of Rupture at|14000C* 490 MPa ( 70 ksi)
Stress Rupture at 10000C# 630 MPa ( 90 ksi)
Stress Rupture at 12000C## 490 MPa ( 70 ksi)
Weibull Modulus+ ! 20

Fracture Toughness, Kj. at room temperature** 10 MPa/m

Maximum Use Temperature 1400°¢

The technical effort ﬁs divided into two stages. The first stage
shall be a refinement stage (Tasks 1 and 2) and shall focus on the
effects and interactions of the chemical composition and thermal
processing variables on microstructure, mechanical behavior, and
oxidation resistance. In parallel, the effects of green processing on
the required amount of sintering aids, room temperature strength,
Weibull statistics, and critical flaws shall be assessed. The goal
for this stage shall be to| identify conditions which improve the
baseline material and to map composition-processing-property
relationships. The second stage shall be an optimization stage (Tasks
3, 4 and 5) and shall focu$ on the development of ISR Si3Ny with
optimized microstructure and properties which meet or exceed the
property goals and on the éestablishment of composition-processing-
property correlations. Injaddition, a simulated engine component

shall be fabricated in order to demonstrate process feasibility.

* Four point flexure using Department of Defense MIL-STD-1942
(size B) test specification

# Stress at which sample shall survive 100 h at 1000°C.

**  Measured by Chevron notch method.

+ As determined by|maximum likelihood method.
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The technical effort was initiated in February 1992. During this
reporting period (April-September 1992), Task 1 was completed
(Milestone 122601), and Task 2 was initiated.

Technical Highlightls

TASK 1 - Composition and Process Development

The objectives of this task is to determine the relationships
among the variables which control the development of microstructure of
the proposed 7n situ reinforced SizNg. The focus is directed to the
refinement of the baseline materia? composition (AS800) and processes
which had been developed at Allied-Signal prior to the initiation of
this program. The AS800 Si3N, baseline composition is composed of
three sintering aids (designated SAl, SA2 and SA3, present in amounts
of W1, W2 and W3, expressed as weight percent of total batch mass,
respectively) and a grain growth modifier (GGM present in an amount of
W, weight percent). Slip casting has been chosen as the baseline
green forming process for this program instead of the c¢old isostatic
process which had been used in the prior development work. A
commercial, high purity, and fine silicon nitride powder rich in
a-Si13N4 has been chosen as the baseline powder (BSN).

Effects of thermal processing, grain growth modifier, sintering
aid SA3 concentration, and grain boundary crystailization on
mechanical properties and oxidation behavior have been examined.
Although other mechanical properties were also measured, four-point
bend strength was used as the major property Lo evaluate the effect of
processing and composition variations. In the last semi-annual
report, some data were presented on the strength, toughness (short and
long crack toughness) and oxidation behavior of AS800 ceramics
obtained from variations in the baseline thermal processing conditions
and in the amount of grain growth modifier. The data suggested that
the incorporation of an initial hold period in the densification cycle
improved the mechanical properties of the final ceramics. (The
baseline densification cycle only comprises two hold periods,
henceforth designated as intermediate and final stages, respectively.)
Additional experiments were performed in this reporting period to
further evaluate the effects of thermal processing and composition.
Details were reported in the last three bi-monthly reports. A summary
is presented below.

During Task 1, a total of twenty-six (26) batches of AS800 of
varied compositions and sintering conditions were fabricated, and
extensive characterizations were conducted, including strength at room
and high temperatures, indentation-strength, stress-rupture testing,
oxidation, and crystallization, etc. The results were used to assess
the effects (or trends) of the composition and sintering conditions on
final material properties.

With regard to composition effects, it was found that the
baseline composition and its modifications can be sintered to full
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Table 1 summarizes the typical properties for AS-800 materials
generated in the later stage of Task 1. Note that property values are
rounded numbers which represent typical properties, and specific batch
to batch properties can be found in the earlier bimonthly reports. As
seen, the RT Weibull modulus, 12009C and 1400°C strength, and the
12006C stress-rupture properties all meet the program goals, while
other properties need further improvements.

TABLE 1. Typical Experimental AS800 Properties

Properties Exp. AS800 Prog. Goals
4-pt Bend Strength (MPa)
RT 850 900
1200°c 650 630
1400°¢ 550 490
Weibull 20 20
Fracture Toughness (MPa.vm) 8.5 10
Oxidation Weight Gain (mg/cmz)
1000°c/100 h 0.1 _—
1300°C/100 h 0.4 e
Stress Rupture Life (MPa)
1000°¢/100 h 500 630
1200°c/100 h 550 490

TASK 2 - Material Property Characterization

Task 2 requires the selection of at least four compositions,
based on Task 1 results, for a more comprehensive characterization,
including strength, toughness, oxidation, post-oxidation strength, and
crystallization behavior. In selected cases, the stress-rupture life
at 1000°C and creep resistance at high temperatures shall also be
evaluated. Moreover, the microstructure (2-D grain size and aspect
ratio) of selected materials shall be characterized. The results will
be used to guide the final optimization of the material under Task 3 -
Composition and Property Optimization.

Four compositions have been selected for Task 2 and are given in
Table 2. The total amount of sintering aids will be kept constant at
Wo. More compositions may be included if deemed necessary.
Fabrication of test specimens are under way.
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Compositions for Task 2

Composition SA3 Content GGM Content Molar SA2/SAl Ratio

1 0.67wW4
2 0.80W4
3 0.80W4
4 0.80W4

D.33w, My
0.33wW, Mg
0.00wW,, Mg
0.33W, 4Mq

Examination of the limited data collected in Task 1 shows that
one area which needs more attention is the effect of crystallization
on the thermal and mechanical properties of the final ceramic. It has
been observed that crystallization of grain boundary phase typically
reduces the RT strength by ~10%. Therefore, characterization of both
the as-sintered and the crystallized materials will be performed under
this Task to obtain a more complete understanding.

Status of Milestones

Milestone 122601 (Refihement of baseline composition) was
completed on schedule in this reporting period. The progress of all
other milestones are on schedule.

|
Communications/Visits/Travel

C-W. Li, J. Pollinger,

U. Yamanis and H. Yeh visited ORNL on July

15-16 to present an update of this program.

Problems Encountered

None

Publications

None

|
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Dispersion-Toughened Ceramic Composit
T. N. Tiegs, $S. D. Nunn, P. A. Menchhofer, P. J. Jones, K. L. Ploetz,
D. W. Coffey, and C. A. Walis (Oak Ridge Naticnal Laboratory)

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

[echnical highlights

Microstructure Development During Gas-Pressure-Sintering (GPS) - GPS is
one technique used to grow elongated grain structures and obtain high-toughness
silicon nitrides with refractory grain-boundary phases. Samples have been
fabricated at ORNL and initial resulis reported previously. The refractory grain
boundary phases fall into two general classifications: (1) rare-earth silicates, based
on M28i207 as the crystalling intergranular phase, where M =Y, Yb, La, or Nd; and
(2) grain boundary phases based on the rare-earth-oxide and nitride apatites, such
as SraYg(Si04)s02, Ba2Yg(Si04)a02, Mg2Yg(Si04)s02, SroNdg(Si04)602, and
Srolag(Si04)502.

Samples were fabricated by turbomilling 1 to 12% rarg-earth-oxide (Y203,
La203, or Yb2(Q3) and 1 to 8% SiO2 additives. The apatite materials also had SrO,
MgO, or BaQ added to the mixtures. Both slip-casting and cold-isostatic-pressing
(CIP) have been used as the green forming method. Initial densification results were
reported previously.

Additional compositions containing a reduced amount of sintering aid were
prepared. These specimens contain Ube E-10 silicon nitride and the appropriate
sintering aid additives to form the desired crystalline intergranular phase. The
compositions were formulated with 0 to 2% excess SiO2 and contain approximately
4.3 to 8.0 equivaient % total initial oxygen. Several batches of samples were gas-
pressure sintered in two-stage cycle furnace runs, and the densification results are
summarized in Tables 1 and 2. Densification as a function of equivalent oxygen con-
tent for selected furnace runs is shown in Figs. 1 and 2. As shown in Fig. 1, all of
the samples with rare-eaith silicate grain boundary phases densified to >99%

T. D. As shown in Fig. 2, samples with the rare-earth apatite grain boundary phases
and having excess SiO2 densified to >99% T. D. (samples TRSN-2, -3, and -4).
However, the other sampies with no excess SiQ2 densitied readily only at the

1900 to 195C°C sintering conditions. Preliminary X-ray results indicate the formation
of some intermediate phase formation at temperatures of 1700 to 1800°C.



Table 1. Compositions, dens

99

ities, and properties of gas-pressure sintered samples.

Density and Property Measurements

Composition Fracture strength
Sample Sintering wt % Theoretical Bulk Percent % Open % Weight "
D aid oxides density density th. dens porosity loss RT 1200°C
Sintering Conditions: 1850°C 2 h 50 psi/1900°C 2 h 300 psi
SC-281 Silicate 7.6Y4.2Si ! 3.25 3.24 99.7 0.09 1.86
§C-282 Silicate 3.4Y5.3La4.18i 1 8.30 3.27 99.1 0.27 1.47 672 1 39 525+ 25
SC-283 Silicate 10.6La4.1Si | 334 332 99.5 0.05 217 556 + 25 574 + 74
$C-290 Apatite 11.2La1.88r3.38i } 3.37 334 99.1 0.01 2.06
8C-291 Apatite 7.9Y2.7Ba3.4Si 1 3.29 3.02 91.9 0.15 2.34
5C-293 Apatite 8Y1.8813.4Si 1 3.27 3.26 99.6 0.14 2.58 730 ¢ 51 464 + 34
Sintering Conditions: 1850°C 2 h 50 psi/1950°C 2 h 300 psi k
§C-281-4  Silicate 7.6Y4.28i 325 3.27 100.5 0.07 3.46 4711+ 15 200+ 122
SC-282-4  Silicate 3.4Y5.3La4.18i 3.30 3.28 99.5 0.1 242 424 + 151 490 1 41
SC-283-4  Siiicate 10.6La4.1Si 3.34 333 99.8 0.09 328 499 : 101 555 + 40
SC-290-4  Apatite 11.2La1.85r3.3Si | 3.37 3.34 99.1 0.12 2.97
SC-291-4  Apatite 7.9Y2.7Ba3.4Si 1 329 3.06 93.1 0.78 3.34 752 + 64 375+ 19
SC-293-4  Apatite 8Y1.8S3.48i L3217 3.29 100.5 0.41 3.50 647 + 17 4.24 1+ 30
|
Sintering Conditions: 1750°C 4 h 15 psi !
|
8C-281-5  Silicate 7.6Y4.2Si 1325 3.10 95.4 0.02 1.99
8C-282-5  Silicate 3.4Y5.3La4.18i 1 3.30 3.21 g7.2 0.03 225 707+ 8 411 + 103
8C-283-5  Silicate 10.6La4.1Si | 3.34 3.30 98.8 0.08 3.11 647 + 33 510+ 53
|
SC-290-5  Apatite 11.2La1.85r3.3Si ! 337 33 98.2 0.12 3.08
8C-291-5  Apatlie 7.9Y2.7Ba3.45i 329 2.55 776 14.82 399
§C-293-5  Apatite 8Y1.85r3.48i 327 3.20 979 0.00 219 778 + 28 447 2+ 20
Sintering Conditions; 1800°C 4 h 15 psi
§C-2816  Silicate 7.6Y4.28i 325 3.18 98.1 0.03 2.36 578+ 11 549 1+ 11
§C-2826  Silicate 3.4Y5.3La4.18i | 3.30 322 97.7 0.02 2.13 465+ 8 456 » 47
SC-283-6  Silicate 10.6La4.1Si P 334 3.31 99.0 0.08 248 463 ¢ 47 546 ¢ 46
8C-2906  Apatite 11.21.21.85r3.381 | 3.37 3.34 9.2 007 2.30
8C-291-6  Apatite 7.9Y2.78a3.48i ;32 2.81 85.4 6.00 2.21
SC-293-6  Apatite 8Y1.88r3.48i 327 323 98.9 0.00 1.26 697 1 56 475+ 20
Sintering Condltions: 1850°C 4 h 15 psi ‘
§C-281-3  Silicate 7.6Y4.25i } 325 321 98.9 0.01 2.83 531 2 37 488 + 8
SC-282-3  Silicate 3.4Y5.3La4.18i ! 3.30 3.28 99.4 0.04 3.81 745 2 25 471+ 9
$C-283-3  Silicate 10.6La4.1Si 3.34 3.32 9.5 0.06 na 612 ¢+ 26 532 + 61
SC-280-3  Apatite 11.2La1.85r3.3Si 337 3.35 99.4 0.00 na
SC-291-3  Apatite 7.9Y2.7Ba3.4Si 329 267 81.3 13.33 6.09
SC-293-3  Apatite 8Y1.85r3.48i 327 3.21 98.2 0.00 347 543 1+ 41 526 + 49

*RT = room temperature.
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Table 2. Compositions, densities, and properties of gas-pressure sintered samples.
Sintering Conditions: 1850°C 2 h 50 psi 1800°C 2 h 300 psi.

Density and Property Measurements

Compositicn Fracture strength
Sample wt % Theoretical Bulk Percent % Open % Weight

1D oxides density density th. dens  porosity loss RT 1200°C
Sintering Conditions: 1850°C 2 h 50 psi/1900°C 2 h 300 psi
TRSN-1-1 Standard ~ 6Y2A1 327 3.25 99.3 0.1 023 765+ 70 447 + 18
TRSN-2-1 Apatite 11.2La5.58i1.8Sr 3.36 3.35 99.8 0.03 239 542 + 50 3109
TRSN-3-1 Apatite 8Y5.75i1.85r 327 3.24 99.0 0.03 1.31 452+ 19 258 ¢+ 26
TRSN-4-1 Apatite 11.5Nd5.58i1.8Sr 3.39 3.38 99.8 0.03 2.50 510+ 9 378 + 61
TRSN-5-1 Silicate 10.6L.a6.3Si 333 3.33 99.9 0.03 1.99 3411142 52513161
TRSN-6-1 Silicate 7.6Y6.55i 3.25 3.25 100.0 0.09 237
TRSN-7-1 Silicate 3.8Y5.3La6.4Si 3.30 3.29 99.8 0.00 290
TRSN-8 Silicate 5.3Y3.3Si 3.24 3.22 99.3 0.00 131 310+ 16 385+ 29
TRSN-8 (bar)  Silicate 5.3Y3.3Si 324 324 99.9 0.22 231
TRSN-9-1 Silicate 7.6Nd3.2Si 332 3.32 100.0 0.00 1.73 631 ¢+ 80 543
TRSN-10 Silicate 7.4La3.2Si 3.29 3.29 9989 0.00 1.48 470 & 68 498 + 55
TRSN-11-1 Apatite 5.6Y2.7S11.3Sr 3.25 2.36 727 12.40 220
TRSN-12-1 Apatite 7.9La2.7Si1.38r 3.32 2.80 843 2.04 271
TRSN-13-1 Apatite 8.1Nd2.7Si1.2Sr 3.34 276 827 0.15 1.64
TRSN-14-1 Silicate 7.8Y4.38i 3.26 3.24 99.5 0.11 0.55 460+ 109 370 : 66
TRSN-15-1 Silicate 10.8La4.2Si 3.35 3.34 99.6 0.29 1.44 411 ¢ 55 288 ¢ 115
TRSN-16-1 Silicate 11.1Nd4.2Si 3.39 3.38 100.0 0.10 255 412102 4361 122
TRSN-17-1 Apatite 8.2Y3.55i1.9Sr 3.28 263 80.1 7.35 1.40
TRSN-18-1 Apatite 11.40a3.3Si1.8Sr 3.38 3.23 95.6 024 227 376 1+ 40 420 £ 37
TRSN-19-1 Apatite 11.7Nd3.3Si1.8Sr 3.41 3.07 90.0 0.85 1.72
TRSN-20-1 Siticate 9.6Y5.3Si 328 3.27 99.8 0.34 0.79
SC-281-7 Silicate 7.6Y6.5Si 325 325 100.1 0.05 2.61 672 ¢+ 32 506 + 59
$C-282-7 Silicate 3.8Y5.3La6.45i 3.30 3.29 99.6 0.0 2.10 712 £ 40 422 + 157
§C-283-7 Silicate 10.6L.86.4Si 3.34 3.33 99.7 0.05 295 767 + 60
SC-289-7 Apatite 8Y5.65i1.8Sr 3.28 3.28 99.9 0.00 1.72
SC-293-7 Apatite 8Y5.65i1.8Sr 3.28 3.28 100.1 0.0 291
Sintering Conditions: 1900°C 2 h 100 psi/1950°C 2 h 300 psi
TRSN-1-2 Standard  6Y2Al 327 324 99.2 0.03 0.57 525+ 79 354 £ 40
TRSN-2-2 Apatite 11.2La5.58i1.8Sr 3.36 335 99.7 0.09 3.26 374 ¢ 54 309 : 32
TRSN-3-2 Apatite 8Y5.75i1.88r 327 327 99.9 0.22 2.26 475+ 33 297 1+ 45
TRSN-4-2 Apatite 11.5Nd5.55i1.8Sr 3.39 339 99.9 0.09 na 444 + 126 333 : 18
TRSN-5-2 Silicate 10.6La6.3Si 333 3.30 99.0 003 258
TRSN-6-2 Silicate 7.6Y6.5Si 325 3.25 100.1 0.00 335 398 + 197
TRSN-7-2 Silicate 3.8Y5.3L.a6.4Si 3.30 3.30 99.9 0.00 3.69 344 1+ 113
TRSN-8-2 Silicate 5.3Y3.3Si 324 3.24 100.1 0.00 1.51 503 + 88 496 + 6
TRSN-8-2 Silicate 7.6Nd3.2Si 332 3.31 99.8 0.04 1.88 379 : 80 343 + 24
TASN-10-2 Silicate 7.41a3.2Si 3.29 3.29 999 0.04 2.42 5181+ 28 533+ 12
TRSN-11-2 Apatite 5.6Y2.7Si1.3Sr 3.25 2.47 75.9 21.00 255
TRSN-12-2 Apatite 7.9La2.7Si1.3Sr 3.32 2.94 88.5 1.25 3.04
TRSN-13-2 Apatite 8.1Nd2.7Si1.2Sr 3.34 2.96 88.7 0.00 290
TRSN-14-2 Silicate 7.8Y4.3Si 3.26 3.26 100.1 0.17 1.18 427 + 20 291 + 38
TRSN-15-2 Silicate 10.8La4.2Si 3.35 3.34 99.8 0.09 1.83 311+ 133 4351 58
TRSN-18-2 Silicate 11.1Nd4.2Si 3.39 3.38 99.7 0.21 2.08 508 319: 72
TRSN-17-2 Apatite 8.2Y3.55i1.9Sr 3.28 277 843 11.97 1.86
TRSN-18-2 Apatite 11.41.a3.35i1.8Sr 3.38 3.35 99.1 0.06 226 480t 25 442 + 13
TRSN-18-2 Apatite 11.7Nd3.35i1.85r 3.41 3.28 96.2 0.09 2.44 320t 27 262 ¢ 160
TASN-20-2 Silicate 9.6Y5.3Si 328 328 100.1 0.03 125 386 ¢+ 23 309 + 24
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Formation of these phases is believed to decrease the amount of liguid phase
present during sintering and inhibit particle rearrangement and shrinkage.

To determine the densification behavior with different sintering conditions,
additional samples were fired at various conditions. The results are summarized in
Tables 3 through 5. As shown, densification was quite variable amonyg the different
compositions for these GPS runs. Surprisingly, some of the compaositions that
densified easily in previous sintering runs at comparable temperatures, like TRSN-2
through -7, did not consistently reach high densities >95% in the present tests.
These samples are currently being examined to ascertain the reasons for any
anomalous behavior.

Examination of fracture surfaces by scanning electron microscopy (SEM)
from sintered samples reveaied significant grain growth occurred in some composi-
tions (Figs. 3 through 5). As shown in Fig. 3, with the samples formulated to contain
La2Si2Q7 as the grain boundary phase and a tota!l initial oxygen content of 7.7
equivalent %, a duplex grain size distribution was produced. The samples formu-
lated to contain SrpYg(Si04)s02 or Sralag(Si04)s0O2 as the grain boundary phase
(Figs. 4 and 5); extensive grain growth occurred during both GPS and at lower
nitrogen overpressures.

Mechanical Properties - The specimens that achieved >95% T. D. were
machined into bend bars for mechanical property testing. These results are
summarized in Tables 1 and 2. As shown, the flexural strengths for the TRSN
samples are consistently low compared to many advanced silicon nitride materials.
The major reason for this behavicr appears to be the green forming technigue used.
The TRSN-series of samples were turbomilled, dried, screened, and ClPed.
Apparently, hard aggiomerates were formed in the diying steps and were carried
over into the parts. The strengths are similar to other GPS samples that were
isopressed.2 Examination of fracture surfaces showed differential shrinkage around
these hard agglomerates and the formation of large defects. This behavior is
illustrated in Table 6 with a comparison of CIPed materials with the same composi-
tion that was slip-cast into specimens. It shows a consistently higher strength for the
slip-cast materiais under both identical sintering conditions (TRSN-3-1 vs. SC-293)
and similar conditions. In fact, samples SC-293-5, -6, and -3 showed higher
strengths even though thay had lower densities than the CiPed materials. Our
sample preparation had staried using CIP to eliminate macro-defects, such as
cracking and warping, that occurred during drying of our initia! slig-cast specimens.
Future samples will be prepared by both CIP and slip-casting.

Another factor affecting the strength was exaggerated grain growth experi-
enced by some of the compaositions. For example, Fig. 6 shows the large grains
observed in TRSN-15-2 (Si3N4-10.8% La203-4.2 % SiO2 sintered at 1900°C/2
h-1950°C/2h), which had a room-temperature strength of 311 MPa. Such large
grains are well known to have detrimental effects on the strength of silicon nitride
materials. Similar grain growth was observed in other compositions. Madification of
the sintering cycie temperature, times, and prassures will be used to control the
grain growth behavior.

During GPS, the high gas overpressures result in disselution of nitrogen into
the intergranular phases and the formation of nitrogen-rich phases. These phases
are metastable at one atmosphere. There was some evidence that during the
crystallization step used in the present samples (1 h hold at 1405°C and 15 psi



Table 3. Compositions
Sintering Conditions:
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and densities of gas-pressure sintered samples.
1750°C 2 h 100 psi/1800°C 0.5 h 300 psi.

Composition
Sample Sintering wt % Theoretical Bulk Percent % Open
D aid oxides density density th. dens  porosity
TRSN-1-3 Standard  6Y2A1 i 327 298 91.0 203
| v
TRSN-2-3 Apatite 11.2La5.5Si1.8Sr 3.36 274 815 13.71
TRSN-3-3 Apatite 8Y5.7Si1.85r 327 252 771 20.50
TRSN-4-3 Apatite 11.5Nd5.5Si1.85r 3.39 272 80.4 12.88
TRSN-5-3 Silicate 10.6L86.3Si 3.33 2.74 82.3 13.69
TRSN-6-3 Silicate 7.6Y6.55i 325 2.82 86.8 2.59
TRSN-7-3 Silicate 3.8Y5.3La6.4Si 3.30 290 879 0.38
TRSN-8-3 ~ Silicate 5.3Y3.3Si 3.24 263 81.0 12.61
TRSN-9-3 Silicate 7.6Nd3.2Si 3.32 2.80 84.4 7.55
TASN-10-3 Silicate 7.4L.a3,2Si 3.29 2.83 859 6.08
TRSN-11-3 Apatite 5.6Y2.75i1.3Sr 3.25 2.09 64.3 32.30
TASN-12-3 Apatite 7.9L82.75i1.3Sr 3.32 2.36 709 22.68
TRSN-13-3 Apatite 8.1Nd2.7Si1.25r 3.34 2.37 71.1 2361
TRSN-14-3 Silicate 7.8Y4.3Si 3.26 2.60 79.8 17.44
TRSN-15-3 Silicate 10.8La4.28i 3.35 267 79.6 17.46
TRSN-16-3 Silicate 11.1Nd4.2Si 3.39 2.61 77.0 17.03
TRSN-17-3 Apatite 8.2Y3.$Si1 9Sr 3.28 212 64.7 34.49
TRSN-18-3 Apatite 11.4L.23.3Si1.8Sr 3.38 273 809 14.07
TRSN-19-3 Apatite 11.7Nd3.35i1.8Sr 3.41 2.36 69.3 26.72
|
TRSN-20-3 Silicate 9.6Y5.3Si 3.28 2.83 86.4 3.28
|
TRSN-21-3 Apatite 10.9La5.25i1.75r 3.36 2.81 83.7 7.88
TRSN-22-3 Apatite 5.8La6,5Yb5.25i1.75r 3.41 - 293 86.0 495
|
TRSN-23-3 Silicate 8.8Yb3.28i 3.36 277 826 11.74
TRSN-24-3 Silicate 4Y2.5$i 322 241 749 21.55
TRSN-25-3 Silicate 5.7La2.5Si 3.27 2.58 789 15.50
TRSN-26-3 Silicate 5.8Nd2.5Si 3.28 264 80.5 15.56
TRSN-27-3 Silicate 3.32 270 81.2 13.10

e.ang.ssi




104

Table 4. Compositions and densities of gas-pressure sintered samples.

Sintering Conditions: 1850°C 0.5 h 100 psi/1800°C 2 h 300 psi.

Composition
Sample Sintering wt % Theoretical Bulk Percent % Open
iD aid oxides density density th. dens  porosity
TRSN-1-5 Standard 6Y2A1 3.27 3.06 93.7 0.65
TRSN-2-5 Apatite 11.2La5.5Si1.8Sr 3.36 31N 925 0.09
TRSN-3-5 Apatite 8Y5.75i1.8Sr 3.27 2.94 90.0 1.67
TRSN-4-5 Apatite 11.5Nd5.5Si1.85r 3.39 2.94 86.7 6.12
TRSN-8-8 Silicate 10.6La6.3Si 333 3.06 92.0 0.08
TRSN-6-5 Silicate 7.6Y6.5S8i 3.25 2.94 90.3 0.03
TRSN-7-5 Siticate 3.8Y5.3L.26.45i 3.30 2.99 90.5 0.05
TRSN-8-5 Silicate 5.3Y3.3Si 3.24 2.82 87.0 5.68
TRSN-9-5 Silicate 7.6Nd3.2Si 3.32 3.01 90.6 224
TRSN-10-5 Silicate 7.4La3.2Si 3.29 3.00 91.2 2.19
TASN-11-5 Apatite 5.6Y2.7Si1.3Sr 3.25 224 69.0 28.14
TRSN-12-5 Apatite 7.9.82.7Si1.35r 3.32 2.55 76.9 15.16
TRSN-13-5 Apatite 8.1Nd2.7Si1.28r 3.34 2.53 757 14.69
TRSN-14-5 Silicate 7.8Y4.3Si 3.26 2.91 831 1.03
TRSN-15-5 Silicate 10.8L.a4.2Si 3.35 3.02 20.3 2.27
TRSN-16-5 Silicate 11.1Nd4.2Si 3.39 2.77 81.6 16.07
TRSN-17-5 Apatite 8.2Y3.55i1.95r 3.28 2.49 759 18.26
TRSN-18-5 Apatite 11.4L.a3.3Si1.8Sr 3.38 267 79.0 19.15
TRSN-19-5 Apatite 11.7Nd3.3Si1.8Sr 3.41 2,50 73.4 23.45
TRSN-20-5 Sificate 9.6Y5.3Si 3.28 2.82 86.0 8.55
TRSN-21-5 Apatite 10.9L.a5.25i1.7Sr 3.36 2.97 88.4 2.83
TRSN-22-5 Apatite 5.8La6.5Yb5.28i1.7Sr 3.41 3.08 90.6 1.00
TRSN-23-5 Silicate 8.8Yh3.2Si 3.36 3.00 89.3 290
TRSN-24-5 Silicate 4Y2.5S8i 3.22 2.62 81.3 13.14
TRSN-25-5 Silicate 5.71.a2.5Si 3.27 2.83 86.6 8.75
TRSN-26-5 Silicate 5.8Nd2.58i 3.28 293 89.3 3.63
TRSN-27-5 Silicate 6.8Yb2.5Si 3.32 292 88.¢c 557
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Table 5. Compositicns and densities of gas-pressure sintered samples.
Sintering Conditions: 1750°C 1 h 100 psi/1900°C 2 h 300 psi.

. Composition
Sample Sintering wt % Theorstical Bulk Percent % Open
iD aid oxides density density th. dens  porosity
TRSN-1-6 Standard  6Y2A1 3.27 307 939 0.00
TRSN-2-6 Apatite 11.2La85.5Si1.8Sr 3.36 3.28 97.6 0.08
TRSN-3-6 Apatite 8Y5.78i1.85r 3.27 3.09 944 2.78
TRSN-4-6 Apatite 11.5Nd5.55i1.8Sr 3.38 3.22 949 0.00
TRSN-5-6 Silicate 10.6La6.3Si 3.33 3.19 959 0.00
TRSN-6-6 Silicate 7.6Y6.5Si 325 3.17 97.4 0.00
TRSN-7-6 Silicate 3.8Y5.3L.a6.4Si 3.30 3.28 99.4 0.09
TRSN-8-6 Silicate 5.3Y3.3Si 3.24 3.15 97.2 0.04
TRSN-8-8 Silicate 7.6Nd3.2Si 332 3.19 96.2 0.00
TRSN-10-6 Silicate 7.4La3.25i 3.29 3.19 97.1 0.76
TRSN-11-8 Apatite 5.6Y2.7Si1.35r 3.25 2.31 71.0 29.36
TRSN-12-6 Apatite 7.9L.a2.75i1.3Sr 3.32 2.71 81.7 878
TRSN-13-6 Apatite 8.1Nd2.75i1.28r 3.34 270 80.8 1.86
TRSN-14-6 Silicate 7.8Y4.3Si 3.26 312 a95.9 0.00
TRSN-15-6 Silicate 10.81_a4.23i 3.35 3.27 97.7 0.00
TRSN-16-6 Silicate 11.1Nd4.23i 3.39 329 97.2 0.00
TREN-17-6 Apatite 8.2Y3.55i1.95r 328 2.60 79.1 20.48
TRSN-18-6 Apatite 11.4L.23.35i1.85r 3.38 3.10 91.8 1.14
TRSN-19-6 Apatite 11.7Nd3.3Si1.8Sr 3.41 2.99 87.6 2.28
TRSN-20-6 Silicate 9.6Y5.35i 3.28 3.16 96.4 0.00
TRSN-21-8 Apatite 10.9La5.25i1.7Sr 3.36 3.18 94.5 0.00
TRSN-22-8 Apatite 5.81.a6.5YD5.28i1.75r 3.41 3.24 924.9 -0.03
TRSN-23-6 Silicate 8.8Yb3.2Si 3.36 3.29 97.9 0.00
TRSN-24-8 Silicate 4Y2.58i 322 3.02 93.9 0.00
TRSN-25-6 Silicate 5.7La2.55i 327 3.17 96.8 000
TRSN-26-6 Silicate 5.8Nd2.5Si 3.28 315 262 0.17
TRSN-27-6 Silicate 6.8Yb2.58i 332 3.24 97.7 0.00




106

Fig. 3. Fracture surface of silicon nitride
formulated to contain La2Si2O7 as the grain
boundary phase. Sintered at 0.2 MPa nitrogen
at 1850°C for 4 h. Density is 99.5% T. D.



Fig. 4. Fracture surface of silicon nitride formulated to contain Sra2Yg(SiO4)g02 as the grain
boundary phase: (a) sintered at 0.2 MPa nitrogen at 1850°C for 4 h; density is 98.2% T. D. and
(b) sintered at 0.3 MPa nitrogen at 1850°C for 2 h followed by 2.0 MPa nitrogen at 1900°C for 2 h;

density is 99.6 % T. D.

L01



Fig. 5. Fracture surface of silicon nitride formulated to contain SrpLag(SiO4)602 as the grain
boundary phase: (a) sintered at 0.2 MPa nitrogen at 1850°C for 4 h; density is 99.4% T. D. and

(b) sintered at 0.3 MPa nitrogen at 1850°C for 2 h followed by 2.0 MPa nitrogen at 1900°C for 2 h:
density is 99.1% T. D. ‘

801



Table 6. Comparison of flexur
cast specimens of SigN4-8
density. The slip-cast sp.
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al strengths for cold isostatically pressed and slip-
% Y203-5.6 % Si0O2-1.8% SrO sintered to high
ecimens consistently showed higher strengths.

Flexural Flexural
Sintering  strength at  strength at
Density  Cold forming conditions 25°C 1200°C
Sample (@/cm3)  techniquel (°C/) (MPa) (MPa)
TRSN-3-1 3.24 cIP 1850/2  452+19  258+25
L 1900/2
TRSN-3-2 3.27 ciP 1850/2  475+33  297+45
| 1950/2
SC-293 3.26 Slip-Cast 1850/2 730 + 51 464 + 34
1900/2
SC-293-4 3.29 Slip-Cast 1850/2  647+17  424%30
1950/2
$C-293-5 3.20 Slip-Cast 1750/4  778+28  447+20
SC-293-6 3.23 Siip-Cast ~ 1800/4  697+56 475120
SC-293-3 3.21 Slip-Cast 1850/4 730+ 51 526 + 49

1CIP = Cold-isostatically pressed.
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Fig. 6. Example of exaggerated grain
growth in gas-pressure sintered silicon nitride.
Sample TRSN-15-2.

nitrogen), excess nitrogen came out of solution and formed gas bubbles as shown in
Fig. 7. Modification of the crystallization cycle temperature, times, and pressures will
be systematically varied to eliminate these types of defects.

Microstructure Development - Small samples of the compositions listed above
were fired to 1700 or 1800°C and held at temperature for only 15 min. Densities and
B/(B+o) ratios were measured to determine the progress of microstructural develop-
ment during the early stages of densification. The results on selected samples are

given in Table 7. As shown, significant a-to-B transformation takes place in some
samples, like TRSN-1, prior to densification. Generally, the lower the eutectic liquid

formation temperature, the higher the a-to-B conversion as indicated in Fig. 8.

References

1. T. N. Tiegs et al, "'Dispersion Toughened Ceramic Composite," pp. 158-69 in
CeramicTechnology Project Semiannual Progress Report for October 1991 through
March 1992, ORNL/TM-12133, Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., 1992.
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31675

Fig. 7. Evidence of gas bubble formation
in gas-pressure sintered silicon nitride. Sample
TRSN-1-2.
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Table 7. Phase composition of selected samples
partially fired to determine ¢-to-8 transformation

during early stages of densification.

Density B/(o-to-B)

1700°C for 15 min
TRSN-1 77.6 41
TRSN-2 61.4 27
TRSN-3 53.2 32
TRSN-14 57.7 10
TRSN-18 48,2 16
TRSN-20 61.6 38

1800°C for 15 min
TRSN-1 82.2 >08
TRSN-2 68.8 g0
TRSN-3 66.1 --
TRSN-14 70.2 38
TRSN-18 74.9 50
TRSN-20 74.1 -
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Status of milestones

Milestone 123111, "Fabricate high-toughness silicon nitride materials with
elongated grain microstructures,” was not completed due to previous delays in
operation of the GPS. |

ications/visi

S. D. Nunn attended the Annual Meeting of the American Ceramic Society
from April 11-16, 1992, in Minpeapolis, Minnesota.

P. A. Menchhofer attended the Annual Meeting of the American Ceramic
Society from April 11-16, 1992, in Minneapolis, Minnesota.

Travel by T. N. Tiegs on September 29, 1992, to Knoxville, Tennessee, to
present a seminar to the Uni\gersity of Tennessee Graduate Seminar entitied,

"Development of Silicon Nitride Ceramics for Structural Applications.”
) }
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Draft paper written by T. N. Tiegs entitled, "Whisker Synthesis Processes,” for
publication in Non-oxide Ceramic Engineering, Van Nostrand Reinhold Publishers.
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1.2.4 Silicate Matrix

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

Objective/Scope

Optimize the chemistry, properties,é and processing of selected low thermal expansion
compositions based on the zircon (NZP) and the B-eucryptite-AIPO, systems. These
materials also exhibit stable propbrties’ above 1200°C. The major objective is to
demonstrate fabricability and to prc,j*:mote commercialization of these ceramics.

Technical Highlights

Zircon (NZP) System ;

Three forming methods of (Ca(w,Mg‘o_,;)Zr“(PO,;)6 [CMZP] monolithic ceramics have been
studied: 1. Hot Pressing, 2. Preésureless Sintering, and 3. Hot Isostatic Pressing
(HIPping). Hot pressing was undertaken at Caterpillar, Inc. by Dr. M. H. Haselkorn.
Various processing conditions wére analyzed using single phase, sol-ge! formed,
amorphous powder. Densities were all greater than 97% of theoretical. The
microstructure of the densest specimen showed minimal porosity with a grain size of 6-7u
with some grains >10u (Figure 1). Hot pressing conditions of 5°C/min to a final
temperature of 1290°C for 4 h and épplying a 5600 psi pressure at the final temperature
resulted in the 4 point Modulus of Rupture value of 136 MPa.

Since some of these hot pressed samples exhibited evidence of liquid phase sintering,
it was theorized that sol-gel cMzp powder should be able to be cold-pressed and
sintered. Following the "optimal" hot pressing conditions, sol-gel powder was pressed
and fired to 1250°C for 4 h. Maxim@m density achieved was 85% of theoretical. Judging
from the unsintered agglomerates lrp the microstructure, the sintering time was upped to
24 h, which increased the density to 93%. The resultant microstructure consisted of
porous agglomerates with no distinct grain structure.
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Fig. 1. Fracture Surface of Hot Pressed CMZP,
fracture surface, 98% theoretical density

To enhance the sintering process and improve densification, ZnO and MgO were added
to the dry amorphous powder. Agrawal and Stubican' reasoned that the ionic radii of
Mg?* and Zn** are similar to Zr** (0.86, 0.89, and 0.86A, respectively) which may lead
to improved sintering via an ionic exchange mechanism. Equally important is the liquid
phase formation from the Mg and Zn phosphates which melt below the sintering
temperature (about 1186 and 1000°C), aiding in densification. Table 1 shows that
adding 2 wt% ZnO led to a density 96% of theoretical and 5 wt% MgO resulted in 94%
theoretical density. Some porosity was visible on fracture surfaces and the grain size was
10 and 20y, respectively, as shown in Figure 2 and 3. Figure 4 plots theoretical density
against sintering aid content.

To determine if further densification was possible for flexural strength studies, HIPping of
monolithic CMZP was also studied. Taguchi methods have been applied to optimize the
HIPping process. Two levels of each factor were tested: HIP temperature, pressure, and
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Table 1. Cold Pressing and Sintering Summary

Composition (°C/min, °C, h) Density Microstructure
CMZP 5, 1250, 4 85% unsintered
agglomerates, very
porous
CMZP 5, 1300, 24 93% porous agglomerates,
no grain structure
CMZP + 2wt% ZnO 10, 1200, 24 96% relatively dense, few
pores, grain size 15-
20u
CMZP + 5wt% MgO 10, 1200, 24 94% uniform grain

structure, small
pores, grain size
<10u

* Cold pressure applied: 20-25 ksi

Fig. 2. Fracture surface of CMZP with 2wt% ZnO,
Cold-pressed and sintered, 96% theoretical density



Fig. 3. Fracture surface of CMZP with 5 wt% MgO, Cold-pressed and sintered, 94%
theoretical density
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time. The experiment resulted in densities greater than 98% of theoretical with optimal
levels at 1050°C, 15 ksi, and 30 min, as shown in Table 2. The microstructure was very
dense with minimal porosity (in size and number of pores) and the grain size was
approximately 2-3u as seen in Figure 5.

Ceramic Composites

The densification of SiC whisker and chopped Nicolan-SiC fiber reinforced CMZP
composites (SICW/CMZP and SiCf/CMZP, respectively) using hot isostatic pressing (HIP)
the room temperature flexural strength of SiICw/CMZP composites and the effects of
whisker content and HIPping parameters on the strength were investigated. The flexural
strength of SiCw/CMZP compaosites was found to increase with whisker content. All the
SiCw/CMZP composites containing 20 vol% of whiskers HIPped at temperatures from
1030 to 1070°C exhibited fiexural strengths higher than 110 MPa. The best HIPping
temperature-pressure-time combination to optimize the flexural strength of SiCw/CMZP
composites was determined to be 1050°C-15000 psi-0.25 h.

To prepare composite samples, sol-gel derived amorphous CMZP powders and SiC
whiskers or chopped Nicoian-SiC fibers were first mixed and blended in water to obtain
homogeneous mixtures. The mixtures were then air-dried and cold pressed into billets.

Table 2. Taguchi Experimental Conditicns for HIPping

Processing Parameters

(°C, ksi, min) Density Grain Structure & Size

1050, 10, 15 95.2% very dense, 2-3u

1050, 15, 30 98.1% very dense, uniform
structure, 2-3u

1150, 10, 30 94.5% bimodal grain size

distribution, 2-3 & 4-5u,
slightly more porous

11580, 15, 15 93.8% bimodal grain size
distribution, 2-3 & 4-5u,
slightly more porous
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Fig. 5. Fracture surface of HIPped CMZP, 98% theoretical density
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The billets were fired at 1000°C for 6 hours to remove volatiles prior to encapsulation in
Pyrex giass tubes under vacuum at temperatures around 800°C then HIPped. During
HIPping, the crystallization of amorphous CMZP matrix and densification of the composite
take place simultaneously.

Because SiICw/CMZP is a new system, appropriate HIPping parameters could only be
determined by trial-and-error. Based on experience in hot pressing SiC{/CMZP
composites, HIPping experiments at temperatures between 1250 and 1400°C at
pressures of 10 and 15 ksi for times between 10 minutes and 2 hours were examined as
shown in Table 3.

Table 3. Densification of SiCw/CMZP Composites by HIPping

HIPping parameters Porosity
(Temperature, Pressure, Time) %)

10 vol% whisker content:

1280°C, 15ksi, 1 h 3-4

1300°C, 15 ksi, 1 h 5-6

1300°C, 15 ksi, 2 h 7 - 8 (aging: 1100°C/10 h)

1350°C, 15 ksi, 0.5 h 6 - 7 (aging: 1100°C/10 h)
20 vol% whisker content:

1250°C, 15 ksi, 10 min. 6-8

1280°C, i5ksi, 1 h 10 - 12 (aging: 1100°C/10 h)

135G°C, 10/15 ksi, 0.5/0.5 h 10-12

1400°C, 15 ksi, 0.5 h 8-9

The results indicate that at the tabulated pressures, raising HIPping temperature above
1250°C and/or extending soaking time does not promote the densification. On the other
hand, standard X-ray diffraction analysis (XRD) showed that in the sample, containing 20
vol% whiskers HIPped at 1250°C for 10 minutes, only SiC and CMZP phases existed,
while phases other than SiC and CMZP were found in the samples with the same whisker
content but HiPped at 1350°C. The results suggest that HiPping should be performed
at lower temperatures and for shorter times.

To facilitate the study of the densificaticn, Taguchi methods were used to design another
group of experiments and analyze the results.” Examining the results of the previous
experiments, the HIPping temperature {T), pressure (P), and soaking time (t) were found
to significantly affect the densities. To compare their effects and consequently find
desirable T-P-t combination(s) to achieve high densities for SiCw/CMZP composites, a
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three factor-two level (L,(2%) array® was%chosen to arrange the second group of HIPping
experiments with the following settings: §T1 = 1250°C, T, = 1150°C; P, = 15000 psi, P,
= 10000 psi; t; = 30 min,, t, = 15 min. The HIPping parameters and the achieved
densities in this group of experiments a;re summarized in Table 4.

Table 4. Densification of SiCw/CMZP Composites by HIP

HIPping parameters Density (%)
(°C, psi, min.) 10 vol% whiskers 20 vol% whiskers
1250, 15000, 30 98.5 96.7
1250, 10000, 15 97.0. 97.8
1150, 15000, 15 98.5, 99.7

1150, 10000, 30 99.6 99.6

Analysis of the variance of density as a function of HIPping temperature, pressure, time
and whisker content is shown in Table 5. It can be seen from Table 5 that of among
these factors, temperature causes the largest variance in density, followed by soaking
time, pressure, and whisker content in a descending order of the importance.

Table 5. Analysfes of Variance in Density

Source Degree of freedom yariance in_Density (%)

Temperature 1 6.845
Pressure 1 0.045
Soaking time 1 | 0.245
Whisker content 1 ‘ 0.005
Error 3 0.885
Total 7 1.399

Although densities greater than 99% were achieved by HIPping at 1150°C, analysis of
the results using the Taguchi method suggests that at the tabulated pressures and times,
the HIPping temperature can be lowered, and at the lower temperature(s), equal or higher
densities can be achieved but the variance in density due to temperature change can be
minimized. As HIPping at low temperaiures can decrease processing costs and usually
results in a better microstructure, a third group of experiments was designed and
executed to study the densification of $ij/CMZP composites in the temperature range

of 1150 - 1050°C. (Table 6). |
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Table 6. Densification of CMZP/SiCw Composites by HIP

HIPping parameters Density (%)

(°C, psi,_min.) 10 vol% whiskers 20 vol% whiskers
1050, 15000, 30 98.7 99.8

1050, 10000, 15 99.6 99.9

1150, 15000, 15 98.5 89.7

1150, 10000, 30 99.6 99.6

The phase composition of the eight sampies was determined by standard XRD
techniques and no phases other than CMZP and SiC were found. The samples were
dark green in color except for those HIPped at 1050°C which were lighter. This color
difference indicates that there is a possibility of a reaction between SiC and CMZP and
the tendency of the reaction increases with temperature. To further explore the possibility
to densify SiCw/CMZP composites by HIPping at lower temperatures, two samples with
SiC whisker contents of 10 and 20 vol%, respectively, were HiPped at 1000°C at 15 ksi
for 30 minutes. Although densities of >99% were achieved for the both, XRD analysis
indicated that the CMZP matrix was not completely crystallized. Thus, for the tabulated

pressures and times, a HIPping temperature of about 1050°C is required to form
crystalline composites.

Analysis of the variance in the density as a function of HIPping and whisker content within
the temperature range of 1050 - 1150°C is shown in Table 7. The most important factor
affecting the density, i.e. the factor contributing the largest variance in density, is now the
whisker content rather than a HIPping parameter (T, P, or t). These results indicate that
HIPping at temperatures about 1050°C at pressure of 10000 to 15000 psi for 15 to 30
minutes is favorable for the densification of SICw/CMZP composites.

Table 7. Analyses of Variance in Density

Source Degree of freedom  Variance in Density (%%
Temperature 1 0.281
Pressure 1 0.151
Soaking time 1 0.101
Whisker content 1 0.320
Error 3 0.142
Total 7 0.188
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itis concluded from the resulits that: (1) lTilsing amorphous CMZP powder and SiC whisker
as starting materials, nearly fully densifieg SiCw/CMZP composites with a desirable phase
composition can be prepared by cold pressing - pre-sintering - HIPping (2) optimum
densification of SiCw/CMZP composités is achieved by HIPping at about 1050°C at
pressures of 10000-15000 psi for 15-30 minutes, and (3) because the density is near
100% and no longer sensitive to small changes in processing parameters, the desirable
HIPping T-P-t combination(s) should be found to optimize the mechanical properties.

Based on the experience obtained from processing SiCw/CMZP composites, SiCf/CMZP
composites were HIPped at temperatures from 1050 to 1250°C at pressures 10000 to
15000 psi for 15 to 30 minutes. The HIPping parameters and achieved densities for the
SiCf/{CMZP composites are summarized in Table 8 and indicate that the best temperature
for the densification by HIPping is 1150°C.

Table 8. Densification of SiCf{/fCMZP Composites by HIP

Processing parameters Density (%)

°C. psi, min.) 10 vol% fibers 20 vol% fibers
1050, 15000, 30 97.9 98.2
1050, 10000, 15 97.6 98.1
1150, 15000, 15 98.5 98.9
1150, 10000, 30 98.0 98.5
1250, 15000, 30 979 97.8

1250, 10000, 15 97.7 97.3

To find the desirable HIPping T-Pt combination(s) to optimize flexural strength,
SiCw/CMZP composites were preparedf by HIPping at temperatures from 1030 to 1070°C
at pressures from 10000 to 15000 hsi for 15 to 30 minutes, and then their room
temperature flexural strength was detérmined. Again, Taguchi methods were used in
designing the experiments and analyzing the results. The HIPped samples were
machined into 2-4 MOR bars according to Military Spec. 1942 B then tested following the
same specifications. The processing pérameters and measured strength of the samples
are summarized in Table 9. All the sémples listed were measured to have a density
greater than 99% of theoretical and determined by standard XRD to have no phases
other than CMZP and SiC. |
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Table 9. Flexural Strength of SiCw/CMZP Composites

HIPping parameters
(°C. psi, min.)

Strength values
Average (MPa)

5 1030, 10000, 15 68.9+11.9

5 1050, 10000, 30 59.4+6.6

10 1050, 10000, 30 98.4+1.6

10 1070, 10000, 15 84.4x1.9
20 1030, 10000, 15 116.1+0.6
20 1030, 15000, 30 111.520

20 1050, 10000, 30 126.7+0.8
20 1050, 15000, 15 135.6+:10.6*
20 1070, 10000, 15 1201274
20 1070, 15000, 30 119.0£5.2

Among these samples, the lowest strength value measured was 47 MPa for the sample
containing 5 vol% of SiCw and HIPped at 1030°C at 10000 psi for 15 minutes, the
highest is 148 MPa for the sample containing 20 vol% of SiCw and HIPped at 1050°C at
15000 psi for 15 minutes.

The flexural strength is plotted against whisker content in Figure 6 for SiCw/CMZP
composites HIPped using different T-P-t combinations. it can be seen from Table 9 and
Figure 6 that the flexural strength of the SiCw/CMZP composites increases with whisker
content. In fact, some of the HIPped SiCw/CMZP composite samples containing 5 or 10
vol% of SiC whiskers broke during machining while all the samples with SiC whisker
contents of 20 vol% survived under the same machining conditions. Furthermore,
compared o monolithic CMZP hot pressed at temperatures between 1260 and 1290°C
with flexural strength varying from 73 to 136.3 MPa,® the SiCw/CMZP composites,
especially the ones containing 20 vol% of whisker, exhibited a much smaller strength
variation (Table 9).

Analysis of the flexural strength of the SiCw/CMZP composites containing 20 vol% of
whisker as a function of HIPping temperature, pressure, and time using Taguchi methods
is summarized in Figure 7, 8 and 9. The results indicate that the best HIPping T-P-t
combination to optimize the flexural strength of the SiCw/CMZP composites is 1050°C-
15000 psi-15 min.

B-Eucryptite-AIPO, System

The mechanical properties of modified g-eucryptite glass ceramics
[96%(Liy, 4,Ca, 5)Al(Si; 75,P0 5) 04 5, 4% TiO,] are improved through the formation of in-situ
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TiO, whiskers as summarized in Tablef 10.

Table 10. Mechanical properties o& AIPQO, modified B-eucryptite glass-ceramics

Crystallization Elastic Modulus MOR Kic
Heat Treatment {GPa) {MPa) (Mpa* | m)
original glass 6249 66+5 1.140.03

850°C, 2h™" 67+8 81412 -
950°C, 10h"" 68413 72419 1.240.07
1040°C, 20h"™"" 8548 134+13 1.6+0.04

'95% confidence intervals shown
"*Glass-ceramics without TiO, whisker precipitation
"""Glass-ceramic with TiO, whisker precipitation

Strengthening of the in situ TiO,-reinforced AIPO, modified 8-eucryptite glass-ceramic
matrix composite is attributed to three factors:

(1)  Precipitation of TiO, whiskers which are stiffer (E=283’GPa)4 and stronger (over
300 MPa)® whiskers than the AI}PO4 modified B-eucryptite glass-ceramic matrix.
(2) Average aspect ratio of the precipitated TiO, whiskers is 28, which is much greater
than the critical aspect ratio (I/d=8) which is determined from an empirical equation
developed by Termonia® wheré E,, is the elastic modulus of the TiO, whisker (E,,
(_l,) . 2B,
dj, E

m

= 283 GPa) and E,, is the elastic modulus of the AIPO, modified B-eucryptite glass-
ceramic (E, = 67 GPa).

(3) No whisker pull-outs were observed on the fracture surface of the in situ

composite, indicating strong interfacial bonding between the whisker and the
matrix. |

The increase in elastic modulus of AIPO ,-modified 8-eucryptite glass-ceramic from 67 GPa
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to 85 GPa is attributed to TiO, whiskers which have a high elastic modulus (283 GPa).

The modulus of the randomly criented TiO, whisker-reinforced compesite can be
estimated using an empirical equation’

E = %EL + %Er

c

where E, and E; are the longitudinal and transverse moduli, respectively. These moduli
can be calculated using the Halpin-Tasi equations®

{
E_' i

E, 1 -1V,
and
Er 1 +2n¥,
Em 1 - 1“'TVW
where
(Ew/Em) -1
'n =
bO(EJE,) + 2(d)
and

_ (Elem) ~1
r = (EJE) + 2

The glass-ceramic heat treated at 1040°C for 20 h contains about 12 vol% of randomly
oriented TiO, whiskers with average aspect ratios of 28. Using E,, = 283 GPa, E_, = 67
GPa, V,, = 0.12, and (I/d) = 28 in the Halpin-Tsai equaticns., the modulus is calculated
as &, = 84 GPa which confirms the value (85 GPa) measured experimentally.

Fracture toughness, K measured by the indentation method using a 9.8 N load was
increased with the formation of TiO, whiskers. The indented surface observations
revealed that crack deflection and crack branching by the TiO, whiskers may contribute
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to improving fracture toughness of t is composite (Figure 10). The degree of crack
deflection is governed by residual stresses around the whiskers which arise due to a
thermal expansion mismatch and the interfaciai bonding strength between the whiskers
and the matrix. The bulk coefficient of thermal expansion of TiO, is approximately 7.3 x
10°%/°C which is much larger than tha;{ of modified B-eucryptite (less than 0.4 x 10°%/°C).
Khaund et al.® have shown that localized stress concentrations, i.e., those resulting from
expansion mismatch, may increase thfe crack tip stress intensity factor and thus result in
a lowering of the applied stress requijred to propagate cracks. In order to examine the
residual stress effect on the fracture ioughness, an experimental study was conducted
where samples were quenched in airfor water.

[
i

Samples of modified S-eucryptite glas$ were heat treated at 740°C for 1 hand at 1040°C
for 20 h to allow in situ growth of Ti02§ whiskers, then cut into blocks (4 x 5x 15 mm) and
polished. To introduce different levels of residual stress, the blocks were quenched from
400°C, 600°C, 800°C, and 1000°C§ into either air or water at 25°C. Critical fracture
toughness, K, was determined by irﬁdentation using 8 indents with a 9.8 N load.

As shown in Table 11, air quenching‘ has no effect on the K values. However, there
was a decrease in the average fracturje toughness with water quenching, with a significant
decrease noted for the sample quenbhed from 800°C. This sample exhibited localized
regions of microcracking. The samplfe quenched from 1000°C into water exhibited more
severe localized microcracking and |a higher value of K, possibly due to microcrack
toughening.

No change in the K. value with air q}uenching indicates that the actual residual stresses
due to thermal expansion mismatch :in the given fabrication conditions (cooling from the
in situ composite fabrication temperature in a furnace with 60°C/h cooling rate) do not
affect fracture toughness value. fherefore, crack deflection around the whisker is
governed by bonding between the jwhisker and the matrix. Strong interfacial bonding
between the TiO, whisker and the giéss-ceramic matrix acts effectively in this composite
to improve strength of the material lfaut does not affect fracture toughness significantly.

|
|
!
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Fig. 10. Scanning electron micrographs showing indentation crack
propagation in an in situ TiO, whisker-reinforced modified
B-eucryptite glass-ceramic
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Table 11. Fracture toughness of TiO, whisker reinforced
modified ﬁ-eucryptité glass-ceramic as a function of
quench temperature and condition
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(°C) Quench Condition K¢ (Mpa* | m) Crack Formation
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400 air 1.68+0.08 no
water 1.44+0.05 no
600 air 1.6440.12 no
water 1.42+0.06 no
800 air 1.64+0.06 no
water 1.19+0.06 localized
1000 air 1.67+0.10 no
water 1.591+0.10 more severe
: than 800°C

*95% confidence interval
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Status of Milestones

A nine month no cost extension has been granted to allow completion of the evaluation
of mechanical properties of the ceramics and composites.

Communications/Visits/Travel

Dr. D. A. Hirschfeld and Mr. W. S. Russ visited Dr. Michael Haselkorn at Caterpillar Corp.,
Peoria, Il on April 2, 1992, to discuss hot pressing of CMZP.

Drs. J. J. Brown and D. A. Hirschfeld attended the L.ow Expansion Ceramics Workshop
in Knoxville, TN on April 30, 1992, and presented a paper on "Research in Low Expansion
Ceramics at Virginia Tech."

Dr. D. A. Hirschfeld presented a paper entitled "NZP Ceramics - High Temperature Heat
Resistant Materials" at the 11th Annual High Technology R&D Trade Fair, Arlington, VA,
May 18, 1992.

Dr. D. A. Hirschfeld presented a seminar entitled "Development of New Low Expansion
Ceramics: CMZP and Modified B-Eucryptite" at Benet Labs, U. S. Army Armament,
Munitions and Chemical Command, Watervliet, NY, on July 16, 1992.

Mr. K. H. Lee and Dr. D. A. Hirschfeld attended the Fourth Symposium on Nucleation and
Crystallization in Glasses and Liquids at the Glass and Optical Materials Meeting, August
16-19, in Stone Mountain, GA. Mr. Lee presented a paper entitled "“in-Situ Reinforced
Glass-Ceramic in the Lithia-Alumina-Silica System."

Problems Encountered

None
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Publications

On April 7, 1992, U. S. Patent No. 5,102,836, "Ceramic Materials with Low Thermal
Conductivity and Low Coefficients of Thermal Expansion" was granted to J. Brown, D.
Hirschfeld, D. Liu, Y. Yang, T. Li, R. Swanson, and J. Kim.

Two patent disclosures were filed with Virginia Tech Intellectual Properties on July 9,
1992:

1. "Processing of NZP Ceramic Foam with Superfine Open Cell Structure" by T.K. Li, D.A.
Hirschfeld, and J. J. Brown, Jr.

2. "CMZP Coatings" by T.K. Li, D.A. Hirschfeld, and J.J. Brown

One patent accepted by patent examiner to be issued in March, 1993:

1. "An In-Situ Whisker Reinforced Glass-Ceramic" by J.J. Brown, D.A. Hirschfeld, and
K.H. Lee.
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1.3 THERMAL AND WEAR COATINGS

Fabrication and Testing of Corrosion-Resistant Coatings
D. P. Stinton and D. W. Graham QO?@.k Ridge National Laboratory)

Obijective/scope

Sodium corrosion of SiC and Si,N, components in gas turbine engines is a
potentially serious problem. The outer surfaces of SiC and Si,N, parts oxidize at high
temperatures to form an SiO, iayér that inhibits further oxidation. However, sodium that is
present in high-temperature combushon atmospheres reacts with the Si0, layer, such that
it is no longer protective. The objective of this program is to develop a coatlng that will
protect the undeilying SiC or Si;N, from sodium corrosion and provide simultaneous
oxidation protection. To evaluate the behavior of potential materials such as stabilized
ZrO, or HfO,, TiO,, AlLO,sTiO,, and Ta,0, in sodium-containing atmospheres, the cor-
rosion resistance of hot -pressed samples of these materials will first be evaluated. A
chemical vapor deposition (CVD}) process will be developed for the application of the most
promising coatings. The effect of the combustion environment upon coating character-
istics such as microstructure, strength adherence, and other properties will then be
evaluated.

Technical highlights

The development of oxide coatings to protect SiC or Si;N, heat engine components
from sodium corrosion continued this period. Processing conditions were systematically
explored to optimize the morphology of Ta,0, coatings and minimize the porosity or voids
present in the coating. Even though coatings consisted of large columnar grains that do
not grow completely together, the coatings exhibited very good adherence since no
spalling was observed even after rapid cooling from the coatsng temperature. Coated SiC
samples were corrosion tested by applying 10 to 20 mg/cm?® of sodium sulfate to the
surface of a Ta,0,-coated specamen and annealing at 1000°C for 100 h. Observation of
the annealed samples by optical and scanning electron microscopy revealed no visible
reaction between the sodium sulfate and the Ta,0;. Examination of the materials by X-ray
diffraction (XRD) showed that the Ta,0, was unaffected by the exposure to sodium sulfate.
A technical publication was cc»mpleted that describes the development of corrosion-
resistant oxide coatings. The paper entitled "Chemical Vapor Deposition of Ta,O;
Corrosion Resistant Coatings," wntten by D. W. Graham and D. P. Stinton, was submitted
for publication in the Proceedmgs of the 1992 Coatings for Advanced Heat Engines
Workshop, Monterey, California, August 1992,

The development of a CVD process for the application of ZiTiO, coatings was
initiated this period. ZrTiO, was selected because of its potential corrosion resistance and
its very low coefficient of thermal expansion that closely matches the thermal expansion of
Si;N,. ZrTiO, coatings will be deposnted by separately chlorinating Zr and Ti metal to form
ZrCl, and TIC| and reacting thoée gases with oxygen in a hot-wall tube furnace. The
mmal expenments identified processmg conditions for the application of ZrQO, coatings.
Examination of coated samples by XRD determined that a powdery monoclmnc Zr0,
coating was deposited. Similar expenments were utilized 1o determine processing
conditions for the application of TsO coatings. After cormbining the two processes,
experiments will be initiated to determme processing conditions for the application of
ZrTiO, coatings.
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Development of Adherent Coatings to Reduce Contact
Stress Damage of Ceramics
V. K. Sarin (Boston University)

Objective/Scope

The development of oxidation/corrosion resistant, high
toughness, adherent coating configurations for silicon
based ceramic substrates for use in advanced gas turbine
engines.

Technical Progress

Al,03 coatings have been successfully grown on Si3Ny

substrates in a reactor geometry that is also suitable for
depositing S10,. Several difficulties were encountered in

trying to deposit Al,03 in the same reactor geometry. As
was previously reported SiQ, coatings had been deposited on
SizNy using Tetraethoxysilane [S1i(0OC,Hg)4] as the source at
800°C and 50 torr pressure. Growth rates were typically in
the range of 1 Um per hour. Process parameters used for
depositing Al,03 were varied within the range established
for 5i0;. The reactor geometry and process parameters had
to be adjusted so as to accommodate both Si0, and Al,03
coatings. In-situ formed AlClsz, and H,0 formed by the
water-gas-shift reaction of H; and CO, were used as the
reactants 1in formation of Al,03. Figure 1 shows an SEM
micrograph of Al,03 coating on Si3N4 grown at 900°C and 50
torr pressure. The growth rates were in the order of 0.5
Um per hour. Adherence of these coatings 1is being
evaluated, to help in optimizing the process parameters.

Al,053 coatings have also been grown on SiO, coated
Si3zN, samples. Figure 2 shows a 3 Um thick SiO, coating on
Si3zNg4. Figure 3 shows a 1 Um thick Al,03 coating on the
Si0, coated Si;N, substrate. Investigative studies are
being made to extend this to produce Al,03~S1i0, laminated
coatings.
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Figure 2: SEM micrograph of SiO, coating grown on Sij3Ny
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Al,03

Si3N4

Figure 3: SEM micrograph of Al,;03 coating grown on SiO,
coated Sij3Nyg

Successful deposition of Al,03 has enabled us to co-
deposit Si0O, and Al,03. Figure 4 shows an SEM micrograph
of the Al,03/Si0, composite coating on SizN4. Reactant
concentrations and process parameters are being adjusted to
control composition, specifically the Al;03/Si0O; ratio.
Energy Dispersion Spectra and Quantitative Analysis were
performed to determine these ratios. The acceleration
voltage of the filament in the scanning microscope was
selected so as to reduce the influence of substrate
material. To verify this effect Al,03 coatings have been

grown on WC-Co substrates. Figure 5 shows the energy
dispersion spectra of Al;03 coating grown on WC-Co. As can
be seen, only Al in the coating and Au in the conductive
coating were detected. This confirms the fact that the
substrate material had no effect on the energy dispersion
spectra at the chosen filament voltage. A variety of
process conditions have been investigated to find their
influence on the Al,03/Si0, ratio in these composite
coatings.

Thermodynamic analysis will be performed to optimize
the reactant concentrations, pressures, and temperatures
that would produce coatings with the required
stoichiometry.
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Figure 4: SEM micrograph of Al,03/5i0, composite coating
grown on Si3Ny

Figures 6, 7, and 8 show the energy dispersion spectra
and quantitative analysis performed on three samples that
were grown with increasing amounts of Tetraethoxysilane,
the source used for depositing SiO,. The reactants

participating in the formation of Al,03 were kept constant

through these experiments. The relative proportions of the
constituent elements in the coating were calculated by
normalizing the atomic percent to 100. The gold present in
the spectra is the thin conductive coating on the samples.
The increase in silicon content in the coatings from
Figures 6 to 8 is very evident from the spectra. The Al:Si
ratio is approximately 5:1 in figure 6, versus 3:2 in
figure 8. Temperature gradient from the wall to the center
of the CVD reactor is also seen to have an effect on the
composition of the composite coating. Figures 8, 9, and 10
show the spectra taken from one end to the other on a
sample placed radially in the reactor. Experiments are
being conducted to further evaluate this effect. The

difference in temperature AT between two points at the same

level in the reactor can be related to the change in the
composition of the coating.
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A new process controller manufactured by MKS
Instruments has been added to the system. This controller
would enable us to accurately control the reaction and
source temperatures, gas flow rates, and chamber pressures.
This system also allows the user to run the process from a
preset "recipe" providing consistency between experiments.
This controller is a valuable asset in deposing composite/
laminated coatings with gradually changing compositions
from inner to the outer layer of the coating.

Status of Milestones

Schedule Status
Deposition of chemically graded 6/92 On Schedule
SiQ, coatings on SizN4 substrates.
Composite Al,03/5i0; coatings 12/92 On Schedule
on S5i0; coated substrates.
Development of the complete 6/93 On Schedule

coating configuration for contact
stress, oxidation, and corrosion
resistance evaluation.
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Wear-Resistant Coatings
M. H. Haselkorn (Caterpillar Inc.)

Objective/Scope

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

Friction and wear screening in Phase 1 identified plasma sprayed high carbon iron-
molybdenum and chromia-silica coatings as candidate piston ring wear coatings. Plasma
sprayed chromia-silica and high carbon iron-molybdenum coatings, as well as, a low
temperature arc vapor deposited (LTAVD) chrome nitride coating were identified as
candidate cylinder liner wear coatings. The cast iron porcelain enamel coatings exhibited
unsatisfactory wear rates because of porosity in the coating,.

The three main technical tasks for Phase 11 are further optimization of the LTAVD chrome
nitride and cast iron porcelain enamel weer coatings and the process scale-up of wear-
resistant plasma coatings for cylinderi liners.

The optimization of the LTAVD chrome nitride coating involves the development of an
adherent 15 micron thick coating which meets the friction and wear goals of this program.
The cast iron porcelain enamel process optimization centers on developing a CIPE compo-
sition with a minimum of porosity. The process scale-up of the plasma coatings will first
develop 1.D. plasma spray parameters for coating cylinder liners, Next, simulated cylinder
liner specimens will be coated and the friction and wear properties of these coatings be
determined using reciprocating fricti@n and wear testing using both new and “used” engine
oil. 1

Technical Progress
pi 1L Task 1 Optimizas FLTAYD.C Nitcide Coat

InPhase I, a 3-5 micron thick low temperature arc vapor deposited (LTAVD) chrome nitride
coating was applied to cast iron sub$trates which met the friction and wear goals of the
contract. However, wear curves generated showed that even with wear coefficients of less
than 10-8 mm3/N-m, a 5-micron thick coating will not meet commercial diesel engine
durability requirements. The wearcurves showeda 15-micron thick LTAVD chrome nitride
coating is needed to meet these durability requirements. For this reason, the overall goal of
this task is the development of a 15 micron thick, adherent chrome nitride coating which
can be applied to the inner diameter of cast iron cylinder liners. This task was divided into
four subtasks:
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1. Optimization of LTAVD chrome nitride coating parameters,

2. Development of a 15-micron thick LTAVD chrome nitride coating
containing an intermediate layer,

3. Determination of the effect of single vs. multiple alternative
layers on the adherence of 15-micron thick LTAVD chrome nitride
coatings, and

4. Friction and wear characterization of selected 15-micron thick
LTAVD chrome nitride coating systems.

The LTAVD chrome nitride coating development has been completed. Only nitrogen partial
pressure and substrate cleaning procedures had any significanteffecton the LTAVD chrome
nitride coating adherence or microhardness. Incorporating achromium or alayered titanium/
titanium nitride intermediate coating in combination with either a 15-micron thick
chromium nitride or a 15-micron thick “layered” coating (consisting of alternating layers of
chromium and chromium nitride) resulted in LTAVD chrome nitride coating systems which
had excellent physical appearances, hardnesses and adhered well to a cast iron substrate. In
addition, these coating systems were able to withstand both up and down-cycle thermal
shock testing from room temperature and 650 C.

Upon completion of the thermal shock and adherence testing, three LTAVD chrome nitride
coating systers were selected and applied to castiron Hohman A-6 rub shoes. These shoes
will be evaluated for friction and wear running against a plasma-sprayed, high carbon iron-
molybdeum coated disk. The three LTAVD chrome nitride coating systems selected were:

1. 15-micron thick chrome nitride top coat over a chromium intermediate layer (System 1),

2. 15-micron thick top coat consisting of alternating chrome nitride and chromium layers
over a chromium intermediate layer. (System 2), and

3. 15-micron thick top coat consisting of alternating chrome nitride and chromium layers

over a layered titanium and titanium nitride intermediate layer (System 3).

Table 1 lists the results of the friction and wear characterization of the three LTAVD chrome
nitride coating systems.
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TABLE 1
Friction and Wear Test Results
After 1000 Minutes of Testing at 350 C, Lubricated

LTAVD Chrome Nitride Aveméc Shoe Wear Rate Average Disk Wear Rate

Coating System (mm3/N-m) (mm3/N-m)
System 1 ~ 3.0xE-8 1.6xE-5
System 2 No measurable wear 7.6xE-6

No measurable wear 4.2xE-6

These friction and wear results showed that after 1000 hours of running against a plasma
sprayed high carbon iron molybdenum counterface, under lubricated conditions at 350 C,
all three LTAVD chrome nitride systems had average wear coefficients which meet the goals
of this program. | 3

While the LTAVD chrome nitride shoes meet the wear goals of the contract the high carbon
iron-molybdenum disk exhibited wear rates which did not meet the contract’s goals.
However, the high wear coefficients of the plasma sprayed high carbon iron-molybdenum
disks were caused by the lubricant charring during the test and forming hard carbon particles.
These particles then became trapped ét the rub shoe/disk interface and galled the surface of
the plasma sprayed high carbon iron-@olybdenum disk.

Using the results of thermal shock tests, and the friction and wear characterization, along with
an estimate of the production costs for application for each chrome nitride coating system as
a guide, Systems land 2 were selected for further process development.

Phase II Task 2-- |
Process Scale-Up Of Wear Resistant Plasma Coatings for Cylinder Liners

The overall objective of this task is the optimization of inner diameter plasma spray gun
parameters for both the chromia-silica composite and high carbon iron-molybdenum blend
powders. Statistical experiments were designed and run to determine the effect of primary

gas flow, current, voltage, spray bias; deposition efficiency.
|
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The results of these experiments were then used to build a predictive eguation to s¢lect three
sets of L.D. plasma spray gun ceating parameters for both the chromia-silica and high carbon
iron-molybdenum powders. The coating parameters selected by the model will produce the
optimum plasma spray coating microstructures and hardnesses along with the highestcoating
deposition efficiencies. Three sets of Hohman A-6 conforming tub shoes were plasma
sprayed with each powder using an I.D. plasma spray gun with the spray parameters selected
by the model (Sets 1-3). The counierfaces run against these shoes were disks plasma sprayed
with the opposite powder; i.¢., high carbon iron-molybdenum shoes ran against chromia-
silica disks.

Table 2 contains the results of the Hoaman A-6 friction and svear characterization of the 1D,
plasma spray coatings. The initial test results show that the LD. plasma spray parameters
selected for cither powder will result in average wear coefficients between 10 ® and
10 mm3/n-m for both the rub shocs and disks.

TABLE 2
Friction and Wear Characierization
L.D. Flasma Spray Coating Optimization

Powder - LD. Spray Parameter Disk Coating Average Wear  Coeff.(mm3/N-m)
Shoes Disk
Chromia-silica - Set 2 high carben iron- 1.2xe-9 6.0xe-8
molybdenuin
Chiomia-silica - Set 3 high carben iron- 3.0x-9 8.0xe-8
molybdenum
High carbon iron-Mo — Set 1 chromia-silica 1.1Xc-8 2.0Xe-9

Another part of the process scals-up iask involved determining meihods for cost-effectively
finish machining the plasma sprayed coatings applied to the LD.of acylinder liner. Norton’s
Ceramic Machining Technology Centerwas selected to do the initial machining studies. A
fully programmable Huffman HS-75R, 5-axis, CNC grinder was used for these machining
studies. Norton rotated the machine head 90 degrees and built a special chuck to enabie the
Huffman to do surface grinding.
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Norton has completed all the machi J ing and has returned the specimens to Caterpillar. The
initial results of this machining study were:

!

1. Best surface finish was achievcdiwith 15-micron diamond grit, irrespective of the bond
type, |

2. Increasing depth of cut or diamond grit size increased material removal rates,
3. Reducing feed rates with 15-micron diamond grit in a vitreous bonded wheel and large
depth of cut resulted in the best surface finish with the highest material removal rates.
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Thick Thermal Barrier Coating (TTBC) Systems for Low Heat Rejection Diesel Engines
M. B. Beardsley (Caterpillar Inc.)

Objeciive/scope

The objective of this program is to advance the fundamental understanding of thick
thermal barrier coating systems for application to low heat rejection diesel engine combus-
tion chambers. Arcas of TTBC technology that will be examined include powder charac-
teristics and chemistry; bond coat composition; coating design, microstructure, and thick-
ness as they affect properties, durability, and reliability; and TTBC “aging” effects
(microstructural and property changes) under diesel engine operating conditions.

Technical progress

TIBC POWDERS

Fifteen TTBCceramic powders have been acquired to evaluate different chemistries,
different manufacturing methods, lot-te-lot variations, different suppliers and varying
impurity levels, Table 1. The results of the powder characterization for chemistry, particle
size distribution, surface area, crystallographic phases, apparent density and Hall flow are
shown in Tables 2 to 6.

In the cheinical analysis it can be seen that the three spray dried and sintered materials
to be used in the impurity study (lots 34850, 34992, and 34993) range from low levels of
alumina and silica (34992), low alumina and mid-level silica (34850), and high alumina and
silica (34993). The chemistries of the HOSP (proprictary Metco process), spray dried, spray
dried and sintered, fused and crushed, and sol gel materials also show slightly differing ranges
of impurities reflecting the differing manufacturing methods.

The particle size distributions of the fifteen materials show small variations in the
mean and major size ranges. Small variations in the “fines” content of the materials may be
present and will be evaluated if major differences in spraying characteristics of the powders
are evident,

The surface arca of the powders does show a wide range even for similarly
manufactured powders (lots 34850, 24992, 34993 and lots 34243, 34302, 34547). This may
be the major factor in powder “loi-to-lot” variations. The high surface area of the sol gel
material was unexpected. Examination of the powder by scanning electron microscopy
(SEM) showed that the sol gel particles consisted of porous spherical shells enclosing balls
of the material, Figure 1. Thus the surface inside the balls is included in the surface area.

The crystallographic phase analyses of the materials were done using a peak intensity
ratio method. This method is an industry standard used for fully reacted yttria-zirconia
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Table 1 Powders acqui‘ed for evaluation of different
powder characteristics
{
|
MATERIAL MFG METHOD SUPPLIER LOT NO
8% Yttria-Zirconia ~HOSP | METCO 34547-1
20% Yttria-Zirconia  Spray Dried METCO 34108-2
24% Ceria-Zirconia HOS | METCO 34209-3
Calcium Titanate Spray Dried METCO 34849-4
Mullite Fused & Crushed METCO 345425
DIFFERENT MANUFACTUH(NG METHODS
8% Yttria-Zirconia  Sprayed Dried METCO 32678-6
8% Yttria-Zirconia  Spray Dried & Sintered METCO 34850-7
8% Yitria-Zirconia  Fused & Crushed Norton 281-8
8% Yttria-Zirconia SOL GEL METCO 34440-9
DIFFERENT SUPPLIERS
8% Yttria-Zirconia SprayedACompact/Sintered Zircoa 39073-10
8% Yttria-Zirconia  Spray Dried & Sintered MET TECH 1081MP-11
LOT-TO-LOT VARIATIONS
8% Yttria-Zirconia  HOSP | METCO 34143-12
8% Yttria-Zirconia HOSP | METCO 34301-13
IMPURITIES !
8% Yttria-Zirconia  Spray Dried & Sintered METCO 34992-14
8% Yttria-Zirconia  Spray Dried & Sintered METCO 34993-15
Table 2. Chenmistries of the TTBC powders
Lor |
MATERIAL NO. | ALO, | CaD [ Fe,0, | MO, | MgO | S0, | T2, | Thev | ¥, 0, CeO 1 20, | a0
8% Yitrin-Zitconia-HOSP 134547 <01 <.01j <01 1.73 | <01 <01 0.08 | <01 788 <01 {180.21 D.27
20% Yitria-Zirconia-S/D 34108 .06 0.03‘ <01 1.51 (<001 { D.16 0.07 | 0.03 118.34 <Ot 17740 | 008
24% Coria-Zirconia-HOSP 134209 | <01 | 007 | 002 [1.27 | 0.04 {004 | 008 | <01 | 242 | 2542 [70.84 | 015
Calcium Titanale-S/0 34849 | 0.21 |a0.90 | 0.06 023 | 043 | 57.54 | <DV | <01 [ <01 | 000 | 018
Muliite-F,C 34542 |74.34 0,0::‘ 0.0 <0.01 12532 | «01 ] <01 <01 <01 0.01 37
8% Yitria-Zirconia-SD 32678 0.27 413‘ 06 1.79 [«001% [ Q72 10 | <01 7.34 «.D1 {8944 0.10
8% Yhtria-Zirconia-S:D-S | 34850 001 | 0.0% 001 [ 1.74 <D0t | €18 | D03 |«0.01 7.60 | <0.01 | 90.2¢ sl
8% Yitria-Zirconia-F/C 281 0.03 | 0.04 [<0.01 | 164 <0V | <01 | 0.20 | <01 7.46 <01 | 80.63 .08
8% Yitrfa-Zirconia-Soi Gaf { 33440 <01 cO‘“ <1 1.58 «0G1 | <81 | DOE | <0t 737 <01 } 90.89 018
8% Ytivia-Zirconia-$/C-5 {39073 D.08 0,138 0.11% 1.8% <01 | «01 | <0t 04 7.50 <01 | 90.2¢ 03
8% Yitria-Zirconia-5/0-S 1 1081MP| 0.01 f.0;1 0.02 | 1.B4 <0V} 022 08 01 7.47 Dy | o 0.16
L
8% Yiria-2irconla-HOSP 134143 '<,Oi (.0J1 0.03 | 167 <Dt | <0t ] 010 K001 7.77 <01 | 8042 ) 011
7 Yitria-Zirconia-HOSP {34302 <01 4,0h <0t 1.63 0.D3 | 0.03 | 0.3 | <DY 7.58 <01 | 90.51 Q.22
8% Ytirla-2ireonia-8/D-S | 34992 <01 ‘.()E'l 0.63 | 165 <01 | «D1 | 014 | <D} 7.20 <01 | 9098 | 022
8% YHria-Zirconia-S/D-S | 34983 0.26 O.IP 0.05 | 1.78 <Qi | 669 01D | 0.0V 7.0% 06.01 | 89.99 0.24
|

34849 - Pz 05 =032
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Table 3 Particle Size Distribution of Selected TTBC

Powders
MEAN )

LOT DIA. 10% 50% 90%

MATERIAL NO. MICRON MICRON
8% YSZ-HOSP 34547 56.76 20.37 50.87 103.78
20% YSZ-5/D 34108 74.15 30.16 66.36 124.11
24% CSZ-HOSP 34209 56.92 22.12 50.92 103.15
CaTO 5 34829 75.61 19.23 67.09 119.88
MuHite 34542 96.22 52.32 94.38 147.98
8% YSZ-S/D 32678 67.00 29.41 60.67 113.90
8% YSZ-S/D-S 34850 62.82 27.95 56.54 108.70
8% YSZ-FIC 281 70.01 32.07 64.08 117.43
8% YSZ-Sol Gel 34440 62.59 33.62 57.22 101.93
8% YSZ-5/C-5 39073 68.30 34.74 63.83 110.45
8% YS2-5/0-5 1081MP 60.42 29.01 54.95 102.47
8% YSZ-HOSP 34143 59.90 25.23 54.08 105.31
8% YSZ-HOSP 34302 56.32 22.85 49.65 102.46
% YSZ-5/0-8 349932 509.01% 26.08 53.84 104.87
8% YSZ-S/D-S 34993 60.67 26.50 55.08 104.66

Table 4 BET Surface Area Analyses of TTBC Powders

SINGLE
POINT BET
MATERIAL LOT NUMBER M2/ M2/
8% YSZ-HOSP 34547 0.3346 0.3461
20% YSZ-S/D 34108 1.9386 2.0047
24% CSZ-HOSP 34209 0.2994 0.3031
CaTO 5 34829 2.2343 2.3069
Mullite 34542 0.1833 0.1440
8% YSZ-S/D 32678 3.6373 3.7554
8% YSZ-5/0-5 34850 1.0337 1.0640
% YSZ-F/C 281 0.0623 0.0442
8% YS2Z-Sol Gel 34440 4.1542 4.2505
8% YSZ-5/C-S 39073 0.1715 0.1307
8% YSZ-8/D-5 1081MP 0.3071 0.3155
8% YSZ-HOSP 34143 0.2559 0.2664
8% YSZ-HOSP 34302 0.2671 0.2790

8% YSZ-S/D-S 34992 0.7742 0.7970
8% YSZ-S/D-S 34993 0.2544 0.2706



|
|
|
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Table 5 X-ray Diffrac#i
|
|
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on Analyses of TTBC Powders

% CUBIC & %
LOT | TETRAGONAL  MONOCLINIC %
MATERIAL NO. | ZIRCONIA ZIRCONIA YTTRIA
% YSZ-HOSP 34547 | 911 8.9 ND
20% YSZ-S/D 34108 ,
24% CSZ-HOSP 34209 93.8 6.2 ND
CaTO 5 -S/D 34829 100% Caleium Titanate
Mullite-F/C 34542 | .
% YSZ-5/D 32678
8% YSZ-5/D-S 34850 63.5 36.5 ND
8% YSZ-F/C 281 100 ND ND
8% YS2-Sol Gel 34440 00 ND ND
8% YSZ-S/C-S 39073 | 85.7 14.3 NO
8% YSZ-5/D-S 1081MP | 62.5 37.5 ND
8% YSZ-HOSP 34143 91.3 8.7 ND
8% YSZ-HOSP 34302 93.0 7.0 ND
8% YSZ-S/D-S 34992 73.5 26.5 ND
8% YSZ-S/D-S 34993 29.9 ND

Table 6 Apparent Density and Hall Flow of TTBC Powders

| 70.1

| HALL APPARENT
1 FLOW DENSITY
MATERIAL LOT NUMBER (SEC) {g/cc)
8% YSZ-HOSP | 34547 77.9 2.27
20% YS2-S/D ' 34108 47.3 1.52
24% CSZ-HOSP | 34209 34.1 2.40
CaTO 5 | 34829 117.4 1.05
Mullite | 34542 71.6 1.16
|
8% YSZ-S/D | 32678 52.2 1.44
8% YSZ-S/D.S © 34850 * 1.10
8% YSZ-F/C 281 45.1 2.55
8% YSZ-Sol Gel | 34440 39.2 1.72
8% YSZ-S/C-S ' 39073 . 1.84
8% YSZ-5/D-S | 1081MP 40.3 2.00
i
8% YSZ-HOSP | 34143 51.3 2.27
8% YSZ-HOSP L 34302 81.7 2.26
!
8% YSZ-5/D-S | 34992 . 1.97
8% YSZ-S/D-S | 348893 46.3 1.76

|
S
* MATERIAL DID NOT FLOW
|
|
[
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Figure 1 SEM photograph of the sol gel produced 8% yttria-
zirconia showing the porous spherical shell enclosing a
spongy mass.

materials. When used for the spray dried yttria-zirconia materials, this method gave twice
the yttria content from the chemical analysis. A review of this method is being performed
at Metco to determine why this occurred.

The apparent density of the materials fall as expected from the particle size and
chemistry of the materials. The lack of flow for lots 34850, 39073, and 34992 is unexpected
since no feeding problems were encountered during spraying of these materials. This may
indicate that the Hall flow is not a useful measurement for plasma powders.

Each of the 15 materials has been sprayed using 36 parameters selected by a design
of experiments (DOE) to determine the effects of primary gas (Arand N,), primary gas flow
rate, secondary gas flow rate (H,), arc current, powder feed rate, carrier gas flow rate, and
spraying distance. The deposition efficiency, density, and thermal conductivity of the
resulting coatings are being measured. A coating with a high deposition efficiency and low
thermal conductivity is desired from an economic stand point. Data to date has shown that
as the deposition efficiency increases the thermal conductivity also increases, Figure 2. An
optimum combination of thermal conductivity and deposition efficiency will be sought in
follow-on experiments and deposition parameters will be chosen for making coating
specimens for full characterization.

BOND COATS

Oxidation studies of four bond coat materials and two graded materials produced
using air plasma spraying (APS) and high velocity oxy-fuel (HVOF) processes have been
completed. The nickel-based bond coat alloys studied were Ni-20%Cr, Ni-5%Al, Ni-
20%Cr-6%Al and Ni-17%Cr-6%A1-0.5%Y. Graded materials were made from mixtures of
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Figure 2 Thermal conduct1v1ty plotted versus deposition
efficiency for lot 34547 showing decreasing deposition
efficiency with decrea51ng thermal conductivity.

the Ni-20Cr-6Al bond coat and an 8% yttria-zirconia ceramic and from a mixture of a 316
type stainless steel and an 8% yttria-zirconia. The test coupons were obtained from free-
standing deposits. The particle size, chemistry, phase analysis, and SEM particle morphol-
ogy of the materials were dcterminéd similar to that for the TTBC powders.

Oxidation tests were conducted for 100'hours at 400 C, 600 C, and 800 C in flowing
air with 29% humidity. The specune‘ns were not given any post-spray surface treatment. The
specific weight gains were measured following the oxidation tests. Metallographic exami-
nation, using optical microscopy, and x-ray diffraction studies of the oxidized coupons were

conducted.

The specific weight gain results indicated that of the four bond materials, NiCrAland
NiCrAlY exhibited the best oxidatiion resistance, but the test temperature is also a major
factor, Figure 3. For bond coat temperatures below 500 C, the NiCr bond coat would have
similar oxidation resistance as the NiCrAl and NiCrAlY bond coats. The NiCr, NiCrAl, and
NiCrAlY materials were chosen to f\re further characterized.
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The NiCrAl and 8% yttria-zirconia materials showed increased oxidation when
sprayed as a mixture, Figure 4. The higher the ceramic content, the higher was the oxidation
rate. This is caused by the increased surface area of the coating due to the introduction of
porosity when the ceramic is added. This is also shown in comparing the HVOF to the APS
coating of the 100% NiCrAl which has a lower porosity then the APS coatings and lower
oxidation. The graded coatings produced with the HVOF process did not contain the same
ratio of metal to ceramic as the starting powders. The ceramic does not melt in the oxygen-
propylene flame and therefore has to be physically captured in the molten metal phase
resulting in alow ceramic phase content. HVOF is therefore not a good method for producing
graded coatings. The APS produced coatings showed a nearly equal metal to ceramic ratio
as the starting powders.

Stainless steel, type 316, sprayed with the HVOF process had better oxidation
resistance than the APS produced coating and is comparable to the NiCrAl APS produced
coating, Figure 5. (Note that the results shown in Figure 3 were obtained from a different
run of the oxidation test while the results in Figures 4 and 5 were from the same run of the
oxidation test. The differences in the NiCrAl results from Figure 3 to Figure 4 are due to run-
to-run variations. The results in Figures 4 and 5 may be compared since they were run at the
same time.) Due tothe good oxidation resistance of the HVOF stainless steel, it will be further
characterized as a bond coating mat{:rial.

The APS produced graded stéxinless steel materials show higher oxidation rates than
the NiCrAl graded material. Howe\%'er, it is not known if this higher oxidation rate would
cause a problem. Further characten)auon of the stainless steel graded materials is planned
as well as additional testing of a 400 Series qtamless steel and an additional 300 Series
stainless (type 347).

A nickel aluminide (Ni,Al) wire was obtained from ORNL and sprayed nsing a single-
wire arc plasma under ambient atmospheric conditions. The hardness of the as-received wire
was 541 DPH and the coatmg hardnws was 243 DPH. X-ray diffraction indicated that the
coating was virtually “pure’ mckel Oxidation of the aluminum from the alloy occurred
during spraying. Similar results hav‘e been obtained by other investigators when spraying
nickel aluminides in a air. (Ref. 1) A nickel aluminide powder (INMET 310) has been
obtained from Metallamics, Traversg City, MI, and will be sprayed using vacuum plasma
spraying to determine if a nickel aluminide phase can be maintained.

DESIGN, DEPOSITION, AND CHARACTERIZATION

Selection of the parameters for spraying the fifteen TTBC powders is awaiting the
results of the optimization for deposition efficiency and thermal conductivity. Spraying of
bond coatings for characterization lof the NiCr, NiCrAl, NiCrAlY, and stainless steel
materials is underway.
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DURABILITY/RELIABILITY

Development of an axial fatigue test to determine the high cycle fatigue behavior of
TTBCs has been underway at the University of Illinois. A fatigue test apparatus has been
designed and initial test work performed with it which demonstrates the ability to provide a
routine method of axial testing of coatings. The test fixture replaces the normal load frame
and fixtures used to transmit the hydraulic oil loading to the sample with the TTBC specimen
itself, Figure 6.

The TTBC specimen is a com posite metal/coating with stainless steel ends, Figure 7.
The coating is sprayed onto ihe mild steel center and the specimen is then machined. After
machining, the specimen is placed in an acid bath which etches the mild steel away leaving
the TTBC attached to the stainless steel ends. Plugs are then installed in the ends and the
composite specimen is loaded in the test fixture where the hydraulic oil pressurizes each end
to apply the load. Since oil transmits the load, bending loads are minimized.

A TTBC coating has been tested at room temperature using this method and the
resulting stress-life curve is shown in Figure 8. This data matches previous fatigue data for
this material obtained in 4-point bending, butlong life data was obtained with this test method.
In addition to the room temperature data, specimens have recently been tested at 800 C with
surprising results. At high temperature, the TTBC exhibits much higher fatigue strength,
Figure 9. This behavior is not understood at this time. Itdoes indicate the need for additional
testing 0 cover the temperature range (300 to 800 C) that the coatings will experience.

Reference

S.Sampath, etal., “Plasma Sprayed Ni-Al Coatings”, Surface Engineering, 1989, Vol. 5, No.
4, pg. 293-298.

Status of milestones

All milestones are on schedule.

Publications

1. M.B. Beardsley, “Material Development of Thick Thermal Barrier Coating (TTBC)
Systems for Low Heat Rejection Diesel Engines”, to be published in proceeding to The 1992

Coatings for Advanced Heat Engines Workshop, Monterey, CA.

2. C. Berndt, et al., “Bond Coais for Thick Thermal Barrier Coatings”, to be published in
proceedings to The 1992 Coatings for Advanced Heat Engines Workshop, Montercy, CA.
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1.4 JOINING

1.4.1 Ceramic-Metal Joints

Joining of Cerarmics for Heat Engine Applications
M. L. Santella (Oak Ridge National Labeoratory)

Obiective/scepe

The objective of this task is to develop strong, reliable joints containing ceramic
componentis for applications in advanced heat engines. The overali emphasis of this task
is on studying the brazing characteristics of silicon nitride and silicon carbide. The
technigues of direct brazing, as well as vapor coating ceramics to circumvent wetting
problems, will be applied ¢ these materials. The specific areas of emphasis for this
activity during FY 1992 wili be on: (1) continuing the study of high-temperature brazing of
silicon nitride and the effects of thermal aging on joint strength and (2) initiating a study of
the brazing characteristics of sintered «-SiC.

Technical highilights

SigN, brazing: Several braze joints were made of Ti-vapor-coated SN220 Si;N, by
vacuum brazing at 1130°C with Au-25Ni-25Pd wt % filler metal. These joints and some
monolithic SN220 were prepared into test bars for creep testing. Testing is expected to
begin during the next reporting period.

Also, some PYB SijN, billets, acquired from GTE, were prepared into specimens for
a variety of experiments aimed at examining the materials systems they developed in more
detail, optimizing brazing conditions, and ultimately improving the mechanical properties of
PY&-to-metal joints similar to those developed under the GTE joining subcontract.
Preliminary experiments were done to evaluate both the wetting characteristics of the SK-1
and SK-2 braze filler metals developed by GTE Laboratories and the characteristics of
these alloys for producing braze joints cf PYg1to PYS, PY6-to-Incoloy, and Incoloy-to-
Incoloy. The experiments were done in vacuum at either 1100 or 1200°C, and selected
specimens were prepared for metallographic analysis.

The wetling experiments were done by placing small pieces (4 x 4 mim) of the SK-i
and SK-2 alloys on either Ti-vaper-coated PY-6 or Incoloy 909 and holding them at
temperature for 20 min. On the Ti-vapor-coated PY-6, both filler metals appearad to only
partially melt at 1100°C, while melting appeared to be complete at 1200°C. These
observations loosely agree with the melting behavior reported by GTE where liquidus
temperatures were given as 1260°C for SK-1 and 1270°C for SK-2. The lower melting
temperature observed in the wetling experiment could have resulted from reaction of the
filler metals with the 8ijN, substrate. On the Ti-vapor-coated PY-6 at 1200°C, the wetting
angles of the alloys were in the range of 10 to 20°, and there was no indication of
undesirable chemical reaction. Neither alloy melted completely on incoloy 909, These
results indicate that the SK-1 and SK-2 filler metals reacted with the substrate materials
anc that the reactions influenced the melting and brazing characteristics of the alloys.
Nevertheless, both alloys showed good adherence to both substrates, even in conditions
where partial melting occurred.

Based on the wetting experiments, it was expected that acceptable joints of PY-6-
to-PY-6 would be obtained but that joints of PY-6-to-Incoloy 909 and Incoloy 209-to-
Incoloy 809 would be more difficult to achieve. This was not the case. Joints of
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PY-6-to-PY-8 bonded reasonably well and had very good exterior appearance, but they
contained large unbonded regions after brazing at both 1100 and 1200°C. No bonding
could be obtained in joints of PY-6-to-Incoloy 809. In these joints, the filler metais adhered
to the Incoloy 809 but not to the Ti-vapor-coated PY-6. Acceptable joints of incoloy 80S-
to-Incoloy 909 were obtained at both brazing temperatures even though the wetting
experiments indicated that melting was incomplete in both cases. The results of the
brazing experiments suggest that there is no inherent difficulty in the bonding of these
filler metals to Incoloy 8039. On the other hand, they also suggest that reactions between
the filler metals and the Tn—vapcr—coated PY-6 occur, which are detrimental to forming an
acceptable bond. Metallographic examination of these joints is proceeding.

Also, the package developed by GTE for analyzing the stress state of ceramic-to-
metal joints and their behavior under applied loads was transferred to computers at ORNL
and set up for general use. A hcense for the ABAQUS software was purchased, and this
finite element analysis program was installed on an IBM RISC 6000 workstation. The
ABAQUS portion of the analysis of ceramic-to-metal joints by GTE was rerun to verify its
operation. Work to run the full analys;s including the treatment of failure using CARES, is
continuing.

Simultaneous to estabhshmg a capabmty 1o use the GTE analysis, an intensive effort
was undertaken to analyze the stresses in a diesel engine glow plug tip using ABAQUS
and to predict how well the glow‘ plug would perform in service. The present glow plug
design is based on a ceramic rod being press fit inlo the end of a metallic tube. However,
it was decided to consider a glow plug with a brazed rather than a press-it tip in order to
provide for better electrical condUCtMty and mechanical integrity. The general geometry
of this part was similar to the shaft joint analyzed under the GTE joining subcontract, and
it was decided to iry to apply their work to the glow plug problem. The analysis was run
after adjusting the part geometries to approximate those of the glow plug and assuming a
bonding temperature of 830°C. The material properties used for the plug tip were those
of PY-6 Si;N, because the propemes of the actual glow plug material were not readily
available. An overall view of the maximum principal stress distribution in the part after
cooling to room temperature is shown in Fig. 1. The ceramic plug tip is situated inside a
metal tube, and a vertical axis of symmetry is assumed. Figure 1 shows that bonding
produces large stresses in both the ceramic tip and the metal tube. A detailed view of the
region experiencing the highest stresses is shown in Fig. 2. Residual stresses in the
range of 200 to 300 MPa are predicted in the ceramic at the edge of the joint region.
Residual stresses up to 500 MPa are predicted in the metal tube. Further analysis of this
and similar ceramic-to-metal joints is planned. These results suggest that producing such
a joint may be problematic unlesjs further refinements of the joint design and materials
selection processes are considered.

Status of milestones ‘

141111 Complete metallographié analysis of reactions of high-temperature braze filler
metals with silicon nitride. On schedule: December 31, 1992,
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