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CERAMIC TECHNOLOGY FOR _ADVANCED HEAT ENGINES PROJECT SEMIANNUAL
PROGRESS REPORT FOR APRIL THROUGH SEPTEMBER 1986

SUMMARY

The Ceramic Technology For Advanced Heat Engines Project was devel-
oped by the Department of Energy's Office of Transportation Systems (07TS)
in Conservation and Renewable Energy. This project, part of the 0TS's
Advanced Materials Development Program, was developed to meet the ceramic
technology requirements of the 0TS's automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE), National Aeronautics and Space Administration
(NASA), and Department of Defense (DOD) advanced heat engine programs have
provided evidence that the operation of ceramic parts in high-temperature
engine environments is feasible. However, these programs have also demon-
strated that additional research is needed in materials and processing
development, design methodology, and data base and 1ife prediction before
industry will have a sufficient technology base from which to produce
reliable cost-effective ceramic engine components commercially.

An assessment of needs was completed, and a five-year project plan
was developed with extensive input from private industry. The objective
of the project is to develop the industrial technology base reguired for
reliable ceramics for application in advanced automotive heat engines.

The project approach includes determining the mechanisms controliling
reliability, improving processes for fabricating existing ceramics, de-
veloping new materials with increased reliability, and testing these mate-
rials in simulated engine environments to confirm reliability. Although
this is a generic materials project, the focus is on structural ceramics
for advanced gas turbine and diesel engines, ceramic bearings and attach-
ments, and ceramic coatings for thermal barrier and wear applications in
these engines. This advanced materiais technology is being developed in
parallel and close coordination with the ongoing DOE and industry proof-
of-concept engine development programs. To facilitate the rapid transfer
of this technology to U.S. industry, the major portion of the work is
being done in the ceramic industry, with technological support from
government laboratories, other industrial laboratories, and universities.

This project is managed by ORNL for the Office of Transportation
Systems, Heat Engine Propulsion Division, and is closely coordinated with
complementary ceramics tasks funded by other DOE offices, NASA, DOD, and
industry. A joint DOE and NASA technical plan has been established, with
DOE focus on automotive applications and NASA focus on aerospace applica-~
tions. A common work breakdown structure (WBS) was developed to facili-
tate coordination. The work described in this report is organized
according to the following WBS project elements:



0.0 Management and Coordination
1.0 Materials and Processing

1.1 Monolithics

1.2 Ceramic Composites

1.3 Thermal and Wear Coatings
1.4 Joining

2.0 Materials Design Methodology

2.1 Modeling
2.2 Contact Interfaces
2.3 New Concepts
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4.0 Technology Transfer

This report includes contributions from all currently active project
participants. The contributions are arranged according to the work break-
down structure outline.



0.0 PROJECT MANAGEMENT AND COORDINATION

0. R. Johnson
Oak Ridge National Laboratory

This task includes the technical management of the project in accor-
dance with the project plans and management plan approved by the Department
of Energy (DOE) Oak Ridge Operations Office (ORO) and the Office of Trans-
portation Systems. This task includes preparation of annual field task
proposals, initiation and management of subcontracts and interagency
agreements, and management of ORNL technical tasks. Monthly management
reports and bimonthly reports are provided to DOE; highlights and semi-
annual 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 Aero-
nautics and Space Administration (NASA) and the Department of Defense (DOD).
This coordination is accomplished by participation in bimonthly DOE and
NASA joint management meetings, annual interagency heat engine ceramics
coordination meetings, DOE contractor coordination meetings, and DOE Energy
Materials Coordinating Committee (EMaCC) meetings, as well as special
coordination meetings.









1.1 MONOLITHICS

1.1.1 Silicon Carbide

Sythesis of High-Purity Sinterable Silicon Carbide FPowders
J. M. Halstead, V. Venkateswaran {SOHIO Engineered Materials Company
(Carborundum)] and B. L. Mehosky (SOHIO Research and Development)

Objective/Scope

The objective of this program is to develop a volume scaleable
process to produce high purity, high surface area sinterable silicon
carbide powder.

The program 1is organized 1in two phases. Phase [ includes the
following elements:

. Verify the technical feasibility of the gas phase synthesis route.

. Identify the best silicon feedstock on the basis of performance

and cost.

. Optimize the production process at the bench scale.

. Fully characterize the powders produced and compare with

commercially available alternatives.

. Develop a theoretical model to assist in understanding the syn-

thesis process, optimization of operating conditions and scale-~up.

Phase II, which was authorized during the period, will scale the
process tc 5 ~ 10 times the bench scale quantities in order to perform
confirmatory experiments, produce process flowsheets and to perform
economic analysis. :

Technical Highlights

Background - The Gas Phase Synthesis Route

Given the objective of producing a submicron silicon carbide powder
purer and with more controllable properties than could be produced via
the Acheson process, Standard Oil-Carborundum evaluated three candidate
process routes:

1) Sol-Gel
2) Polymer Pyrolysis
3) Gas Phase Reactions

A gas phase route utilizing plasma heating was chosen as having the
most proven technology, the highest product yield and good scaleability
potential. ‘

Further, Carborundum had previously sponsored proprietary research
in gas phase synthesis and had demonstrated the feasibility of the
approach. ‘

1 Research sponsored by the Advanced Materials Development Program,
Office of Transportation Systems, U.S. Department of Energy under
Contract DE-AC05~840R21400 with Martin Marietta Energy Systems, Inc.



Workplan

A breakdown of major tasks and milestones is shown in Figure 1.
Subtasks have been developed for Task 4 - Screening Experiments and will
be developed for Task 5 - Extended Parametric Studies.

1984 1 1985 | 1986
Tasks Aug  Sep Oct, Mov Decl Jan  Feb Mar Apr May Jun Jul, Aug Sep Oci, Nov, DecT Jan, Feb
1. Design, Construct, and Test ¥
Laboratory Scale Equipment
2. Develop Theoretical Model ¥

3. Baseline Characterization ¥
and Analytical Method
Development

4. Screening Experimenis
® Selection of Feedstock

44

5. Extended Parametric Studies x4
® Provide 200-500 g. ¥
Samole to ORNL

6. Reporting Requiremenis
Phase !
* Bimonthly
* Semi-Annual ¥ ¥ ¥
e Final* T T i

7. Quality Assurance
Phase !

*Only required if decision is made notto go on to Phase |1

Figure 1. Milestone Chart

ORNL granted a no-cost extension of Phase I thru June 30, 1986.

Task 1. Desjan, Construct and Test Laboratory Scale Equipment

The Standard Qi1 Research and Development Center at Warrensville,
Ohio was chosen as the site for the laboratory scale gas phase synthesis
system due to the ready availability of applicable engineering and
technical rescurces. The proximity to other related research which is
being performed by Standard 0il on behalf of Standard Qil-Carborundum's
structural cevamics effort was also a factor.

The design phase finvolved a complete review of the preliminary
conceptual design and specifying appropriate subsystems in order to
evaluate and contral critical process parameters.

The conceptual design is shown in figure 1, a photographic overview
is shown in figure 2.



Power Supply
&

Control Console

Caustic

Gas Storage & Mixing Siticon Feedstock Plasma Torch,  Particle
Metering & Vapoprizer - Reactor & Collection Venturi Scrubber &
Aftercooler Tall Gas Scrubber

*Optional depending
on Silicon Feedstock

Figure 2. Conceptual Design and Simplified Process Flow Chart

Plasma Torch Subsystem

The heart of the system is the plasma torch. This was obtained from
Plasma Materials, Inc. with whom Standard Oil-Carborundum has previously
worked. The torch system is rated at 50KW. This is significantly higher
than required for this application, but the unit has excellent turn-down
capability and will be sufficient for future scale-up. It is installed
atop the reactor vessel which is constructed of copper and wrapped with
copper tubing through which the cooling water flows. Thermocouples are
installed along the entire length of the reactor.

The DC power supply has a 75KW effective rating. A simple thimble
type collector with an isolation valve is affixed to the lower end of the
reactor. Alternative powder collection techniques will be evaluated in
preparation for Phase II scale-up.
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Figure 3. Photographic Overview of Laboratory Scale System

Task 2. Development of a Theoretical Model

The development of a theoretical model was intended to correlate
particle surface area with major operational parameters. An expansion of
previous Carborundum sponsored work, the goal was to develop a fundamental
standing of process reactions.

After consultation with the ORNL Technical Monitor, the modeling
work was subcontracted to International Thermal Plasma Engineering, Inc.
(Professor Boulous - University of Sherbrooke, Quebec, Canada, et al).

The model was developed in stages:

1) Development of a model to describe the flow and temperature

field in the reactor.

2) The calculation of thermodynamic equilibrium for the

H,-Ar-CH,-SiCl1, system and the study of the chemical
kinetics of possible homogenous reactions occuring in
the plasma process.

3) A Titerature review of nucleation and growth in an aerosol

system which could be of relevance to this work.

Although a turbulent model was initially developed to describe the
flow in the reactor, the actual flow experienced at the present operating
conditions was found to be laminar. This necessitated the development of
a laminar flow based model. The turbulent model is used to describe the
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flow and temperature fields in the entrance region of the reactor (first
150mm) and thereafter the laminar code is used. Since a mixture of
hydrogen and argon is used in the present reactor, the transport
properties have been calculated using the rule of mixtures. The model
was calibrated using measured temperatures and then used in a predictive
mode to describe temperature and flow fields obtained under a wide range
of operating conditions.

This model will be used to assist with scale-up of the process
during Phase II.

Task 3. Baseline Characterization and Analytical Method Development

The objectives for this task included:

. Firmly establish the methodologies to be used for powder
characterization.

. Define basic powder characteristics which may be utilized
to assess property control and improvements as the program
progresses.

Initially, two commercially produced SiC powders were to be charac~
terized: H.C. Starck, Inc. (West Germany), AlO Grade; and Standard 0il-
Carborundum submicron alpha SiC. ' ‘

As both of the above powders were alpha phase, it was decided to
characterize one beta phase powder in addition, Starck B-10 Grade.

The parameters characterized and the methodologies used inciude the
following:

Characteristic Methodology
..Pressureless sinterability -~Percentage of theoretical density

achieved with and without
sintering aids.

..Surface area --B.E.T. surface analysis.

. .Degree of agglomeration ~-~Tap density.

..Particle size distribution --Horiba particle size analyzer.
..Bulk composition --Wet chemistry

. .Phase distribution --X-ray diffraction.

The results of characterization of powders produced under this sub-
contract with the three baseline powders is shown at the conclusion of
this report.

Task 4. Screening Experiments

Task 4 was divided into subtasks for management and reporting
purposes.

The first subtask was to characterize the operation of the plasma
torch using a hydrogen/argon blend. It should be noted that the original
workscope included a short series of experiments to investigate the
feasibility of using a hydrogen plasma in lieu of argon. This could be
advantageous as hydrogen is a reactant (to scavenge chlorine from the
silicon source) and the argon (necessary only as a carrier of energy)
could potentially be reduced or eliminated.



As both Standard 011
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and the torch vendor,

Plasma Materials, Inc.

were confident that the torch would operate with a very rich hydrogen to
argon blend, it was decided to accomplish this subtask first.
Concurrent with that subtask, careful consideration was given to the

choice of the individual

variables for the screening experiments. The

candidate feedstocks were described in the statement of work, but the
values (or range of values)
reactant concentration had to be established.

A matrix of screening experiments was developed to incorporate two
levels of each of the variables for each feedstock. The candidate feed-
stocks are as follows:

Reactant 1:
Reactant 2:
Reactant 3:

for temperature,

silicon tetrachloride (SiCl,)
dimethyl dichlorositane [(CH,),SiC1,]
methyl trichlorosilane (CH,SiCT,)

carbon/silicon ratio and

Proposed Test Matrix: Screening Experiments

i

Reactant Temperature Carbon/8ilicon Ratio | Reactant Concentration
T Hi ]
Hi i Lo
, Hi
Reactant 1 al Lo ‘;{?
Hi Lo
Hi
— Lo R Lo Lo
Hi
Hi Lo
; Hi
Hi e
Reactant 2 Lo Lo
~ Hi
Hi Lo
| Hi
l.o Lo Lo
Hi
i Lo
Hi - Hi
Reactant 3 Lo lH(a)
Hi Lo
Lo Hi
Lo Lo ]
Figure 4. Screening Experiment Test Matrix
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Once the plasma torch had been stabilized on a very rich H,/Ar
blend, silicon feedstock (SiCl,) and methane were added to the system.
Several short runs were made and powder was produced. Analysis Tlater
proved the powder to be beta silicon carbide.

Several debugging problems occurred which aborted many of the
initial runs. Some of these problems included the silicon feed pump, the
tail gas scrubber level transducer and a cooling water Tleak into the
plasma torch. A1l items were satisfactorily resolved.

The torch and reactor system also experienced plugging problems which
1imited run times; some as short as 5 minutes. Minor anode configuration
changes were made which has since allowed runs up to 3 hours in duration.
Although this problem has not been completely solved, the present configu-
ration is capable of running long enough to accomplish the tasks planned
for Phase I. Runs of approximately one hour duration have generated
representative material in sufficient quantities for analysis.

At this point, the workplan called for the initiation of screening
experiments; a matrix of 24 variations of temperature, carbon to silicon
ratio and reactant concentration (defined as hydrogen to chlorine ratio).
However, a priority was placed upon establishing the consistency and
reproducibility of the process. The workplan was modified to first run
four pre-screening experiments to establish a consistent baseline; then
to prioritize the screening experiments (focusing primarily on feedstock
one). Eight experiments (six of Feedstock 1 and two of Feedstock 2) were

initially run and the results analyzed. Upon completion of the
analytical results of those powders, the remainder of the matrix was
completed.

Table 1 summarizes the results of the screening experiments. The
prime determinants of the quality of the powders produced were: Percent
SiC, Percent Free Carbon, and Percent Free Silicon.

TABLE 1
RESULTS OF SCREENING EXPERIMENTS

No. of % % Free % Free

Conditions SiC Carbon Silicon
Silicon
Tetrachloride 8 439-814 2.89-932 1.04-363
Dimethyl
Dichiorosilane 7 46.8-91.2 060-4.46 (0.16-838
Methyl
Trichlorosilane 8 76.1-979 1.09-323 0.03-1.04

Goal >85.0 <2.0 Minimum



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 sub-
element currently includes work activities on green state ceramic fabrica-
tion, characterization, and densification and on structural, mechanical,
and physical properties of these ceramics. Research conducted within the
Ceramic Composites subelement currently includes silicon carbide and oxide-
based composites, which, in addition to the work activities cited for
Monolithics, include fiber synthesis and characterization. Research con-
ducted 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.

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

Based on the results of the screening experiments, methyl trichloro-
silane was chosen as the best feedstock to be carried forward to the
parametric studies.

Though the other feedstocks may also be suitable, methyl trichloro-
silane provided the widest operating window.

Task 5. Extended Parametric Studies

This task was intended to further evaluate the process parameters of
the feedstock selected at the conclusion of the screening experiments:
Methyl trichlorosilane. The parameters to be evaluated included tempera-
ture, silicon feedstock flow rate, and hydrogen/chlorine ratio.

One of the first activities for this task was to produce a
substantial amount of powder by running methyl trichlorosilane at the
best known conditions in order to perform some initial sinterability
studies.

Approximately 80 grams of powder were produced, analyzed, and
sintering trials were performed.

Analysis of the powder revealed very good chemistry:

Percent SiC 98.5
Percent fFree Carbon 0.15
Percent Free Silicon 0.13

Sintering to 89% and 92% of theoretical density was achieved with
normal sintering additives. Though sintering conditions for beta SiC
powders have not been optimized; these initial results are considered to
have established the ability to sinter the powder produced by this
process. Photomicrographs of powder and one of the sintered specimens
are shown in Figure 5.

TABLE 2
PARAMETRIC STUDIES

High Medium Low
Temperature ===:3> Net Input Energy (KW) 6.5-8.2 55-6.4 4-54
Hydrogen/Chlorine Ratio 33.8 25.4 16.9
Feedstock Feed i Theoretical SiC 450 350 250
Rate Production Rate (g/hr)
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The H/CT ratio could be specifically controlled but temperature could
not, nor could it be precisely measured. Therefore, net input power (kw)
was varied instead, to provide the desired variation in temperature.
Also, the flow of feedstock through the system is described by the theo-

retical rate of SiC production in grams per hour.

A total of 14 sets of unique conditions were run as shown in Table 3.
These were selected based upon being the most promising areas of the

matrix and being within the operating range of the reactor.

TABLE 3
SUMMARY OF PARAMETRIC STUDIES

Total Theoretical SiC H/CI Net input

SiC % Production Rate Ratio Energy
97.5 High Medium High
97.5 Medium Medium Low
96.1 Medium Low Medium
95.8 Low High Low
95.7 High Medium Medium
85.3 High Low Low
85.2 Medium High Low
94.9 Medium High High
93.6 Low Medium Medium
92.8 High Low Low
92.6 Medium High High
92.4 Low High Low
91.9 Medium Medium High
84.8 Medium High Low
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Powders were produced with a very wide range of operating conditions
during the parametric studies. A1l except one experiment yielded greater
than 90% SiC purity. The analytical results for the low 84.8% SiC content
had a very poaor material balance closure, so that particular number is
suspect.

There appears to be little correlation of the three chosen para-
meters with the analytical results obtained. However, half of the condi-
tions run gave powders with 95% purity or higher indicating 2 wide range
of acceptable conditions.

At the completion of the parametric studies, a small sample was
prepared for submission to the ORNL Technical Monitor to complete
Phase 1.

A sinterability trial of this sample of powder achieved 86% of
theoretical density. A summary of the characteristics of this powder
compared to the baseline powders is shown in Table 4. A photograph of a
similar sample of powder with a sintered specimen is shown in Figure 6.

TABLE 4
SUMMARY OF THE CHARACTERISTICS OF THE POWDER PRODUCED UNDER
THIS SUBCONTRACT COMPARED TOQ THE BASELINE POWDERS

Phase ] Starck Starck Standard

Gas Phase B-10 A-10 Qil
Chemistry (wi. %)
Total Carbon 29.55 3042  30.30 29.95
Free Carbon 0.35 1.83 1.54 0.36
Free Silicon 0.09 0.40 0.29 0.09
Oxygen 0.58 0.90 0.76 0.27
fron < 0.01 0.04 0.03 < 0.01
Silicon Carbide! 97.33 9550  96.60 98.80
Physical Properties
Major Phase Beta Beta Alpha Alpha
Median Particle Size {(um) 0.75 1.0 1.4 1.2
Surface Area (m?/qg) 10.0 15.3 14.3 9.4
Sinterability?
Green Density (g/cm?) 1.89 2.01 2.09 1.67
Fired Density (g/cmd) 2.76 3.03 3.09 3.20

'Obtained from Carbon Balance
2With Typical Sintering Aids
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Powder (20,000X)

Sintered Specimen:
92% Theoretical
Density (200X)

Figure 5. Photomicrographs of powder and sintered specimen
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Figure 6. A sample of powder and sintered specimen similar to that
which was provided to ORNL to complete Phase II.
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Status of Milestones

Task 1. Design, Construct and Test
Laboratory Scale Equipment
Task 2. Develop Theoretical Model
Task 3. Baseline Characterization and
Analytical Model Development
Task 4. Screening Experiments
. Selection of Feedstock
Task 5. Extended Parametric Studies
. Delivery of Powder Sample to ORNL
Task 6. Reporting Requirements
Task 7. Quality Assurance
Publications

None during the period.

Complete

Complete

Complete

Complete
Complete
Complete
Complete
Complete

Complete
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1.1.2 Silicon Nitride

Sintering of Silicon Nitride
G. E. Gazza (Army Materials Technology lLaboratory)

Objective/Scope

The program is concentrating on sintering compositions in the
Si N4-Y203-~Sio2 system using a two-step sintering method where the
nigrogen Jas pressure is raised to 7-8 MPa during the second step of the
process. During the sintering, dissociation reactions are suppressed by
the use of high nitrogen pressure and cover powder of suitable
composition over the specimen. Resultant properties determined are room
temperature modulus of rupture, high temperature stress-rupture,
oxidation resistance, and fracture toughness. Successful densification
of selected compositions with suitable properties will lead to
densification of injected molded or slip cast components for engine
testing.

Technical Progress

Compositions of interest in this program lie generally 'in the
si N4“Y28120 -31,N,0 triangle (subsequently referred to as triangle 1)
an% the”si Nsz i 7Y (8i0,)3N triangle (subsequently referred to as
triangle 2} as previously reported (1). Total volume percent of Y O3
and Si0, additives used in specimen compositions range from 8 to 12 v/0
and Y203/Sio2 ratios range from 0.28 to 1.11. Tt has been previously
shown™ifi hot “pressing (2,3) and sintering studies (4) that compositions
located in triangle 1 possess excellent oxidation resistance and are not
susceptible to thermal instability at intermediate temperatures, i.e.,
700-1000C. However, little information is available on the creep
resistance or static fatigue properties of these compositions which is
of concern due to the high silica content in the compositions and the
potential for producing low viscosity or low melting phases. Processing
problems can also be encountered working in this compositional range due
to dissociation reactions involving S5i,N, and SiQ, producing SiO and N2.
The evolution of these gas species drives the composition toward the
Y20 ~rich end of the phase diagram and may cross into a different phase
fle}d, particularly if weight losses are high during sintering.
Conpositional gradients (particularly with respect to oxygen) may occur
in specimens causing different phases to develop near the specimen
surface than in the interior. Therefore, control of such reactions is a
prerequisite for successful densification of silicon nitride where
strict campositional and phase control are required. Although a broad
range of campositions may be evaluated in the overall program, this
paper will focus on a series of compositions located in triangle 1 where
the total volume percent of combined additive, i.e., Y, 0, + SiO,, for
each camposition is essentially constant at 10.2% but the Y203/ iO2
ratio varies from 0.28 to 0.50. )
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Publications

"Effect of Oxidation on the Densification of Sinterable RBSN", MTL
Technical Report TR86-1.

TABLE 1

SINTERING RESULTS OUTAINED FOR SAMPLES

CONTAINING WU ADDITIONS
(comp. = 35)

SINTERED % THEORETICAL % WT.
SAMPLE 3 We DENSITY (y/cc) UENST1Y i CHANGE
T12-A A8 3.27 99.1 -.37
T24-A .98 3,27 94.5 ~.68
T48-A .90 3.25 98.2 -.51
T96-A 1.17 3.27 98,2 ~.68
sS7-a .55 3.29 99.8 +.02
512-A 1.43 3.31 98.9 -.91
524-a 2.90 3.34 97.9 -1.17
596-A 3.46 3.34 97.4 -2.57
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TABLE 2

OXIDATION OF SINTERED SILICON NITRIDEZE COMPOSITIONS

SPEC.I1.D. OXID.TEMP. TIME OXID.RATE CONST. (kg)

[§op] (hrs.} (kg®m™“sec™*)

17 1200 155 Z2.6560107F

17 1z0@ 144 2.32x1@- =

37 1928 297 4.88x107=

37 1200 297 3.47x10-1=

39 1200 152 Z.48x1@87=

25 1902 155 T 4TR1Q

25 1209 144 1.8@x183—**

(17) 84.7m/0SiaNw~3. 4m/0Y=202~11.9m/0Si0=
(37) 85. 4m/0Si aMa—b6. 3m/0Y =02~ 1@, 30/051 02
(39) 85.80/0S i aMNu—4. 7IMm/0Y=02~9. 47m/0Si0=

(25) 82.81n/0S1i aN.~8. Om/0Y=05-10. 8m/0Si 0=

TABLE 3

EFFECT OF COMPOSITION AND CRYSTALLIZATION ON STRESS-RUPTURE PROPERTIES
OF TWO SINTERED SILICON NITRIDE MATERIALS
(stress=309MPa)

SPEC [D Y203/Si02 SR TEMP SR TIME(hrs) CRYST.(Y/N)
17 @8.28 10989 240+ N
17 9.28 1102 150 + N
17 .28 1209 e.01 N
17 .28 12@0 8.5 Y
17 e.28 1280 1.1 Y
37 9.42 1200 3 N
37 8.42 1200 170+ Y

(E =<0.1%)




23

Experimental Procedure

Preparation of Starting Composition

In formulating the compositions to be studied and evaluated, the
source of the starting powders and their characteristics are known to
influence the process parameters required for sintering and the
resultant microstructure and properties. Sources of silicon nitride
powder being studied include Toyo-Soda TS-7 powder, UBE SN-E-10 powder,
and KemaNord Siconide 1152 grade powder. The Toyo~Soda and UBE powders
are from Japan while the KemaNord powder is from Sweden. The powders
are 90-95% alpha phase and contain 1.0-1.5% oxygen. The KemaNord
contained less than 1200 ppm of Fe, Al, and Ca while the Japanese
powders contained less than 200 ppm of these impurities. The surface
areas of the Toyo-Soda and UBE powders are 12-13m2/g while the 1152
powder is approximately 8.5m2/g. Both Japanese powders contain Cl with
UBE reporting less than 100 ppm and Toya~-Soda 1000 ppm max. The various
compositions selected for sintering were prepared by mixing one of the
813N4 starting powders with Y O and SlO powders: also including the
amdount of surface silica on tﬁe Si_N partlcles. The powder mixtures
were milled in plastic jars using éither WC or Si,N, milling balls and
ethanol. Milling times were usually 18-24 hours but were varied in
some experiments using WC media in order to control WC contamination
into the powder mixture. The 18-24 hour milling times were selected as
sufficient to produce adequate mixing of components while attempting to
minimize the amount of plastic container material incorporated into the
powder. ILonger milling times were found to produce only modest
increases in surface area (reductions in particle size). Significant
increases in surface area can be achieved by using both Si,N, milling
jars and balls. After milling, the powders were dried and sleved
through a ~325 mesh screen to remove agglomerates. The powder was
uniaxially die pressed to a disc shape, then cold isostatically pressed
at 150 MPa to increase the "green” density. Compositions focused upon
in this paper are compositions 17: 84. 7m/obi3N4 3.4m/0Y O3~11.9m/osio :
comp051t10n 37: 85.4m/0Si,N, —4. 3m/oY -10. 3m/05102, and Composition 39;
85.8m/051 N,~4. 731/0¥,0,-9. $7myosio,?

Sintering

All sintering runs were made in a high temperature-high gas
pressure furnace with graphite heating elements. Specimens were
enclosed in a RBSN crucible with a loose fitting 1lid and embedded in a
cover powder of appropriate composition to control specimen composition
(weight changes) during sintering. A two-step sintering method was used
where the gas pressure in the first step, 1.5~-2.0 MPa, was held for
45-90 minutes, then raised in the second step to 7.0-8.0 MPa and held
for 15-30 minutes. The sintering temperature used for the first step
was 1950-1960C. For the second step (higher pressure), the temperature
was either held at 1950~1960C or raised to 2000C for some sintering
runs , After high temperature densification, some specimens were held at
1200°C for 60~120 minutes to partially crystallize the specimen for XRD
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measurements to determine whether compositional control during the
sintering was sufficient to produce the desired phase development. The
use of first step temperatures of 1950-1960C were based on sintering
data (Figure 1) showing that these temperatures produced higher, more
uniform densities for compositions ranging from 0.28 to 0.42 Y.0,/5i0
additive ratios {(at 10.2v/o additive level). At additive ratidng abofe
0.28, it does not appear that the closed pore stage was attained agter a
19407°C initial temperature hold as raising the temperature to 2000°C in
the second step resulted in a lower density. Since the use of WC
milling media (as well as Si N, media) is being studied for powder
processing, the influence of 'milling media impurity pickup on sintering
the compositions of interest was also examined. Using two different
starting powders, Toyo-Soda TS~7 and KemaNord 1152, several batches of
camposition 39 were prepared and milled with WC balls for different
milling times to produce various amounts of WC impurity in the samples,
as shown in Table 1. Milling times ranged from 7 to 96 hours. The
KemaNord 1152 powder appeared to pickup the milling media impurity at a
faster rate than the TS~7 powder. This may be related to its lower
surface area and broader particlg size distribution. Sinterigg of the
samples was accompliished at 192607C, 60 min., 2 MPa, then 1960°C, 30
min., 8 MPa N2 gas pressure. The four samples for each different
starting powder were sintered in two separate runs but using the same
sintering parameters. The best densities were obtained when the WC
content was approximately 0.5%. Weight losses increased with increasing
WC impurity content.

gggggrties

Specimens were machined from dense, sintered discs approximately 1.5
in. diameter x 0.375 in. thick for determination of room temperature
modulus of rupture (RT MOR), fracture toughness, oxidation resistance,
and stress-rupture properties. RT MOR tests were conducted using four
point bending with specimens 0.080 in. wide x 0.105 in. thick. MOR
values ranged from 580 to 675 MPa for the three compositions of
interest. Fracture toughness values ?ﬁgerated by the indentation method
were calculated to be 5.0-5.4 MPam - .

Oxidation resistance of co%positions %7, 37 and 39 were determined,
in air, at temperatures of 10007C and 1200°C. The compositions, in the
triangle 1 phase compatibility range, all demonstrated good oxidation
resistance as shown in Table 2. Oxidation times ranged from 144 to 297
hours. The rate copgtants were calculated for each composition and fell
in the range of 10 to 10 77, The oxidation resistance of composition
25 (composition in triangle 2 and shown in Table 2) contained l4v/o
additives content was also determined for similgfltemperatures and
times. The rate constant increased into the 10 range.
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Since ceramic materials intended for use as heat engine components
must endure prolonged periods at high temperature and stress, their time
dependent properties are particularly important because performance
limiting defects usually manifest themselves in a time dependent manner
related to the high temperature properties of the grain boundary phase.
Preliminary stress—rupture stugies‘were cgrried out with compositions 17
and 37 at temperatures of 1000 C and 1200°C under 300 MPa stress in four
point bending. Data was obtained from specimens in the as—sintered
condition and after crystallization heat treatments, in air, for 125-150
hours. Table 3 shows the results of this stugy, Composgtion 17 was
stress-rupture tested at temperatures of 1000°C and 12007C. 1In the
as-sintered condigion, specimens at 10007C lasted 240 hours without
failyre. At 1100 C. they lasted 150 hours without failing. But at
12007C specimens failed in approximately 0.01 hours (30-40 seconds)
after application Qf load. The large reduction in static fatigue
resistance at 12007C suggests that camposition 17 may be located near a
low melting compound or eutectic. - Some specimens were given
crys&allization treatments for 125-150 hours in air at temperatures of
1000°C to 1200°°C prior to stress-rupture testing. The average time to
failure of these specimens was 0.5 hour, still relatively short but more
than an order of magnitude increase over as-sintered specimens. If the
crystallization temperature was raised to 1200°C, the stress-rupture
life ingreased to 1.1 hours. A specimen that was stress—rupgure tested
at 1100°C for 150 hours without failure was retested at 1200°C. It
failed in 1.4 hours. If the composition was shifted toward the
SiBN4—Y Si207 join, composition 37, stress—rupture properties improve.
Spécimens Of composition 37 tested at 1200°C in the as-sintered
condition lasted 3 hours before failure. If a 1200°C crystallization
treatment was given hefore stresg-rupture testing, specimens lasted 170
hours without failure. Permanent strain in the specimens was estimated
to be less than 0.1%.

Status of Milestones

(a) Process and comgosition -~ sintering parameters have been
established as 1950»1980 C initial process temperature with second step
between 1950C and 2000°C. Pressure in first step 1-2 MPa increasing to
6-8 MPa for second step. Compositions focused ugon are near the
Si3N ~Y 51,0, join. Total volume percent of Y,0745i0, additive is
approximateély 10%. Lower amounts are desirable. ProCess parameters and
use of cover powder should result in a small weight loss (<1%) for high
density and compositional and phase stability.

(b) Scale up of compacts ~- compacts 1.5-2.0 in. diameter x 3/8 in.
thick are being produced in order that specimens may be machined from
them for property measurements. Properties being determined are RT
modulus of rupture, fracture toughness, oxidation resistance, and
stress-rupture at 1000°C and 1200°C.
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Synthesis of High Purity Sinterable Si3Ng Powders -- G. M. Crosbie
(Research Staff, Ford Motor Company, Dearborn, Michigan)

Objective/scope

The goal of this task is to achieve major improvements in the quanti-
tative understanding of how to produce sinterable SizNy powders having
highly controlled particle size, shape, surface area, impurity content and
phase content. Through the availability of improved powders, new ceramic
materials are expected to be developed to provide reliable and cost-
effective structural ceramics for application in advanced heat engines.

0f interest to the present powder needs is a silicon nitride powder
of high cation and anion purity without carbon residue.

The process study is directed towards a modification of the low
temperature reaction of SiCly with Tiquid NH3 which is characterized 1) by
absence of organics {(a source of carbon contamination), 2) by pressuriza-
tion (for improved by-product extraction efficiency), and 3) by use of a
non-reactive gas diluent for SiCly (for reaction exotherm control).

Technical progress

In this paper, we present key experimental results, describe the
process flowsheet, discuss the current status of powder qualities, and
outline future plans.

Ta obtain a silicon nitride powder of high cation and anion purity
without carbon residue, we are working on a modification of the prepara-
tion of Si3Ng from low temperature reaction of SiClgq with ammonia. The
specific aobjective of the current work is to design and operate a labora-
tory version of a chemical process for synthesis of nitride powder to meet
the special needs of vehicular applications.

The central concept of this process study is the rate control of the
SiCl4-NH3 reaction by use of a carrier gas to bring SiClg vapor into
contact with Tiguid ammonia. A second feature is the use of pressure in
the process apparatus to reduce processing cost, in part by increased
solubility of the chloride by-product in 1iquid ammonia (above its normal
boiling point) and in part by reduced refrigeration cost (by operation
near room temperature).

This chloride vapor - liquid ammonia approach is intended to combine
the attractive properties of imide-derived silicon nitride powders (e.g.,
high chlorine purity) with the exclusion of carbon contamination due to
process organics. Additionally, process features have been demonstrated
which are desired for scale-up: a nearly heat neutral reaction zone and
self-clearing lines.

Key results

Key results have been achieved in the areas of phase and microstruc-
ture, carbon purity, heat balance, and materials handling:

Phase and microstructure -- SizNg powder was produced with phase
content, particle size and shape whica are close to those characteristics
considered desirable for pressureless sinterability. Specifically, the
powder derived by thermal decomposition of an intermediate imide product
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Figure 1. Scanning electron micrograph of powder produced by
decomposition of imide synthesized under pressure reaction of SiClg(g)
with NH3(1).

(from reaction of SiClg with liquid NH3 at 09C and 75 psig) was princi-
pally alpha silicon nitride with crystallite size of 0.2 to 0.3 um and
primarily equi-axed particle shape shown in Fig. 1. Other key results
have been achieved:

Carbon purity -- Purity with respect to carbon is important for
consistent grain boundary phase development, elevated temperature corro-
sion and strength of sintered silicon nitrides, and room temperature
mechanical properties. 1In one case for sinterable_reaction bonded silicon
nitride, a maximum of 0.05 wt.% C has been stated. ! Organic diluents have
been used previously to control the SiCl4-NH3 reaction rate.2 Initially
present in hydrocarbon molecules adsorbed on the high surface area imide
intermediate, carbon remains with the Si3Ns product powder.

In our work, we have produced submicron, alpha-silicon nitride with
0.02 to 0.08 wt.% C, which is less than half that of organic diluent
nitride powders (typical value of 0.17 wt.% C).  (For discussion of other
powder purities, see "Resulting powder characteristics" section below).

Heat balance -- A nearly heat neutral reaction zone is closely
related to carrier gas reaction control. The balance is between the
heating from the reaction exotherm and the cooling by the latent heat of
vaporization of ammonia into the residual carrier gas.

As expected from a model calculation,® an overall endotherm has been
observed at 0°C as the reaction proceeds. The near neutrality of heat
balance (of the model calculation near room temperature) is important for
uniformity of reaction zone temperature and for low cost scale-up of the



28

solids forming process.

Materials handling -- In our experience, the carrier gas approach has
a benefit in the imide-forming process by direct reaction, where inlet
clogging is a concern. Potentially solid by-product chloride is kept in
solution in 1iquid ammonia.

In combination with the nature of the imide produced, the liquid
ammonia has had a clearing action which leaves lines for the inlet,
transfer Tlines, and the reactor itself clear at the end of a run. This
absence of solids accumulation is of practical importance for extended
semi-continuous operation.

Process flowsheet development

The primary emphasis in this work has been placed on process flow-
sheet development. Highlights are as follows:

1) We have synthesized powder with desirable characteristics, as
described above.

2) We have prepared a process flowsheet diagram and a mathematical
model of masg and heat balances. Estimates were reported (in the 1985
ATD-CCM paper?) for endothermic values of the {extensive) net reactor heat
and (S.T.P.) volume of carrier gas. We have observed that this cooling
more than offsets the heat of reaction at 09C and 75 psig, as predicted.

3) In addition to the heat balance offset, other important scalabil-
ity considerations have been demonstrated. The apparatus has no moving

parts except valves. The reactants and products are moved cleanly as
fluid streams, with no exposure to air.
Flowsheet description -- In the overall process flowsheet (Fig. 2),

the intermediate product vessel separates the apparatus into two halves
which correspond to the two reactions for the preparation of alpha-silicon
nitride: 1) synthesis of the silicon diimide and 2) decomposition of the
imide. Representative chemical reactions are given at the top of the
diagram.

The nitrogen source for the imide synthesis is liquid ammonia. The
silicon source is silicon tetrachloride. A nitrogen stream is saturated
with SiClg (at room temperature) and this stream is diluted with a bypass
stream to form a slightly undersaturated stream at the reactor tempera-
ture.

The reactor is kept below r.t. by the latent heat of vaporization of
NH3 into the carrier gas. MWe have observed that this cooling more than
offsets the heat of reaction at 09C. FEstimates have been previously
reported® for flowsheet values of the (extensive) net reactor heat and
(S.T.P.) volume of carrier gas. The carrier gas flow is also the means
for control of the system pressure as it exits through the system back-
pressure valve.

In testing for scalability of the process through Tlonger runs, new
solutions are being found for extended operation without clogging. In the
present case, the improvement was to keep to the design conditions. It
was previously suggested that heat might be needed.

Earlier, runs had been made over 1 hour in length, but those runs
ended with a partially or fully clogged inlet path. Improvement to that
point was based on revised geometries of the inlet arrangement and
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revisions of start-up procedures. In those previous runs, ice had built
up around the inlet assembly. Although this icing demonstrated the net
reaction endotherm at 0°C (and the prospect for a heat neutral reaction
at a higher temperature), the thick icing also meant that the interior
temperature was well below the design temperature of 09C. Consequently,
SiC14 vapor probably condensed as liguid after the ice reached some criti-
cal thickness. From prior experience, reaction of liquid ammonia with
liquid SiClg is a 1ikely source of inlet occlusion. The inlet heater is
apparently effective through prevention of SiCl, condensation.

The intermediate imide product is pressure filtered and backwashed to
remove chlorine. For the filtering conditions shown, only a moderate
excess of NHy is needed to keep all of the NHaC1-3NH3 in solution.
However, we have determined (in this reporting period) that in the absence
of rinsing there is sufficient C1 (dissolved in the ammonia held within an
imide slurry sediment) to cause 800 ppm C1 to be retained in the silicon
nitride which is subsequently formed by decomposition. (For comparison, a
value of 180 ppmw C1 is contained in organic-diluent SigNg.) Because the
C1 is in solution, the vinsing can be rapid and efficient. Thus,
by-product extraction efficiency (which is expected from pressurized
operation) can be realized with high solids retention.

The backwashed imide-NH3 slurry is transferred to the intermediate
product vessel and the next reaction can be started.

We have upgraded the process apparatus to have larger volumes for the
saturator, reactor, and intermediate product vessel. Various other appa-
ratus design modifications have been carried out. Operating sequence
checklists were prepared and computer programs were implemented faor
multiple-access Togging of temperatures, flows, and operator actions.

As part of the process flowsheet task requirements, a flow diagram
was prepared. The diagram has also been adapted for an operator’s console
display with an overlay of continually updated readouts of temperatures
and flows at various locations.

Independently, the intermediate product vessel is emptied as aliquots
of slurry are flash-dried and pneumatically transported to a settling
chamber. The NH3 gas is released from the chamber after the particles
have settled from each expansion.

The settling chamber doubles as a decomposition vessel, which is
heated to >12000C with a flowing cover gas to produce the Si3Ng product
powder.

A design shown in Fig. 2 was implemented for transfer of the
air-sensitive imide solids. The imide-containing slurry was produced by
the reaction of SiCly with Tiquid ammonia. In the present equipment, the
sturry is stored in a pressure vessel after Jow-temperature synthesis.
The imide-ammonia slurry is transferred to a controlled atmosphere fur-
nace. The anaerobic transfer is accomplished with a pressure differential
and a volume expansion on boiling of NH3. A workable degree of pressure
control has been achieved by valving to 1imit the maximum NH3 volume on
each unit transferred.

An automated control loop was built-up and used for the flash evapo-
ration segment, which had become tedious to operate by hand. The cycle
involves releasing of liquid ammonia-imide slurry with expansion of the
ammonia to gas, waiting for particles to settle, and then bleeding down
the gaseous pressure slowly. When pressure is down, another cycle begins.

This automation involved sensors, actuators, and software. By use of
relay outputs and digital inputs on the existing data acquisition and
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control system, the Toop was completed with the addition of a sensor for
decomposition vessel pressure and electrically-driven valves. These now
automatically cycle through repetitive expansion of aliquots of liquid
ammonia-imide slurries to transport pneumatically the imide to the set-
t1ing and decomposition vessel.

The program incorporates a rule-driven approval system, which is
designed to prevent the inadvertent release of Tiquid ammonia under pres-
sure in Yarge volumes to the near-ambient pressure decomposition vreactor.
This software design covers errors in automatic operation whether from
failure of a valve to operate or a program bug in a driving routine or
from an error in keyboard commands. The reading back of current valve
states is a critical element which is incorporated into the design. In
this approval system, the adjacent valves must be indicated as closed,
before the next valve can be opened. Manual operation for start-up and
shutdown are provided by physical overrides (manually turning valve with
deactivated actuator) and a computer terminal valve-command-prompting
routine.

Progress has been made in this period with respect to decreasing the
oxygen contamination and the amorphous content of the powder under devel-
opment. Oxygen reduction is a key intermediate variable in preparation
for sintering improvements.

Calculations based on input impurities suggest that oxygen contamina-
tion can be kept lTow in cases where the volume of carrier gas is reason-
able. In turn, these cases are the more practical cases where the reac-
tion 1is vrun under pressure above -209C. In- practice, there are many
p1ac%s where oxygen can be picked up. In one case, a BET surface area of
23 m¢/g was measured. This Tevel of specific surface area is considered
too high and alone would contribute substantial surface oxygen.

To address the oxygen contamination issue, the 1imide preparation
system was reworked to enlarge vacuum lines to make start-up
evacuate/purge routines more effective. Also, changes were made in the
decomposition system, which will be described now in more detail.

The decomposition furnace was reprofiled (for temperature distribu-
tion) and an 1improved degree of nitride crystallization was obtained.
This crystallization is refliected in narrower alpha-silicon nitride peaks
in x-ray diffraction patterns and a flat backgrounds of those patterns.
The leak rates for the decomposition system were reduced (although still
higher than the imide preparation section) and the small exit bubbler
pressure was raised. Also, a small amount of NHy gas was added to the
decomposition carrier gas flow to lead to positive?y non-oxidizing condi-
tions.

Process refinements are continuing and more analyses are pending.
Results from solid state (magic angle spinning) nmr are being used to
follow crystallization extent and to distinguish among amorphous species.
These results are provided courtesy of K. R. Carduner of Ford Research
Staff. It is from these m.a.s.-n.m.r. results that we know that improve-
ments have been made in the reduction of particular amorphous species and
oxygen content. ‘

Resulting powder characteristics
Powder characterizations have been carried out with impacts on pro-

cess choices. Some consequences follow from the flowsheet described
above: requisite purity of precursors, system tightness, backfill and
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purge procedures, residence times, decomposition gas, decomposition envi-
ronment. Because of these continuing changes, no single set of character-
istics is yet appropriate to list as definitive values for the chloride
vapor - liquid ammonia process. Continuing emphasis in this work is in
refining the process development to approach more closely the goals.

The primary characterizations on each lot made have been x-ray dif-
fraction (XRD) and scanning electron microscopy (SEM). These have shown
(in every lot made) that the major crystalline phase is 85 to 95% alpha-
silicon nitride. With process refinements, the secondary phase has become
beta silicon nitride rather than oxynitride. SEM images, such as Fig. 1,
show that the dimensions of predominantiy equi-axed particles are 0.2 to
0.3 pm. These phase and morphology features are expected from an imide
intermediate process and meet goals for phase, particle size, and shage.
Although the surface area goal is >10m2/g, the achieved level of 23 m¢/g
is considered excessive.

A second category of characterizations is for cation impurities. The
target value 1is <0.1 wt.% total cation impurities. Given a high purity
silicon source and minimal corrosion of the apparatus, the cation impuri-
ties are primarily a reflection of environment during decomposition. With
an Alp03 refractory, Al is the principal cation impurity at 0.6%A1 with
next highest for Fe'at 0.16%, Ca 0.06%, and Ti at 0.03%. Except for these
three cations, we meet target values.

In one trial without additional Al1,03, a sintered density of 83%
theoretical density was obtained with 8 wt.% Y,03 sintering aid. There-
fore, a substantial degree of sinterability was shown for the powder.

In a third group, anions other than nitrogen are detected in prod-
ucts. Sulfur is 60 ppmw, which is below the program target of 100 ppmw.
This sulfur is traceable to impurity in the SiClz. We had 800 ppmw (1
without NH3 rinsing. Non-chloride halides are at a desirably Tow level,
except for 200 ppmw F. Oxygen has been discussed in the "Thermal decompo-
sition" section above and is estimated at 5 to 11 wt.%. Crystalline
oxynitride has been eliminated, but amorphous and surface oxide content
are still undergoing refinement.

Conclusions

The "chloride vapor - Tigquid ammonia" route to silicon nitride pow-
ders:
. is a modification of imide route which works;
. leads to many desired powder and process
characteristics now demonstrated:
. equi-axed, submicron morphology
. Tow carbon (0.08 wt.%)
. nearly heat neutral reaction (scalable)
. semi-continuous (liquid-T1ike) transfers;
and
. i1s responding to process modification.

Future plans

By the end of the two-year contract initiated in February 1985, we
want to gain more experience with extended manual operation, to carry out
sintering retrials with reduced oxygen content powders, and to refine cost
estimates with inclusion of refrigeration costs as a function of tempera-
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ture.

Beyond the two-year period, we plan to carry out sensor and automa-
tion development, to design a pilot plant, to develop flowsheets for the
transients in the semi-continuous operation, and to increase the effort
for sintering and characterization of the sintered materials.

Summary

We have prepared a novel process flowsheet for preparation of SigNg
with a block flow diagram and a mathematical model of mass and heat bal-
ances. We have observed that the cooling from Tatent heat of vaporization
of NH3 more than offsets the heat of reaction at 0°C and 75 psig.

The central concept of this process study is the rate control of the
SiCl4-NH3 reaction by use of a carrier gas to bring SiClg vapor into
contact with Tiquid ammonia. A second concept is the use of pressure in
the process apparatus to reduce processing cost, in part by increased
solubility of the chloride by-product in liquid ammonia above its normal
boiling point and in part by reduced refrigeration cost.

Powder characteristics meet or are approaching target values. Key
results have been achieved in the areas of phase and microstructure, and
carbon purity. SizNg powder was produced with phase content, particle
size and shape which are close to those characteristics considered desira-
ble for pressureless sinterability. Specifically, the powder derived by
thermal decomposition of an intermediate imide product (from reaction of
SiClg with liquid NHy at 09C and 75 psig) was principally alpha silicon
nitride with crysta1?1te size of 0.2 to 0.3 um and primarily equi-axed
particle shape.

The process has features which are important for scale-up. Key
features of near-neutral heat balance and liquid-like materials handling
have been demonstrated.
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Status of milestones

The milestones "complete process flow sheet analysis” and "demonstra-
tion of sinterability of synthesized SigNg powder" have been met on time
in this semi-annual report period. The %o?1owing‘mi1estones are on sched-
ule for this program:

Demonstration of proof of scalability November 1986

Complete draft technical report March 1987
describing the process
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1.2 CERAMIC COMPOSITES

1.2.2 5ilicon Nitride Matrix

Transformation-Toughened Silicon Nitride
H. W. Carpenter (Rocketdyne Division, Rockwell International) and
F. F. Lange {Rockwell Science Center)

Objective/scope

The objective of this program is to develop high toughness, high
strength refractory ceramic matrix composites that can be made at Tow
cost and to near net shape for heat engine applications. The
composite system selected for development is based on a silicon
nitride matrix toughened by dispersions of Ir0;, HfOy, or
(Hf,Zr)0, modified with suitable additions of other refractory
ceramics to control the physical behavior. The desired microstructure
and optimum mechanical properties will be developed by expeditious
Taboratory methods including colloidal suspension, press forming,
sintering, and hot pressing. Once the best composition and
microstructure have been demonstrated, parameters will be optimized
for producing samples by the injection molding process.

Technical progress

Four SigNg/Zr0, composite systems were evaluated this period
and each system was distinguished by the alloying content in the
Ir0p particulate. The four systems were:

SigNg + 1r0s (Y20 )

Si3Ng + Zr0p (Ca0

SizNg + ZrO% (Mg0}

SigNg + (HF 2 + Zr0y + Tioz)

A small amount of sintering aid was also added to each system.

Initial results for the Y503~ and Ca0-modified composites were
highly encouraging. The firs% exhibited strength to 1200 MPa while
the second exhibited high strength plus toughness values to 13.8 MPa
m/2,  The Mg0-modified composite exhibited high toughness but
erratic strength, and the Hf02-Ti0p-modified composite

disintegrated at intermediate temperatures. Thus, only the first two
composites are being pursued. These systems are discussed below.

SigNg + Zr0y {Y503) + Al503 Composite - The probiem

experienced in the past 1s that 3i3N; and Ir0, react to form
Zr-oxynitride, an undesirable compound because it depletes the Ir0,
content without increasing toughness and oxidizes at intermediate
temperatures to monoclinic Zr0. The monociinic Zr0p, in turn,
results in serious surface cracking. F.F. Lange (Re%. 1) has shown
evidence that the formation of Zr-oxynitride can be prevented or
retarded and that a transformable tetragonal Zr0; phase can be
obtained by using Ir0; alloyed with Y,03. It has been shown in
this study that at least 8 w/o Y,04 a?1oy content in the IrQ0; is
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necessary to prevent the formation of Zr-oxynitride. Two or 4 w/c
Al203 was added as a sintering aid.

Submicron powders firee of agglomerates were obtained by multiple
sedimentation processes and the selected components were intimately
mixed in an ultrasonic mixing chamber. Discs, 5 cm in diameter, were
filter pressed, dried {green density was 40% of theoretical), and hot
pressed or sintered to near full density. Compositions of SigNg +
20 v/o or 30 v/o Zr0p + 2 or 4 w/o Alp03 sintered easily (Table
1), whereas a composition of SigNg + %0 vio Ir0g + 4 w/o
A1703 did not sinter to a high denswty and sampies cracked into
several pieces.

Table 1. Density (g/cc) of Sintered and Hot Pressed Materials
Composed of SigNa + Zr02 (9 w/o Y203) + 4 w/o

Al203
Vol % irQy
Densification Process 20 30
Hot Pressed, 1700°C, 1 h 3.65 3.88
Sintered, 1750°C, 1 h 3.63 3.9

Soft aggiomerates that formed during the colloidal processing route
resulted in large inclusions in the densified material (Fig. 1).
Causes of these soft agglomerates were (1) dried slurry on the side of
the storage vessel that fell back into the wet slurry, (2) polymers
incorporated to improve green strength that changed the electronic
nature of the suspended particies, (3) inadequate sonication, and
possibly (4) chemical reaction between Si3Ng and water. However,
modification of slurry handling practices eliminated all 1nc1u51ons and
resulted in an excellent dispersion of ZrQp in Si3Ng (Fig. 2).

Results obtained during this period showed thai the strength of
both hot pressed and sintered material was very high, and that strength
can be further increased by heat treatment. Data from a set of samples
cut from the same hot pressed billet are shown in Table 2. Strength
increased from 827 MPa (4 pt MOR) in the as-hot-pressed condition to
1164 MPa after heating at 1350C, 2 h. The strength of sintered
material was 10 to 20% lower.
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Table 2. Heat Treatment Improves Strength of Hot Pressed SigNg +
Ir0y (9 w/o Y,03) + 4 w/o A1,03 Composite ‘

30 Yol % ZrDy 20 Yol % Zr0y

| | |

| | |

| | |

| | [ B ]

| Condition | 4-Point | 3-Point | 4-Point | 3-Point
] |  MOR | MOR I MOR | MOR
} % (MPa) : {MPa) % (MPa) i {MPa)
| As Hot Pressed | 87 | 951 | 861 | 1096
| 700°C, 250 h | 806 | 806 | 1096 | 1075
| 1200°C, 2 h* | 841 ! 896 | 806 | 779
| 1200°C, 2 h* + 700°C, 250 h | 930 i 1006 | 799 | 830
i 1350°C, 2 h** + 700°C, 250 h i 1164 ; 1213 i 1102 I 1199

* No Cleanup After Heat Treat :
**x Surface Polished After Heat Treat

A few samples of both sintered and hot pressed exhibited
degradation by oxidation at 700C. The phenomenon was related to an
excessively high oxidation rate, especially at such a Tow temperature,
of anion-deficient Zr0y (the result of sintering or hot pressing in
a No atmosphere) back to stoichiometric Zr0y. Analyses of samples
indicates that this phenomenon is caused by an inadequate Y503
alloying content and improper processing temperature. Chemical
analysis showed that the Y§03 content in the Zr0; was 9 w/o
rather than the specified 12 w/o, and all samples sintered at 1750C
exhibited this problem whereas all samples sintered at 1800C were
immune to the problem. SEM and TEM studies will be preformed to
elucidate the mechanism but the higher sintering temperature
apparently eliminates the oxidation problem.

This material does not exhibit transformation toughening.
Nevertheless, this composition would be a promising candidate for an
adiabatic diesel engine due to its low thermal conductivity and high
strength, and it could be toughened by adding SiC whiskers or by
admixing an appropriate amount of Zr0j alloyed with Ca0 or Mg0,
which does result in increased toughness. During the next reporting
period the high temperature strength will be measured and it will be
improved by using a sintering aid, such as Y§O3, that produces in
a more refractory grain boundary phase than does Al,03.
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Figure 1. Dense Si3gNg + 30 v/o
Zr02 + 4 w/o Al203
with large Si3Ng
and Zr02 inclusions.

Figure 2. Dense SigNg + 30 v/o Zr0p + 4 w/o Al03 with
good dispersion and no inclusions.



39

SiaNg + Zr07{Ca0) + 2 1/2 Mg0 Composite - Initial samples
were prepared by hot pressing at 1700°C for 1 h. Compositions
included SizNg + 10, 20, and 30 v/o Zr02 alloyed with 5 w/o
Ca0. Two and one-half percent by weight Mg0 was added as a
densification aid and to retard removal of the Ca0 from the Zr02
during densification. Initial results show significant increases in

both fracture toughness and strength.

The fracture toughness of all samples was substantially higher than
that ?f the Si3Ng matrix. The baseline matrix toughness is 4.1

MPa m!/2 which was measured and calculated by the same diamond
indentation technique (Ref. 2) on NC132 samples. Toughness values
measured on as hot-pressed samples and samples subjected to selected
heat treat conditions are listed below. All of these samples were
composed of Si3Ng + 30 v/o Zr0s (5 w/o Cal) + 2 1/2 w/o Mg0.

CONDITION K. (MPa m1/2)
1. As Hot Pressed 6.8 - 7.6
2. Oxidized at 700C, 64 h 9.1 - 9.9
3.  Aged at 1350C, 2 h 9.9 - 12.5
4. Aged at 1350C, 8 h 10.7 - 13.8
5. Aged at 1350C, 2 h + 700C, 120 h 12.8

A large portion of the high measured toughness in the aged
sampies is due to surface compression stresses that develop as
Zr-oxynitride oxides to form monoclinic Zr0» on the surface, but
annealing at 700C for 120 h after aging at %BSOC for 2 h did not
decrease toughness. '

The 4-point modulus of rupture was measured as a function of
(1) volume loading of Zr0p and (2) exposure to oxidation at 700C
for durations to 250 h. The strength of these compositions is
degraded by microcracking at moderate temperatures, and a temperature
of 700C was selected to study this microcracking phenomenon. The
degree of strength degradation for volume loadings of 10, 20, and 30%
IZr0p is shown in Fig. 3. Reduction in MOR at a volume loading of
30% Zr02 is substantial, but the degradation can be reduced by
pre-aging at an elevated temperature. A temperature of 1350C was
selected for evaluation but a complete parametric study will be
required to find the optimum aging temperature. The strength of
samplies aged at 1350C for 2 h and then exposed at 700C for selected
periods is given in Fig. 4. There is no apparent reduction in
strength at volume loadings of 10% and 20% Zr02 composites. The
strength of the 30% Zr0, composite, on the other hand, decreased
about 33% as a result o%‘heating at 700C in air.

Two-inch diameter samples of the composition SiaNg + 30
v/o Ir0p + 2 1/2 w/o Mg0 were press formed and sintered at 1700C to
1800C. Even at 1800C, sintered density was slightly lower than that
of hot-pressed samples (Fig. 5). Samples containing 10, 20, and 30
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v/o Ir0p were sintered at 1800C and MOR bars are being prepared for
evaluation. The final densities of hot-pressed and sintered samples
are shown in Fig. 6.

The Zr0» + 5 w/0 Ca0 powder used to make the above samples
had a coarse particle size and, consequently, it was not ideal for
the colloidal processing route used. Powders with a submicron
particle size, which is much more suitable for colloidal processing,
were procured. Three different alloy compositions (3, 5, and 10 w/o
Cal) were obtained for characterization of the toughening mechanism.

SiaNa + Zr0, (Mg0) + Mg0 Composite - A water slurry of 70 v/o

5i N4 + 30 v/o %ro (5 w/o MgQ) + 2 1/2 w/o Mgl was prepared by
mi?11ng for 16 h with Zr0; grinding medium. Discs, 3.8 cm in
diameter, were prepared by fiiter pressing, dried, and hot pressed at
17060C, 1 h, 1600C, 1 h, and 1550C, 1/4 n. Results (Table 3) show
that this composite has merit. The toughness of samples hot pressed
at 1700C, and 1600C was almost double that of the Si3Ng matrix

and it was triple that of the 5i3Ns baseline after heat treatment

at 1350C, 2 h. However, the strength was low and erratic. The low
strength was believed to be due to microcracking that occurred during
hot pressing. The sample that was hot pressed at 1600C cracked into
two pieces at temperature which was evidenced by a Toud sound.
Although this composite system showed promise based on high
toug?ness, it was not pursued at this time because of the cracking
problem,

Table 3. Results of hot Pressed SigNg + ZrOp (5 w/o MgQ) +
2 1/2 w/o MgD Composite

Hot Pressed Temperature (°C)

Properties 1700 1600 1550
Density (g/cm3) 3.87 3.9 4.08
Kc (MPa m1/2)

As HP 7.4, 7.8 6.4 3.9
1350°C, 2 h 10.1 13.4 9.2
MOR (MPa)

As HP 138-636 599 324
700°C, 64 h 103-620 186 69
1350°C, 2 - - 413
1350°C, 3 h + 700°C, 64 h - f-241 4

SigNg + (Hf05-Zr0,-Ti05) Composite - Submicron powder of
the desired atloy (60 m/o 5?62 + 20 m/o Ir0y + 20 m/o Ti0p) was
obtained from a vendor and a composition of 70 v/o SigNy + 30 v/o

(60 Hf05-20 Zr0,-20 Ti0y) was prepared by a colloidal processing
route, A 3.8 cm diameter disc was filter pressed, dried, and hot
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p{;ésed to near full density. The fracture toughness was only 2.7 MPa
m and samples disintegrated when oxidized at 700C. Investigation
of this alloy as a dispersoid was not pursued due to the poor initial
results.

Status of Milestones

A1l past milestones have been completed on time and the milestones
for the next report period are on schedule.

Publications

H. W. Carpenter, G. D. Schnittgrund, and F. F. Lange,
"Transformation Toughened Silicon Nitride", presented at 24th
Automotive Technology Development Contractor's Coordination Meeting,
Dearborn, MI, 29 October 1986.
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Silicon-Nitride-Metal Carbide Composites
S. T. Buljan (GTE Laboratories, Inc.)

Objective/Scope

The objective of this program is to develop silicon nitride-based
composites of improved toughness, utilizing SiC and TiC as particulate
or whisker dispersoids, and to develop and demonstrate a process for
near net shape part fabrication. Near net shape process development
will explore forming by injection molding and consolidation by hot
jsostatic pressing or conventional sintering.

Technical Progress

Summary

Based on the data generated, it was decided that the Si;N,-SiC

(whisker) system has the highest potential to meet the program goals
on schedule. Further efforts were concentrated on the study of com-
posite microstructure/property relations and characterization.

Work directed towards development of a low cost process for near
net shape part fabrication has been initiated. Composites containing
30 v/o of whisker dispersoid have been successfully injection molded.
Program execution is on schedule.

Material Studies

Based on <t¢he data generated to date, it was decided that the
Si;N-SiC (whisker) system has, at this stage of development, the

highest potential to meet the program goals on schedule. The reactiv-
jty of TiC in the composite requires stri gent control of sintering
parameters in order to obtain a composite or the required properties.
In view of the program requirements, which are directed toward the de-
velopment of a low cost process for near net shape part fabrication,
this reduced flexibility further favors the Si,N,~5iC system.

Fracture toughness improvements, with dispersoid additions, devi-
ate from predictions based on models which assume "continuum" matri-
ces. The toughness of a single or polyphase polycrystalline ceramic
matrix which exhibits to a large extent intergranular fracture is a
function of the morphology and the size of grains. It follows then
that dispersoids have to meet certain minimum size requirements (with
respect to matrix) in order to effect toughening. In the process of
densification, added dispersoids may also chemically or physically
modify the development of the matrix microstructure, further contrib-
uting to deviations from toughening/strengthing predictions.

In order to evaluate the influence of matrix grain size on proper-
ties, SiyN,-SiC (whisker) composites have been hot pressed for ex~

tended time (400 min.) at sintering temperature to enhance Si;N, grain

growth. As can be seen in Figure 1, extended sintering time results
in a coarser Si;N,—-base material grain structure, which 1in turn pro-

duces an increase in fracture toughness of the monolithic base mater-
ial.
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As with the monolithic Si;N,, variation in densification parame-

ters of the composite is anticipated to result in differences in ma-
trix microstructures and hence mechanical properties. It follows that
the resultant matrix microstructures of the densified composites may
not be identical in grain size distribution. Hence, the toughening
behavior observed through whisker additions would not be expected to
be a singular function such as that based on models which assume a ho-
mogeneous continuum matrix. The observed functional dependence con-
sists of individual points on a family of toughening curves, each
point depending on the microstructure of the individual composite ma-
trix, since the degree of toughening achieved with a whisker disper-
soid is dependent upon its size relative to the polycrystalline matrix
grain size. Composites of finer matrix microstructure (shorter sin-
tering time: solid line, Fig. 2) exhibit a high degree of toughening
with an increased amount of dispersoid additions. The fracture tough-
ness of composites held at sintering temperature for an extended time
(400 min., dashed 1ine, Fig. 2) shows higher toughness mainly due to
coarsening of the matrix. The diminished contribution of dispersoid
to fracture toughness improvement results from the decreased matrix-
dispersoid size ratio.

In a material with typical intergranular fracture, the energy ex-
pended to propagate a crack is directly proportional to the amplitude
and frequency of crack deflection by the grains. Based on geometrical
considerations, the expected change in fracture toughness due to grain
size can be approximated by the expression below:

BKpe = CKOp (D/D°-1) (1)

IC
where C is a geometrical factor which, for an assumed close~packed ar~
rangement of hexagonal, equisized particles (Figure 3), can be set at
C =0.25. The K°IC term represents the measured fractuve toughness of

the material with D° average grain size. In the absence of other
toughening effects and changes of fracture mode, the change of grain
size from D° to D would produce an increase/decrease of fracture
toughness directly proportional to D/D°. Based on the same assump-
tions, the fracture toughness of the composite can be estimated using
appropriate fractional contributions of the matrix and dispersoid
grain size.

In this study, B-Si;N, grain size (equivalent diameter) of the

monolith and composite matrix was determined from transmission elec-
tron photomicrographs (25,000X magnification), with total counts rang-
ing from 1500 ~ 2000 grains. The equivalent diameter of the disper-
soid was 1.95 um corresponding to a whisker of an average length of 6
pm and 12:1 aspect ratio (see Table 1). Measured values for grain
size and fracture toughness are in fair agreement, suggesting that the
increase in composite fracture toughness as well as that of the mono-
Yith is most Tikely derived from increased crack deflection due to en-
larged grain size (effected by the addition of large whiskers in the
case of composites).
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Table 1: Characterization of SiC Whiskers
(Average Diameter = 0.5 + 0.2)
| —
|Processing Step Average Length (um)/Counts Aspect Ratio |
| |
{ 1
|As-Received 18 + 12/1574 33 |
|After Sedimentation 18 + 9/1430 33
|After Homogenization 5+ 3/1439 10
|Hot Pressed Composite 6 + 3/1780 12
| J
Table 2: Comparison of Measured and Calculated KIC-Based
on Changes in Matrix Grain Size
i
| Average Grain Size' KIC (MPa*ml/z)
[Material Si;N, Composite  Measured Calculated*
1
|
|AY6?! 0.37 + 0.27 0.37 4.7 + 0.3 4.7
|AY62 0.59 + 0.41 0.59 5.4 + 0.5 5.4
|AY6 + 10 v/o0 SiC 0.36 + 0.24 0.51 4.4 £+ 0.1 5.1
|AY6 + 20 v/o SiC 0.24 £ 0.14 0.58 4.8 + 0.3 5.4
|AY6 + 30 v/o SiC 0.36 + 0.24 0.84 6.4 + 0.5 6.2

|+Equiva1ent diameter
|*Calculated from Equation 1, the grain size of whisker used is

| 1.95 um Ky = 4.7 MPasmi/?

| *Hot pressed for 90 minutes
I 2Hot pressed for 400 minutes
L

|
|
|
|
|
|
|
|
|
|
|
|

Elevated temperature (1200°C) mechanical property characteriza-
tion of Si;N, matrix composites containing SiC whiskers has shown that

the whisker additions increase both fracture toughness and strength
(Figure 4). Examination of the controlied surface flaw specimens used
for fracture toughness determinations shows that the enhanced mechani-
cal properties at 1200°C are reflected in a reduced susceptibility to
subcritical crack growth for the composites, compared to the mono-
lithic base materials (Table 3). In all cases examined to date the
whisker~containing composites experience substantially less slow crack
growth prior to fast fracture at 1200°C. This phenomenon is attrib-
uted to enhanced whisker pullout mechanism at high temperature.
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Table 3: Evaluation of Subcritical Crack Growth of AY6 and
AY6-Based Composites at 1200°C

Increase in
Surface Flaw Crack Dimensions(%)

|
l
|
l
l

|
|
|
|
a ¢ |
|
|AY6 82 229 |
|AY6 + 10 v/o SiC whiskers 49 100 |
|AY6 + 20 v/o SiC whiskers 33 94
|[AY6 + 30 v/o SiC whiskers 63 139 |
| j
a = minor elliptic axis of precrack
c = 1/2 major elliptic axis of precrack

Testing to evaluate the effects of oxidation on the strength of
these materials has been completed. Test bars of AY6 and
AY6-containing 30 v/o SiC whiskers (Arco SC-9) were oxidized at 1200°C
for 100 hours and, subsequently, broken at room temperature in stan-
dard four-point loading. The results (Table 4) show that the MOR of
the composite was reduced slightly (12%) by the oxidation, while that
of the monolithic AY6 was unaffected. However, even after oxidation,
the strength of the composite is higher (10%) than that of the mono-
1ith. Further extended time oxidation studies are in progress.

Table 4: Room Temperature MOR of Standard and Oxidized
Silicon Nitride~Based Materials

T 1
|Material Standard Oxidized Change|
| |
|AY6 773 + 67 791 + 66 +2%|
[AY6 + 30 v/o SiC whiskers (SC-9) 975 + 39 869 + 117 ~-12%]|
i

J

Process Development

Work on the injection molding process development was initiated.
The approach is given in Figure 5.

Batches of AY6-SiC (30 v/o Tateho) have been compounded at four
loading levels of solids for trial injection molding. The Tloading
fevels are 54, 56, 58, and 60 v/o0 solids.
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Table 5 describes the results of the compounding, injection mold-~
ing and binder burnout trials to date.
molding of the 58 v/o material did not fill the bar cavity uniformly.
The 54 v/o material showed complete uniform filling of the cavities in

the 4-bar die (Figure 6).

In the initial runs, injection

Table 5: Compounding and Molding Behavior of AY6 Silicon
Nitride + 30 v/o Tateho SiC Whisker Composite

[ T [ T 1
|Solids loading | Compounding | Molding | Burnout |
| (volume %) | Behavior | Behavior | Behavior |
| | | | |
l 60 | Difficult i N/D |  N/D

I | | | |
1 58 | Acceptable | Difficult |  Good

I ! | | i
| 54 | Good | Good | Good

L { | | J

N/D = Not Determined

The bars from these runs were successfully put through the binder
burnout cycle and will be encapsulated for HIPing and sintering stud-
jes. SEM examination of fracture surfaces of the burned out materials
showed the presence of intact whiskers protruding from the matrix ma-

terial (Figure 7).

Status of Milestones

Milestone 122302 and 122303 have been completed.

execution is on schedule.

Overall program
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400 min

Figure 1: Fracture surface of Silicon Nitride Base Material Held at
at Sintering Temperature 90 min. and 400 min.
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