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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1988 THROUGH MARCH 1989

SUMMARY

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

An assessment of needs was completed, and a five-year project plan
was developed with extensive input from private industry. The objective
of the project is to develop the industrial technology base required for
reliable ceramics for application in advanced automotive heat engines.
The project approach includes determining the mechanisms controlling
reliability, improving processes for fabricating existing ceramics,
developing new materials with increased reliability, and testing these
materials in simulated engine environments to confirm reliability.
Although this is a generic materials project, the focus is on the
structural ceramics for advanced gas turbine and diesel engines, ceramic
bearings and attachments, and ceramic coatings for thermal barrier and
wear applications in these engines. This advanced materials technology
is being developed in parallel and close coordination with the ongoing
DOE and industry proof-of-concept engine development programs. To
facilitate the rapid transfer of this technology to U.S. industry, the
major portion of the work is being done in the ceramic industry, with
technological support from government laboratories, other industrial
laboratories, and universities.

This project is managed by ORNL for the Office of Transportation
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 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:
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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 breakdown structure outline.




0.0 PROJECT MANAGEMENT AND COORDINATION

D. R. Johnson
Oak Ridge National Laboratory

Objective/scope

This task includes the technical management of the project in
accordance with the project plans and management plan approved by the
Department of Energy (DOE) Oak Ridge Operations Office (ORO) and the
Office of Transportation 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 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 bimonthly DOE and NASA joint manage-
ment meetings, annual interagency heat engine ceramics coordination
meetings, DOE contractor coordination meetings, and DOE Energy Materials
Coordinating Committee (EMaCC) meetings, as well as special coordination
meetings.




1.0 MATERIALS AND PROCESSING
INTRODUCTION

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS). It contains four
subelements: (1) Monolithics, (2) Ceramic Composites, (3) Thermal and
Wear Coatings, and (4) Joining. Ceramic research conducted within the
Monolithics subelement currently includes work activities on green state
ceramic fabrication, characterization, and densification and on
structural, mechanical, and physical properties of these ceramics.
Research conducted within the Ceramic Composites subelement currently
includes silicon carbide and oxide-based composites, which, in addition
to the work activities cited for Monolithics, include fiber synthesis
and characterization. Research conducted in the Thermal and Wear
Coatings subelement is currently limited to oxide-base coatings and
involves coa.ing 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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1.1 MONOLITHICS
1.1.1 Silicon Carbide

Turbomilling of SiC Whiskers and SiC Whisker/Alumina Composites
D. E. Wittmer (Southern I1linois University)

Objective/Scope

The purpose of this work is to investigate the turbomilling process
as a means of improved processing for SiC whisker-ceramic matrix
composites, and to design and fabricate prototype turbomilling units.

Technical Progress

During this reporting period the three prototype turbomills were
completed, and two of the turbomills were delivered to ORNL. Installation
and calibration of the torque/h.p./r.p.m. sensors will be completed when
the proper electrical services are instailed at ORNL.

As reported previously, the turbomilling trials of silicon carbide
whiskers in alumina and silicon nitride matrices were competed ahead of
schedule and the results reported in the Tast semi-annual report. Delay
in the preparation of the final report was approved by the project monitor
to allow for the addition of test data detained by equipment problems at
ORNL.

Due to the success of this program, additional funding was requested
to support Phase II of this work. Contract negotiations are in progress
and the award is anticipated to be finalized in April. Phase II is
divided into 3 major tasks:

Task 1. Beneficiation of SiC whiskers.
Task 2. Development of aspect ratio reduction parameters.

Task 3. Improved dispersion of particulate matrices.

Task 1. Beneficiation of SiC Whiskers

During this phase of the project, SiC whiskers will be processed in
the turbomill to develop improved beneficiation techniques. It intended
in this task to study the influence of the density of the milling media
on the beneficiation process and fracture behavior of the whiskers by
using dense silicon nitride or PSZ beads for high density media and a
polymer bead (such as delrin, teflon, or other tough polymer) for Tow
density media.

Several small batches of SiC whiskers will be processed by
turbomilling with the solids loading, fraction of milling media and
turbomilling speed determined through the use of an experimental design
matrix. Sedimentation techniques will be utilized to separate the longer
whiskers from whisker fragments and impurities and remove the soluble
impurities.

The as-received SiC whiskers will be analyzed for free carbon, free
Si, presence of unreacted silica, and chemical composition by standard




analytical techniques to produce a baseline chemical composition.
Selected products from the sedimentation process will also be analyzed,
ie. the supernatant 1liquid for dissolved and ultra-fine saturated
impurities, the resultant coarse whisker fraction and fine fraction
chemical composition, surface area and particle sizes for coarse and fine
fractions, and morphology. A portion of the beneficiated SiC whiskers
will then be heat treated in vacuum or other appropriate atmosphere for
comparison with the untreated virgin whiskers, and the untreated
beneficiated whiskers. The information and products of this task will
also be utilized in the development of other tasks as discussed in the
additional tasks.

Task 2. Development of Aspect Ratio Reduction Parameters.

The SiC aspect ratio will be determined as a function of
turbomilling parameters from the information generated during Task 1.
During this task a model will be developed, based on the mathematical
relationship between average surface area, average particle size and
-measured whisker diameters, to determine the average aspect ratio for the
SiC products produced in Task 1. This calculated data will then be
compared to the aspect ratio as viewed by SEM and optical methods.

The effect of turbomilling on the whiskers/ceramic matrix composites
will also be determined during this task. Whiskers developed as products
of Task 1 will be dispersed in the matrix material selected by the
Company. The whisker volume loading will be varied from 15 vol.% to 40
vol.% for the matrix material(s) to be specified Tater by the company.
It is anticipated that silicon nitride will be one of the specified matrix
materials. During turbomilling processing, samples will be pulled by
syphon at selected time intervals and measured for particle size
distribution, surface area and aspect ratio. The results shall be
monitored by density and fracture results for hot-pressed and/or HIPed
and/or sintered samples.

Task 3. Improved Dispersion of Particulate Matrices.

In conjunction with Task 2, Task 3 will investigate the dispersion
of the matrix material(s) specified by the Company by the turbomilling
process, prior to the introduction of the SiC whiskers to the matrix.
Sturry pH, solids 1loading, coarse:fine ratio, type and amount of
dispersant and other turbomilling parameters will be adjusted and
monitored to develop optimized conditions for dispersing the selected
matrix material(s). Once these conditions have been identified, SiC
whiskers from Task 1 at whisker loadings from 15 vol.% to 40 vol.% will
be added, following the dispersion step. During this step it will be
necessary to develop techniques to uniformly flocculate the resultant
whisker/particulate dispersion to avoid separation upon mill discharge.
The slurries produced in this task will then be vacuum assisted, pressure
cast into disks for the preparation of test samples. Isopressing of the
dry preforms may be required to enable densification. The results shall
again be monitored by density and fracture results for hot-pressed and/or
HIPed and/or sintered samples.




During this reporting period, Task 1 and 2 were initiated and some
preliminary results are being prepared for presentation at the 91st Annual
American Ceramic Society Meeting, Indianapolis, IN, April 23-27, 1989.
The turbomilling parameters investigated were:

MILLING MEDIA

--200 g of 3 mm Plastic (4200 beads)

--200 g of 3 mm PSZ (316 beads)
MILLING TIME

--120 min for Plastic Media

-- 60 min for PSZ Media

--Samples Pulled Every 15 min
MILLING SPEED--800 r.p.m. or 1200 r.p.m.
WHISKER LOADING LEVEL--200 g or 300 g

1 Titer Distilled, Dejonized Water

Status of Milestones

Phase I:

Design, fabrication, and testing of prototype Nov. 1988
turbomills. Completed.

Dispersion and homogenization of SiCw/alumina Nov. 1988
matrix composites. Completed.

Dispersion and homogenization of SiCw/silicon Nov. 1988
nitride matrix composites. Completed.

Final report, approved new milestone date. June 1989
Phase II:
Milestone chart to be produced after contract negotiations are

completed.

Presentations and Publications

D. E. Wittmer and W. Trimble, "Ceramic Composites Processed by
Turbomilling", Proceedings of the 3rd International Symposium on Ceramic
Materials for Engines, Las Vegas, N.V. November 27-30, 1988, in press.
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Presentations and Publications (continued)

D. E. Wittmer and W. Trimble, "Fracture Behavior of SiCw Reinforced
Ceramic Matrix Composites", Ceramic Engineering and Science Proceedings,
Vol. 9, 1989, in press.

D. E. Wittmer, "Processing of Ceramic Whisker Reinforced Ceramic Matrix
Composites", Proceedings of the Joint Conference on Advanced Ceramic
Materials, April 4-5, 1989, Materials Technology Center, Southern I11linois
University, Carbondale, IL.
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Reinforcements for High Temperature Cergmics
Christos I. Kyriacou (Keramont Corporation)

Objective/scope

The production of TiB, whiskers; consolidation of composites of SiC
matrix with TiB, whiskers, and testing of composite properties in air above
1200°C.

Technical progress

The research to be carried out on this contract has three main
objectives as they are defined in the objective/scope section above. Work
on the contract until now has focussed on designing and building the pilot
facility. Research until now has focussed on the development and
optimization of TiB, whisker growth.

The whiskers are produced by the reduction of the metal halides of
titanium and boron. Two possible reaction routes were investigated:

TiCl, + 2BBry + 5H, --> TiB, + 6HBr + 4HC1  [1]
H(1400°K) = +177.457 kd/mole,  G°(1400°K) = -80.317 kJ/mole
TiCl, + 2BC1, + 5H, --> TiB, + 10 HC [2]
H(1400°K) = +335.987 kJ/mole,  G°(1400°K) = - 29.363 kJ/mole

The reaction route [2] is the most commonly used in the formation of TiB.,.
Previous work done on TiB, utilized the reaction route [2] for the
formation of coatings' and whiskers?, From thermodynamic analysis of the
two reaction routes, the maximum theoretical yield of formation of the TiB,
is 73.9% from reaction [1] and 46.5% from reaction [2]. The production
of TiB, is thermodynamically favored by reaction route [1], giving a larger
theoretical yield by a factor of 2. The reaction route [1] was chosen for
the research to be carried out in this contract and the formation of TiB,
whiskers.

The optimum conditions for the formation of TiB, from reaction route
[1] was further investigated by thermodynamic equifibrium analysis as a
function of gas composition and temperature. The optimum theoretical
yield of TiB, was found at a ratio of [B/(B + Ti)] of 2/3. The theoretical
yield of TiB, was found to increase sharply with decrease in the
[Halogen/(Halogen + H)] ratio or increasing dilution of the gases with
excess hydrogen. The concentration of products and by-products from the
reaction as a function of temperature is shown in Figure 1. The mass
ba]an§$ for the reaction as obtained from thermodynamic analysis is shown
in Table 1.
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Table 1. Thermodynamic equilibrium Composition of the reactants and
products.

FURNACE INPUT

SPECIES MOLE_FRACTION MASS FRACTION

Ticl, 0.0769 0.2668

BBr;(g) 0.1538 0.7048
H,(g) 0.7692 0.0284

FURNACE OUTPUT

SPECIES MOLE_FRACTION MASS FRACTION
TiCl4(g) 0.00217 0.0074
TiC,(q) 0.00464 0.0195
BC14(g) 0.01372 0.0355
HC1(g) 0.18837 0.1518
HBr(g) 0.38168 0.6827
Hy(g) 0.35210 0.0157
TiB,(s) 0.05682 0.0873

VOLUME FRACTION = MOLE FRACTION  (ASSUME IDEAL GAS LAW)
T = 1400°K B/B+Ti = 2/3 HALOGEN/HALOGEN+HYDROGEN = 1/3
THEORETICAL YIELD = 73.9%

If the deposition rate of TiB, is controlled, other variables can be
monitored to study the effect of tﬁe experimental parameters on the growth
and morphology of the whiskers. Such parameters are supersaturation, gas
composition, gas flow velocity, type of substrate, furnace geometry, etc.

The second most important parameter for the growth of the whiskers we
believe to be the catalyst which at the liquid state will grow a needle
shape single crystal of TiB, through a Vapor-Liquid-Solid (VLS) growth
mechanism®*. Previous work at Keramont indicated that a catalyst of Au-
Pd was able to produce TiB, whiskers via the VLS growth mechanism. The Au-
Pd catalyst however, becomes an extremely high cost factor for the
production of whiskers. Other catalyst systems are being examined to
evaluate the effect of the catalyst on the growth of TiB, whiskers by the
VLS mechanism.
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Experimental Apparatus

The formation of TiB, whiskers is being carried out in a quartz tube
furnace 3 inches in diameter, 30 inches long. The whisker are grown on
a substrate which is resistance heated to about 1200°C. Two type of
substrates are being examined, graphite and quartz. The precursor gases
of titanium chloride (TiCl,, purity 99.9%), and boron bromide (BBr;, purity
99.99%) are transferred from commercial containers into saturation
vessels. The vessels are maintained at a temperature corresponding to a
certain vapor pressure of the Tiquids. The vapors are then carried into
the reaction furnace by a saturated hydrogen steam. The feed gas
composition is controlled by the precursor gas saturation temperature and
the hydrogen flow rate. The overall experimental apparatus is shown in
Figure 2. The exhaust gases composed mainly of ‘HBr and HC1 are
neutralized with caustic soda and the remaining hydrogen is burned. The
reactivity of the gases and the efficiency of the reaction is monitored
by a mass spectrometer. A series of experiments is being carried out to
optimize the¢ quality and increase the yield of the whiskers. The
experiments have begun recently and no conclusive results can be published
at this time.

Status of milestones

The schedule of the main milestones is as follows:

i) August 30, 1989: Production of TiB, whiskers.

ii) October 30, 1989: Consolidation onSiC matrix with TiB, whiskers.
iii) November 30, 1989: Testing of composite properties.

The schedule of the milestones is proceeding as planned.

Publications

None

References
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1.1.2 Silicon Nitride

Sintered Silicon Nitride
George Gazza (U.S. Army Materials Technology Laboratory)

Objective/scope

The program is concentrating on sintering compositions in the
Si3N,-Y,0,-Si0, system using a two-step sintering method where the
nitrogen gas pressure is raised to 7-8 MPa during the second step of
the process. During the sintering, dissociation reactions are
suppressed by the use of high nitrogen pressure and cover powder of
suitable composition over the specimen. Variables in the program
include the sintering process parameters, source of starting powders,
milling media, time, and specimen composition. Resultant properties
determined are room temperature modulus of rupture, high temperature
stress-rupture, oxidation resistance, and fracture toughness.
Successful densification of selected compositions with suitable
properties will lead to densification of injected molded or slip cast
components for engine testing.

Technical progress

An investigation of slip casting methods for composition No. 39
(85.8m/0 silicon nitride-4.73m/0 yttria-9.47m/o silica), is being
carried out in order to minimize "green" body agglomerates to reduce
pore formation during sintering and develop complex shape forming
casting process (Fig. 1) to produce disc shaped specimens. The base
composition with and without Mo2C is milled in aqueous solution with
stearic acid and a 3-5% methocel or XUS 40303.00 binder (Dow Chemical
Co., Midland, MI). The XUS binder is dissolved in hot water prior to
adding to the slip. The slip is placed in a flask and stir blended
under vacuum to remove entrapped air. The slip is pressure cast, dried,
and subjected to an organics burnout treatment prior to sintering. The
use of Darvan C (R. T. Vanderbuilt Co., Norwalk, CT), glycerine and
lignosols as dispersants are also being studied.

In addition to in-house slip casting studies, a slip cast body of
composition No. 39 was produced outside of MTL. Slips used to form the
casting exhibited a Tow viscosity of approximately 30 cps measured at
50 rpm with a Brookfield viscometer. Solids loading was 50w/o at a
pH of approximately 10.20. The slip was deaired prior to casting.
Thusfar, slip cast "green" body densities have not increased beyond
density levels produced by cold pressing of powder compacts. Also,
considerable cracking occurs as the slip casts body size increases.

It is believed that this is due to the relatively narrow particle

size distribution of the Toyo-Soda powder used for the study. The
elimination of surface impurities, such as retained C1 from a precursor
of the synthesis process, will be attempted by prefiring the silicon
nitride powder in a nitrogen atmosphere at approximately 1200°C prior to
mixing with other compositional components and slip casting. Although
"green" densities of the slip cast bodies are similar to those produced
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by cold pressing, it is not known at this time whether the pores in the
slip cast material are finer and more uniformly distributed than in the
cold pressed specimens. Further efforts will concentrate on pressure
slip casting which appears to produce improved bodies with reduced
tendency to crack. Sintering of pieces from cracked bodies at 1940-
1950°C resulted in high density specimens, 3.27-3.29g/cc.

Specimens will be produced in simple geometric shapes, such as
disc and bars, to study the process and for evaluation of mechanical
behavior after sintering the "green" bodies. NDE techniques will also
be used to examine "green" specimens for identification of flaws which
may be carried into the densified specimens to serve as fracture
origins.

Powder of composition No. 39 was also obtained from a spray drying
process where only soft agglomerated are expected to form. A dispersant
was added to the powder during a preliminary milling process and was not
removed prior to sintering. Higher weight loss values (5%) than usual
were noted and some surface cracks formed on the compact during
sintering. Further compacts will be sintered after an initial burnout
treatment.

Specimens of composition No. 39 containing 1m/o Mo2C in the as-
sintered condition and after stress-rupture testing (900°C for 150 hours
under 300 MPa stress, then raised to 1250°C for 162 hours under 400 MPa
stress) were sent to ORNL for examination by STEM. Results of the
analytical microscopy by L. Allard and T. Nolan indicated that the
specimens were comprised of beta silicon nitride grains with inter-
connecting single crystal boundary regions (Figure 2a). Particles of
Mo,Si,, as shown in Figure 2b, were dispersed throughout the micro-
structure. Figures 2b and 3 both show cavities formed in the micro-
structure which developed during stress-rupture testing. The boundary
regions were found to consist of Y and Si (Fig. 4). Mo was not detected
in these areas. Analysis of the Mo.Si, particles (Fig. 5) indicated a
small amount of Fe present.

Established milestones

A. Evaluate slip casting methods for compositions of interest.
Focus on pressure slip casting techniques. Re-examine sintering
of silicon nitride containing N-apatite as the boundary phase
(May 1, 1989).

B. Determine strength and intermediate temperature stability of
sintered specimens containing the N-apatite. Generate "green"
bodies of silicon nitride with pyrosilicate or N-apatite grain
boundary phases using established slip casting procedures
(July 1, 1989).

C. Complete data base of properties using sintered specimens from
slip cast bodies. Complete microstructural examination of
sintered specimens. Write final report (September 30, 1989).
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PRESSURE CASTING PROCESS

BASE COMPOSITION ADDITIVES

S13N4 Mo2C

Y2038 STRARIC ACID
$102
Defoamer
Lubricant

BALI.I MILL™ 2¢8n

METHROCKL XUS Rxp. Cer. Binder

BINDER 40303.00

24 HEns

BALI.] MILL
EVAC?AT ION Cycles 2 or 3 iimes

depending on visco
STIR BLEND

|
PRESSURE CAST
I

18 psi for 3 - § Rrs AIR

DRYING SCHEDULE {55
I
ORGANICS BURNOUT

( 250 - 380 C for 6 Hrs
or 600 C for 8 Hrs

~ Fig. 1. Flow chart of pressure casting method for
Si,4N,-Y,0,-Si0, composition.
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&
0.5um ]
AS-SINTERED (a) vs. STRESS RUPTURE TESTED (b)

Note voids (V) in boundary regions of the tested specimen.
Results of electron diffraction and x-ray elemental analysis of
inclusions (1) are consistent with a MoSi, phase.

Fig. 2. Stem micrograph of (a) as-sintered
specimen and (b) stress-rupture tested specimen.

MICROSTRUCTURE TYPICAL OF THE STRESS
RUPTURE SPECIMEN.
Note voids in several locations.

Fig. 3. Microstructure of stress-rupture
tested specimen.
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Synthesis of High Purity Sinterable Si,N, Powders
G. M. Crosbie, J. M. Nicholson, R. L. Predmesky, E. D. Stiles, and
E. L. Cartwright (Ford Motor Company)

Objective/scope

The goal of this task is to achieve major improvements in the
quantitative understanding of how to produce sinterable Si;N, 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.

Of 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 SiCl, with liquid NH; which is characterized
(1) by absence of organics (a source of carbon contamination); (2) by
pressurization (for improved by-product extraction efficiency); and
(3) by use of a non-reactive gas diluent for SiCl, (for reaction
exotherm control).

In the "further development" phase begun October 1987, our goal is
to test for unique properties of the ceramics sintered from the low
carbon powders, before committing to a pilot plant of the 110 L scale
designed. In view of powder quantities needed to allow tests of the
ceramics, the major task is to design and implement a scaled-up version
of the silicon nitride synthesis processing equipment to produce greater
amounts of powders with high cation and anion purity and low carbon
residue.

Technical progress

Introduction

Silicon nitride based ceramics are often considered to represent
the toughest of the high-temperature (above 1000°C) monolithic ceramics
intended for advanced heat engine use. Also, due to a desirable
combination of lower temperature properties (wear resistance, low
density, high hardness, and toughness), the nitride ceramics are already
finding commercial applications in certain passenger vehicles.

Ceramic reliability and cost depend on powder qualities and subse-
quent processing. Because powders can limit the capability to achieve
unique sintered properties and to fabricate complex shapes, the avail-
ability of appropriate powders is critical to advanced ceramics research.
In the case of silicon nitride ceramics, the powder purity is especially
important, since a low solubility in silicon nitride for many impurities
leads to high concentrations of those impurities in grain boundary
phases. Also, carbon residues (which are found in some otherwise high
purity powders) are considered to be detrimental to second phase
oxynitride development, thermal stability, and mechanical properties.
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Previous work

The primary points of reference for the previous process work are the
1986 and 1987 Automotive Technology Development Contractors’ Meeting
proceedings papers'? and the previous semiannual reports.®:*

In the previous lab demonstration work, we prepared a novel process
flowsheet for preparation of Si,N, with a block flow diagram and a mathe-
matical model of mass and heat balances for the "vapor chloride-liquid
ammonia" process. We observed that the cooling from latent heat of vapori-
zation of NH, more than offsets the heat of reaction at 0°C and 75 psig.

Powder characteristics met or were approaching target values. Key
results were achieved in the areas of phase and microstructure, and
carbon purity. Si,N, powder was produced with phase content, particle
size and shape which are close to those characteristics considered
desirable for pressureless sinterability.

Specifically, the powder derived by thermal decomposition of an inter-
mediate imide product (from reaction of SiCl, with Tiquid NH, 0°C and 75
psig) was principally alpha silicon nitride (as determined by x-ray
diffraction, which has little sensitivity to amorphous phases) with crys-
tallite size of 0.2 to 0.3 micron and primarily equiaxed particle shape.

The process was identified to have features which are important for
scale-up. Key features of near-neutral heat balance and liquid-Tike
materials handling were demonstrated.

Also, improvements were achieved in yield, laboratory production
rate, cation purity, and alpha/beta ratios.

In the extension period work, we prepared a pilot plant design for
the "vapor chloride-1iquid ammonia" process, carried out additional
process development including the "liquid chloride-liquid ammonia" direct
reaction, campaigned runs to test process stability, carried out sintering
tests, and reported on a new analytical method for discriminating
amorphous and crystalline phases in silicon nitride powders.

Previous pre-pilot plant work

In the "further development" phase begun in the previous period, we
increased reactor volume, took steps to improve quality of sealing of
vessels and piping, and incorporated direct mechanical agitation while
under pressure. By this means, we have equipment to produce 100 g lots of
powder (by liquid-liquid and vapor-liquid routes) for sintering tests and
characterization of the sintered materials.

Through joint work with an engineering firm, the 4 L scale skid-
mounted imide reactor system was installed in a dynamometer test cell
and pressure tested to 225 psig (1.65 MPa absolute) with nitrogen in
March 1988.

We found evidence for rapid rinsing out of the chloride by-product
with the use of agitation. We installed additional subsystems to the
prepilot plant, found high oxygen contents in initial nitride powders
produced, and extended transient flow modeling of the saturator.
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Summary of current period work

Although we still have not achieved a powdermaking run processed
entirely through the dedicated pre-pilot plant equipment, the quality of
x-ray diffraction result for a February 1989 batch justified extensive
characterization, which we report here. Even with discounting of 5% for
surface adsorbed oxygen, the powder has 4.5% oxygen contamination.

The properties of Batch 5437-23 (liquid-liquid rxn.) are as follows:

CHEMICAL PHYSICAL
wt.%

Carbon 0.1 BET Surface Area 39 m%/g
Nitrogen 33.3
Oxygen 9.8 Diameters, o4 1.9 um
Aluminum 0.59
Iron 0.21 Mass finer than 1 um 41.4%
Calcium 0.05

XRD: alpha/ (alpha + beta) 92%

Fig. 1. Scanning electron micrograph of Batch 5437-23.
Crystallites smaller than 0.1 um are seen as well as substantial fiber
content. Dispersion procedure: (1) The powder was mixed into a
solution of 2-ethyl 1-hexanol + 2% sulfonated mineral oil [Twitchell
8262 Base, Emery Industries, Inc., 4900 Este Ave., Cincinnati, Ohio
45232]; (2) the resulting slurry was dispersed into n-hexanes in an
ultrasonic bath; (3) a drop was applied to a carbon planchet with the
excess hexane-rich suspension wicked out of the observation area with
lens tissue. Photograph courtesy of W. T. Donlon and Y. T. Lu.




24

Process development

Due to the large driving force for reaction of water with ammonia
and for reactions of oxygen and water with the intermediate imide to
form silica, the strategy we have followed (in the 500 mL scale
appar?tus) was to do all processing in a closed system of pipes and
vessels.

What stands in the way of completing a run with the dedicated
equipment (with all anaerobic transfers) is the decomposition furnace.
Although rated for 1800°C use, the heating elements (bars of LaCr0,)
distorted and showed signs of incipient melting at 1420°C (at the heater
bars). When contact occurred with the decomposition tube, perforation
occurred and the amorphous silicon nitride inside turned to sand.

To further eliminate oxygen and water contamination sources, we
successfully introduced "sniffing" type helium leak detection in this
period. This sensitivity to leaks led to several changes: the change
of material in the decomposition vessel seal, re-orienting a backwards
pipe section, and change of the material in all VCR fittings from PTFE
to an elastomer. Leaks in these areas would certainly contribute to 0
content.

In an unusual application of the method, we carried out the helium
leak detection with the system cold and full of ammonia. Subsystems
which were tight at room temperature became leaky after chilling. The
ling from the reactor to the condenser was rebuilt with an all-welded

esign.

No runs were made in March 1989 during the delays waiting to put
new heating elements into the furnace and to rebuild lines.

Three runs were completed in the December 1988-January 1989 period.
In the last of the three runs, a 38 g batch (largest yet!) was produced
with a tap density of 0.4 g/cm® (promising for subsequent processing)
with strong alpha-Si N, signal in XRD pattern, but unfortunately also
oxynitride and bulk oxygen content. An attempt in the middle run to
reduce oxygen by use of a N, - 4% H, gas mixture led to reductions of
both nitrogen and oxygen content (with some visual evidence that the
imide was reduced to silicon metal around 500°C).

Infant furnace heater element failures (and uncontrolled room
temperatures and air-flow rates) have affected peak temperatures, in
turn, requiring manual transfer to another furnace to complete the
decomposition (first and third runs).

In one run in the October-November 1988 period, we produced 67 g of
the intermediate product. Chemical analysis showed that only about 50%
of the chloride was removed by rinsing. The loss of ammonia with a leak
at the bottom valve contributed to the incomplete C1 removal. Also,
lower ambient temperatures are now seen to lead to lower quantities of
NH, transferred (at a fixed pressure differential), as evidenced by the
total NH, actually used falling short by about 40% from that previously
loaded. Reloading NH, by mass, not volume, is suggested for cooler
ambient temperatures.
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Equipment and process modifications

Based on a vendor’s analysis (and our own analysis) of a few valve
failures, we specified and installed a new type of valve on the lines
used for piping solids-containing intermediate imide products.

Leaks arose in the ram-type valve at the bottom of the reactor.
The ram was resurfaced, new teflon O-rings installed, and a supporting
fixture was placed underneath to Timit side-loading of the ram upon
pneumatic actuation.

Fixes which had been made in previous months to the bottom valve
and slurry handling valves continued to perform satisfactorily.

The cleanout sequence was revised to include a hot water rinse, an
alcohol rinse, and a 45°C vacuum "bake-out." The run start-up routine
now includes dumping of the first load of ammonia, as was suggested
during a site visit.

Transient flow modeling

As reported in the previous semi-annual report, a technical report
was prepared by L.-F. Chen of the Control Systems Department (Ford
Research) to describe the modeling of flow transients for the saturator
that has been built for use with the pre-pilot plant. In previous
laboratory demonstration tests of the "vapor SiCl, - liquid NH,"
process, flow transients have caused clogging when the vapor repeatedly
supersaturates at the reactor entry during operation.

Initial modeling results showed that supersaturations can readily
occur with less than 2 psig drops in system backpressure, when no flow
restrictions are present. With sharp flow restrictions, the transient
supersaturation can be suppressed in the initial design. However, the
sharp restrictions are not desirable as they represent points for clogs
to form.

A more complex transient flow model was generated with an
additional balanced volume to provide symmetrical flows during pressure
transients. In this case, no sharp flow restrictions were necessary.
With the added volume, the response to a pressure drop was a simple
relaxation, rather than an overshoot. This more complex version was
used to show that supersaturations could be avoided without sharp flow
constrictions as long as appropriate volume parameters were chosen.
This meets the modeling milestone for the saturator.

In order to experimentally verify the state-space model of
transient flows in the saturator, we have implemented and instrumented
the balanced flow saturator design adjacent to the process apparatus.
The flowmeters and other hardware for the balanced flow design have been
installed and have been electrically connected to the data acquisition
system. Following discussions, pressure sensors and flow constrictions
were located at critical points upstream and downstream of the mixing
point. The pressure sensor signals were calibrated with the data
acquisition system.
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Status of milestones

This two-year follow-on contract was initiated October 1, 1987 for
the "Further Development of Synthesis of High-Purity Sinterable Silicon
Nitride (Si;N,) Powders for Application in Ceramic Technology for
Advanced Heat Engines Project." Key 1988 milestones were completed on
schedule: commissioning of scaled-up equipment and the modeling of
saturator transient performance.

Although the 1989 milestones are on schedule, the furnace problems
have slowed production of lots of powder for sintering tests. A three-
month extension has been agreed upon.

Publications

G. M. Crosbie, R. L. Predmesky, J. M. Nicholson, and E. D. Stiles,
"Prepilot Scale Synthesis of Silicon Nitride Under Pressure," Bull. Am.
Ceram. Soc., 68 [5] 1010-14 (1989).

K. R. Carduner, R. 0. Carter III, M. J. Rokosz, C. R. Peters, G. M.
Crosbie, and E. D. Stiles, "Silicon-29 Magic Angle Spinning Nuclear
Magnetic Resonance of Sintered Silicon Nitride Ceramics," in press,
Chemistry of Materials, June 1989.

G. M. Crosbie, J. M. Nicholson, and E. D. Stiles, "Sintering
Factors for a Dry-Milled Silicon Nitride-Yttria-Alumina Composition,"
Bull. Am. Ceram. Soc., 68 [6] in press, June 1989.

K. R. Carduner and G. R. Hatfield, "Solid State NMR: Applications
in High Performance Ceramics," accepted for publication, J. Mater. Sci.

G. M. Crosbie, J. M. Nicholson, R. L. Predmesky, E. D. Stiles,
"Pre-Pilot Synthesis of Low-Carbon Si,N,," manuscript submitted to DKG
for publication in the proceedings the Second International Conference
on Ceramic Powder Processing Science, October 12-14, 188, at
Berchtesgaden (Bavaria), Fed. Rep. of Germany.

G. M. Crosbie, J. M. Nicholson, R. L. Predmesky, and E. D. Stiles,
"Synthesis of Low-Carbon Si;N,: Pre-Pilot Study," presented at the 9Ist
Annual Meeting of the American Ceramic Society, April 23-27, 1989,
Indianapolis, Indiana.

G. M. Crosbie, ORNL Foreign Trip Report, ORNL/FTR-3107, October 31,
1988.
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Microwave Processing of Silicon Nitride
H. D. Kimrey and M. A. Janney (Oak Ridge National Laboratory)

Objective/scope

The objective of this research is to identify those aspects of
microwave processing of silicon nitride that might (1) accelerate
densification, (2) permit sintering of high density with much lower
levels of sintering aids, (3) lower the sintering temperature, or
(4) produce unique microstructures.

Technical progress

An annealing study of dense silicon nitride was initiated in the
2.45-GHz microwave furnace. The experiments are to determine if (1) the
room-temperature mechanical properties can be enhanced, and (2) if the
refractoriness of the grain boundaries can be enhanced by a microwave
anneal. Samples were obtained from GTE and were of a PY6 composition.
The samples had a cross-sectional shape of a thunderbird and were cut
into approximately 30-g pieces. The samples were annealed with a dummy
piece of the same composition so that the thermocouple would be
effectively inside the sample. The insulation scheme developed last
year was used with the packing powder containing 2 wt % yttria to reduce
yttria migration. Ten anneals were performed during the reporting
period. These are shown in Table 1 along with the annealing conditions.

Table 1. Time and temperature parameters for
microwave annealing samples.

Sample number Anneal Anneal
SNA8900X-Y temperature (°C) time (h)

1629
1698
1696
1680 1
1765
1750
1748
1800
1800
1800

o Tt
>IDOOCDOOI>OE

MNDWHHW~RNOTOITWOD
I
AUITNNCIN=O TN

The specimens were machined into bars for flexural strength
testing. Figure 1 is a Weibull plot of flexure strength using the
four-point bend method for five of the samples. The inner and outer
spans were 6.35 mm (0.25 in.) by 12.7 mm (0.4 in.) respectively. The
load rate was 1.27 mm/min (0.05 in./min). The test bars were nominally
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2.79 mm (0.110 in.) by 3.05 mm (0.120 in.) in cross section by 19.05 mm
(0.750 in.) in length. The average strength of the as-received material
was about 730 MPa (106 ksi), similar to quoted values. Inspection of
the fracture surfaces on a number of broken bars under a stereo
microscope revealed a large number of dark spots. A spot of this type
is usually the fracture origin in these samples. In all cases the
microwave annealed samples have reduced strength. Each of the samples
analyzed thus far has been overfired. The Towest temperature/shortest
time sample is SNA89002-C. This sample was annealed at 1765°C for 1 h.
The strength was reduced by roughly 10% with the distribution in
strengths being significantly tighter. Scanning electron microscope
examination was done on the as-received material and the 1765°C,

1-h sample. The microstructure of the as-received sample consisted of
silicon nitride, yttrium silicate glass, and possibly, silicon
oxynitride. The annealed sample had porosity that correlated with the
disappearance of the yttrium silicate glass phases in the as-received
sample. One might conclude the migration of yttrium from the sample is
associated with the formation of the porosity. Along with the formation
of porosity, we noted a 0.5% linear expansion of the sample and a 1%
weight loss.

Publications
None
Milestones

On schedule




LNLN (1-P1)-1

30

~N

“
i

s
‘
.
—
>
-
5

5.2

5.4 5.6 5.8 8 82 8.4 8.8 8.8

LN (Strength)

SNASAOQX-Y

® 2-A 1800 C, 6 hr.
A 2-B as Received
O2-C 1765C, 1 hr
0 1-B 1750C,2hr
= 1-C 1800C.2hr

-~ Least Sguares
-  Maximum Likslihood

Fig. 1. Weibull plot of microwave-annealed

GTE PY6 silicon nitride.




31

Silicon Nitride Milling Characterization
S. G. Malghan

(National Institute of Standards and Technology)

Objective/Scope

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

The objectives of this project are to: (1) develop
fundamental understanding of surface chemical changes taking place
when silicon nitride powder is attrition milled in aqueous
environment, and (2) demonstrate the use of high energy attrition
milling for silicon nitride powder processing, by developing
measurement techniques and data on the effect of milling variables
on the resulting powder. This study will provide data and models
for effective application of high energy attrition milling to
industrial processing of silicon nitride powder. It also will
provide recommended procedures for physical and surface chemical
characterization of powders and slurries involved in the milling
process.

Technical Progress

The technical progress covered in this report includes
descriptions of selection criteria of milling system and powder,
characterization of starting powder, and procedure for size
distribution determination, ¢!’

Milling System and Powder Selection- A horizontal ceramic mill
in which all wetted parts are constructed of silicon nitride was
selected, based on initial criteria that silicon nitride powder

! Certain commercial equipment, instruments and materials may
be identified in this report in order to adequately specify
the experimental procedure. Such identification does not
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply
that the materials or equipment identifies are necessarily
the best available for the purpose.
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milling will be conducted in a high energy attrition milling system
and contamination from milling will be minimized. 1In this mill,
the milling media are agitated with discs that push them against
the product flow, eliminating dead areas in the milling chamber.

In addition, power input to this milling system is expected to be
in the range of 1-2 kw per liter of mill volume. This mill is
expected to be in operation in the third quarter 1989. 1In the mean
time, search for HIP'd silicon nitride media of 0.5 to 1.0 mm
diameter is in progress.

Discussions with some of the major silicon nitride powder
users in the US indicate that the use of UBE powder could benefit
directly or indirectly their efforts in processing of these
powders. Hence UBE powders are being used in this project.

Characterization of Starting Powder- Since initial milling
tests are planned with SN E-3 powder from UBE, more effort has been
devoted to characterize the same. Determination of size
distribution of this powder by X-ray sedimentation using Sedigraph
(Micromeritics Inst. Corp.) showed that suspension preparation
procedure had a major effect on variability of the size
distribution data. Basic surface properties of the SN E-3 powder
in aqueous suspensions were determined by electrokinetic sonic
amplitude (ESA) measurements using Matec's ESA system. These data
indicate that reproducibility of ESA and isoelectric point (IEP)
measurements are excellent. The IEP data of 2 to 10 % (v/v) powder
in aqueous environment were in the range of pH = 5.0 to 5.2.

Ageing of aqueous suspensions for four hours had no effect on the
surface properties of this powder.

Procedure for Size Distribution Determination- A statistical
design study for identification of effects of suspension
preparation parameters has been underway using UBE’s SN E-10
silicon nitride powder. Out of three replicate series of
experiments planned, two series have been completed. These data
indicate that reproducibility of experimental data are far better
at shorter ultrasonication times and lower power inputs. The
ultrasonication time and power input can change the entire size
distribution curve and shift d;, from 0.54 to 0.74 micron. A shift
of this magnitude is considered to be significant.

Status of Milestone

Task 5. Subtasks 5.1.2 and 5.1.3 are behind schedule due to
delay in ordering the attrition mill and long lead time required by
the manufacturer of this mill. Once the mill arrives, additional
effort will be provided to get back on schedule.
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1.1.4 Processing of Monolithics

Improved Processing
R. L. Beatty, R. A. Strehlow, and 0. 0. Omatete (Oak Ridge National
Laboratory)

Objective/scope

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

Technical progress

Gel-casting of silicon nitride

Work was begun to develop methods of gel-casting silicon nitride
formulations in addition to continuing some work with alumina. We
recognize that several of the steps of the process for alumina will need
to be altered to use silicon nitride. The first objective in the
development of the process for silicon nitride is to develop a
preparation with a castable formulation at 50% volumetric loading.

Because a silicon nitride formulation includes other components, it
is necessary to pre-mix the several powders. Because mixing may be
difficult at the desired high volumetric loadings of more than 50% for
the silicon nitride, a concentration step has been added for these
initial silicon nitride studies in order to obtain sinterable samples.
These preparations are being conducted concurrently with the studies on
the dispersion and rheology of the mixtures. We expect to be able to
delete these steps subsequently. The additions to the process are:

1. wet milling of the blended silicon nitride formulation at 30-40%
solids with monomer, and

2. vacuum concentrating the mixture to the desired range of greater
than 50% volumetric loading.

Several castings having 50 vol % loadings have been made and are in
various stages of drying at this time. We are using a scanning laser
microscope to determine the size distribution as powders are mixed and
dispersants are incrementally added. The speed of size analysis with
this device (typically less than a minute per determination) permits
rapid measurement to be made of particle size distribution. This is
expected to decrease markedly the necessary time for dispersant studies.

Gel-casting of alumina

A milestone specifying the preparation of eight alumina plates and
the writing of a letter report was met.
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The technical objectives of this project are to develop measures of
reliability for the processing of structural or engineering ceramics and
then to use these measures in an efficiently designed experimental
approach. Both systematic variation of process parameters and incre-
mental improvements are to be evaluated. The milestone represented a
demonstration of the ability to prepare a number of plate specimens,
each of which could provide several tensile samples. Eleven specimens
were documented. Two of the plate specimens were prepared during test
and development of the final test composition. The other nine were
prepared using that composition during subsequent tests. The original
innovation had used an alumina powder with a mean particle size that
was larger than that of our chosen silicon nitride material (0.5 um).
Accordingly, although two plates had been made earlier with the original
formulation, they were not suitable for tensile testing.

The formulation uses an RC-HP fine-grained dry-ball-milled alumina
powder and is prepared at a 52 vol % particle loading in the slurry.
After mixing and vacuum de-airing, the material has reached a concen-
tration of 54.3% loading. The slip is then cast, gelled, and dried.

We expect that higher loadings are possible and will yield an improved
product in subsequent development. The sintered densities of the
product specimens using an air sintering furnace were 3.95 g/cm’.

The dimensional changes were measured for two of the parts. The
linear shrinkage on gelling from the as-cast solids level of 54.3% is
3.5%, which corresponds to a solids loading in the gelled green body of
about 61%. It is Tikely that re-entrant mold designs would require this
level of loading in the cast formulation. The linear shrinkage was
18.2-18.4%. The values for straightness (mm/mm) were determined for two
specimens and found to be 0.3-0.5%.

Both the isotropy of the shrinkage and the value for straightness
are gratifying results. The process is capable of making products with
controlled dimensions, including tensile test specimens. Ongoing
efforts will be directed toward the preparation of silicon nitride
specimens similar to the alumina ones reported here.

Drying studies

Drying is a critical unit operation in the process. Programmers
have been acquired for the drying ovens to obtain better data and
control for this operation. The gelled body is normally dried slowly
and with attention to humidity and temperature control, because too much
residual moisture can lead to flaws that fragment the part during final
processing steps. Earlier tests showed that a drying rate of as much as
10°C per hour to 100°C followed by a hold of 1-3 days was satisfactory
for the 9-mm-thick specimen plates. Because this schedule has not yet
been optimized, drying studies were begun. Data on readsorption showed
that, even over periods of hundreds of hours, dried castings do not
reabsorb significant amounts of moisture. This is taken to mean that
no unusual storage conditions are required for products at this stage of
the process.
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Several large-form alumina castings were made in the shape of a
6.35-cm (2.50-in.) cube along with other specimens as part of the drying
program. Drying data were obtained on eight specimens. Initial
analysis showed two constant rate drying periods in the early stages of
drying, to a loss of 15% of the contained moisture.

Dispersant studies and analysis of particulate size in casting slips

The size and number density of the largest agglomerates in a
casting can 1limit the quality and acceptability of produced parts.
Studies have begun using a scanning laser microscope to assess the size
distribution of particles in the casting slips at different stages in
the slip preparation as well as to assess dispersant activity for the
powders.

Although the procedure used calls for ball-milling for several
hours, there remained a significant population of larger agglomerates in
the mix when it was cast. Addition of a small amount of additional
dispersant, in this case Darvan®-C, significantly reduced the population
of larger particles as shown in Fig. 1. Even though the addition of
dispersant was made at a lTow shear rate, there was a significant
decrease in the number of particles in the large size range. The
measured decrease of these larger particles shows that we have not yet
optimized either the quantity of dispersant or the milling procedure.
The use of this particle size measurement technique is being explored as
a prospective in-process test method.

Status of milestones
January 31, 1988, milestone completed. Others are on schedule.
Publications

None.
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Fig. 1. Size distribution of ball-milled gel-casting alumina
mixture showing the effect of additional dispersant.
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1.2 CERAMIC COMPOSITES

1.2.2 Silicon Nitride Matrix

SiC-Whisker-Toughened Silicon Nitride

H. Yeh, E. Solidum (Garrett Ceramic Component Division),

K. Karasek, S. Bradley (Engineered Materials Research Center), and
J. Schienle (Garrett Auxiliary Power Division)

Objective/scope

The objective of this program (Phase II) is to maximize the
toughness in a high strength, high temperature SiC whisker/Si3N
matrix material system that can be formed to shape by slip casting
and densified by a method amenable to complex shape mass
production. The ASEA glass encapsulation hot isostatic pressing
(HIP) technique shall be used for densification throughout the
program.

The program is divided into four technical tasks with
multiple iterations of process development and evaluation.
Parametric studies shall be conducted to optimize processing steps
developed in the Phase I effort, guided by established analytical
and NDE techniques. The four technical tasks are: Task 1 -
Selection of SiC whiskers, Task 2 - Baseline Casting Process, Task
3 - Parametric Densification Study, and Task 4 - Effect of
Specimen Size and Shape.

The technical effort was initiated in May 1988. During this
reporting period (Oct.’88-Mar ’89), Task 1 effort was completed
and Task 2 effort was initiated. Task 2 is scheduled to be
completed at the end of June 1989.

Technical progress

TASK 1 - Selection of Whisker

The purpose of this task was to select a SiC whisker (SiC,)
as the reinforcement in GN-10 SigN4 matrix, prior to the start "of
the process optimization and property evaluation studies to be
conducted under Tasks 2 through 4.

The most direct method to evaluate the effectiveness of a
reinforcing whisker is to measure the mechanical properties of a
composite containing the whiskers. Composite billets
(approximately 2 1/2" Dia. x 3" Ht.) containing 20 wt.% SiC, were
formed by a baseline slip casting process and densified to ¥u]1
density using the ASEA glass encapsulated HIP technique. The
densified composite billets were subsequently machined into test




38

bars and other samples for characterization.

Four types/versions of whiskers were selected for evaluation
in two stages. Based on the mechanical properties, microstructure
and processing data, one type/version whiskers was selected for
use under Tasks 2-4 (see Dec. ’‘88-Jan.’89 bi-monthly).

At the start of Phase II, two types of whiskers, Tateho 1S-
105 and American Matrix Inc. SiC, (designated as AM5) appeared to
be very promising and were avai]ag1e in commercial production
quantities. Thus, these two whiskers were initially selected for
evaluation (referred as Stage 1) under this task. The results
indicated that the AM5 whisker is better; however, the AM5
composite exhibited a cracking problem during densification. It
was attributed to the high surface oxygen content of the as-
supplied whiskers.

Consequently, it was decided to evaluate the behavior of AM5
whiskers after an acid etching treatment to reduce surface oxygen.
A sufficient quantity of AM5 whiskers was HF-etched for this
purpose at Allied-Signal using a procedure established by T. Tiege
(see Oct.-Nov. 88 Bi-Monthly Report). This version of whisker is
designated as AMSE in the subsequent discussion. It was also
decided to evaluate Advanced Composite Materials Corporation
(ACMC) SC-9 SiC whisker in parallel with AMSE evaluation. This
effort is referred as State 2 whisker evaluation. ACMC whiskers
are not commercially available. Matrix powders were supplied to
ACMC for them to blend 20wt.% SC-9 whiskers into the matrix
powder; after blending the composite blend was returned to Garrett
Ceramic Components Division for processing. A sample representing
the whiskers used in the blend was shipped to us along with the
blend as a reference. This ACMC whisker is designated as AC3 in
the subsequent discussions.

The results of the first stage whisker evaluation (Tateho and
AM5) were reported in the last semi-annual report. The following
is a summary of the 2nd Stage whisker evaluation efforts and the
justifications for selecting HF-etched American Matrix SiC whisker
for the remainder of this program.

A. Whisker and Whisker-Powder Blend Characterization

1. Whisker Morphology

The morphology of the AC3 and AM5E whiskers were examined
by scanning transmission electron microscopy (STEM)
(Figure 1). The AC3 SiC whiskers were generally fairly
straight and had smooth surfaces. Diameters ranged from
0.2 um to lum with the average being about 0.5 um.
Whisker lengths varied from 5 um to over 100 um. Some
debris was noted. The HF etched AMSE whiskers appears to
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have slightly sharpened surface morphology than those of
the AM5 whiskers.

Surface Chemistry X-ray Photoelectron Spectroscopy

The AC3, AM5, and AM5E SiC whiskers were analyzed by X-
ray photoelectron spectroscopy (XPS). The energy scale
was calibrated by setting the binding energy of the first
carbon peak at 282.40 eV.

The results are listed in Table I along with those from a
previous set of whiskers from ACMC (AC2). The major
concern is the surface oxygen content -- which is usually
indicative of surface Si0, -- such as that exhibited by
the AM5 whiskers. The 5182 and SiC can react at high
temperature, yielding Si0 and CO gases. As a result, the
whiskers degrade, while the sample and encapsulating
glass can crack. Both the AM5E and AC3 exhibited surface
oxygen levels which were Tow enough to be acceptable,
although the AC3 was a little higher than expected
(particularly in comparison with the earlier AC2).

The surface impurity levels do not appear to be any
immediate cause for concern. The F impurity on the AMSE
whiskers probably results from the HF acid etch. It is
not clear what effect, if any, this would have upon the
processing or properties. Ca, which appears on the AC3,
AM5, and AMSE, is not expected to have much effect. The
effect of the N or Al impurities is also not known. The
Fe Tevel on the AC3 is similar to the level measured on
prior lots of ACMC whiskers, and it has proved to be
acceptable.

Length Distribution

SiC whisker length distributions were measured for the
AC3 and AM5 whiskers prior to blending and the AC3 and
AMSE whiskers in whisker-powder blends. The analysis on
the etched/cleaned American Matrix whiskers (AM5E) prior
to blending was not conducted, since it was assumed that
this step would not substantially change the length
distribution from that of the as-received whiskers (AMS5).

A comparison between AM5 and AC3 whiskers indicated that
the AC3 whiskers have more whiskers which are slightly
longer than the AM5 whiskers. The difference is not,
however, very large. The comparison between the 20 wt%
SiC Whisker - GN-10 SigNg blends for the AM5 and AC3
whiskers showed even a smaller difference than in the as-
received whiskers.
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4. X-ray Diffraction (XRD) of AC3 Blend

The blending of the AC3 whiskers with GN-10 Si3N4 powder
was performed at ACMC. The blend was analyzed by XRD in
an effort to spot any impurities that might have been
introduced. The powder contained c#—Si3N4, Y,03, a minor
amount of B-SiaNs. It was difficult to discern the
presence of B—gié, since the peaks overlapped the Si3Ng
peaks. No impurities were detected. In particular, no
crystalline Al,03 was seen because Al,03 media were
suspected to be used in blending the mixture.

5. Bulk Carbon Level of Whisker - Si3N4 Powder Blends

The bulk carbon (C) levels of the whisker - powder blends
were measured as a check of SiC levels. These data are
listed in Table II. Assuming a 29+1 wt.% C level

in the starting SiC whiskers and taking the Si3N4 and
sintering aid powders into account, this C level can be
converted into an equivalent SiC whisker content. These
values are also given in Table II. Considering the
uncertainty level, both composites have whisker levels
which fall at the nominal 20 wt.% level.

Composite Fabrication

Composite billets containing 20% HF-etched AM whiskers (AMS5E)
and 20% ACMC SC-9 whiskers (AC3), respectively, were slip cast
using the established procedures. The later was custom
blended at ACMC. Table III lists some of the processing data.
There was no significant difference between the processing
behavior of the etched AM whiskers (AM5E) and the as-supplied
AM whiskers (AM5) which were processed previously. Billets of
each composite were densified by the glass encapsulation HIP
process. The densities were 3.275 g/cc for the AMSE composite
and 3.279 g/cc for the ACMC composite, respectively. Two
billets of each composite were HIP’ed in the same run. One
billet of each composite cracked during HIP’ing. The
uncracked ones were machined into test bars for
characterization. The AM5E composite exhibited a Tower
tendency to cracking than AM5 composite did under first stage
evaluation. This is attributed to the reduced surface $;0,
Tevels discussed earlier.

Mechanical Properties

Ten MOR bars of each composite were tested in four-point
bending at room temperature. The test parameters and results
are shown in Table IV. The test results for Tateho whisker
and "as-received" American Matrix whisker (AM5) reinforced GN-
10 composites, which were reported in the last semi-annual
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report are also included in Table IV for comparison.

The composite reinforced with AMSE whiskers exhibited a
flexural strength of 92.5 ksi compared to 94.9 ksi for the
composite reinforced with AM5. Since the average strengths
were close, the acid-etching step converting AM5 to AMSE does
not appear to affect composite strength. The ACMC whisker
(AC3) composite had an average strength of 89.1 ksi. The
scatter in strength data for the ACMC whisker composite was
unusually high, ranging from 65.4 ksi to 117.9 ksi.

The fracture surfaces were examined at 40X using a binocular
microscope. The AMSE composite exhibited both surface and
internal fracture origins, which is similar to that observed
previously for GN-10 reinforced with whiskers. Al1 AC3
composite fractures originated from the surface.

The five Kjc bars of each composite were notched (Chevron) at
the mid-span and subsequently tested at room temperature in
three-point bending. The test parameters and toughness
results are shown in Table V. The first stage evaluation test
results reported previously are included in Table V for
comparison. The toughness of acid-etched American Matrix and
ACMC wTigker composites wirs virtually the same, 6.31

ksi*inl/Z and 6.39 ksi*inl/ , respectively. The toughness of
the acid-etched American Matrix whisker (AMSE) composite is
slightly higher than that measured previously for "as-
receiv?9" American matrix whisker (AM5) reinforced GN-10 (6.02
ksi*in 2), but the small increase could be due to batch-to-
batch differences since the composites were not co-processed.

Microstructure

Polished cross-sections of composites reinforced with AMSE and
AC3 whiskers were prepared to evaluate whisker distribution
and orientation. Representative microstructures for the
composites are shown in Figures 2 through 4. Both composites
exhibit good whisker dispersion, although the AM5E composite
exhibits some preferred orientation along the test bar length.
Previously, similar observations were made for GN-10
composites containing AM5 whiskers. The AC3 whisker
composites exhibited no evidence of preferred orientation.
Small dark specks are present throughout the AC3 whisker
composite microstructure. These are believed to be associated
with porosity.

Scanning Electron Microscopy (SEM) analysis was performed on
the fracture surfaces of the above two composite systems.
Figures 5 and 6 show typical fracture origins for AMSE whisker
composite. Figure 5 shows an agglomerate-type defect in a
specimen which exhibited a 97.5 ksi strength. Figure 6 shows
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a surface fracture origin in an 87.6 ksi sample. Energy
Dispersive X-Ray (EDX) analysis revealed no contaminants or
concentrations of sintering aids at the fracture origins,
indicating good sintering aids distribution.

Figures 7 and 8 illustrate typical failure origins in AC3
whisker composite. In Figure 7, the fracture origin of this
low strength specimen (62.5 ksi) was a cluster of small pores
located near the specimen surface. Figure 8 shows surface
failure origin of an 84.6 ksi specimen; the origin appears to
be finer grained than the surrounding matrix. Again, EDX
analysis revealed no contaminants or concentrations of
sintering aids at the fracture origins.

The SEM microstructure of the fractured AMSE and AC3 whisker
composites appear similar with respect to toughening. The
fracture surfaces of both composites contain whisker fractures
below the matrix fracture plane which suggests the whiskers
may have failed independently of the matrix and bridged the
crack (Figure 9).

Scanning transmission electron microscopy (STEM) revealed some
similarities and some differences between AC3 and AMSE
composite. The average matrix grain size and grain aspect
ratio were virtually identical. However, the volume fractions
of SiC whiskers in the areas examined by STEM were 15.0% for
the AC3 composite compared to 20.6% for the AMSE composite.
Some whisker degradation products were observed with the AC3
composite. The grain-boundary-phase volume fraction was
slightly higher for the AC3 composite. Some degradation
products were observed in the AC3 composite. The AMSE
whiskers tended to be somewhat oriented in the composite in
agreement with the optical microscopy results discussed above.
Grain-boundary-pocket compositions were different for the two
composites. Grain boundaries were always non-crystalline. In
both samples there were micron-size areas lacking grain
boundary phase.

However the carbon content analysis results presented earlier
showed that the SiC, whisker contents of both composites were
in general agreemen¥ with the batched (20%). The low SiC
whisker content detected by STEM probably was caused by
whisker degradation due to surface S$i0, content and potential
uneven distribution of SiC whisker.

Conclusion

On comparing the MOR and toughness test results listed in
Table IV and Table V, respectively, the "as-received" American
Matrix, (AM5) "etched" American Matrix (AM5E), and ACMC (AC3)
whisker composites were close with respect to room temperature
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strength and fracture toughness; the Tateho whisker composite
exhibited lower strength and toughness. Based on these
results, the "etched" American Matrix whisker composite
appears to be the best whisker candidate for the remainder of
the program. This conclusion is based on a slightly higher
Kic than for the "as-rﬁygived" American Matrix Whiﬁ er
composite (6.31 ksi*in compared to 6.02 ksi*in'/¢) and less
scatter in strength data relative to the ACMC whisker
composite (92.5 + 9.8 ksi compared to 89.1 + 18.8 ksi).

From processing point of view, there are additional reasons
for recommending the etched American Matrix whisker. Both
versions of American Matrix whiskers are available
commercially, while the ACMC whiskers are only available as a
blend. Therefore, using either version of the American Matrix
whiskers allows us more control on processing. Between the
two versions of American Matrix whiskers, the etched one
exhibited a Tower tendency to cracking during densification
than the un-etched. It should be noted that both versions of
American matrix whisker composites exhibited a tendency of
whisker alignment in the casting direction, while the ACMC
composite did not. We believe that the whisker alignment
tendency could be minimized through processing optimization.

TASK 2 - BASELINE CASTING PROCESS

The objective of this task is to develop a green forming
process from powder preparation through slip casting, for
composites containing 10, 20, 30 and 40 Wt % SiC whiskers. The
matrix material is Garrett Ceramic Components’ GN-10 Si3N
formulation and the whisker is HF-etched American Matrix SiC. The
optimized green composites shall be used for investigation under
Task 3 Parametric Densification studies. Under this task,
detailed characterizations shall be performed on the starting
materials (matrix powders and whiskers), and in-process materials
(slips, castings, etc.) by NDE and destructive techniques.

To maintain consistency in whisker properties a lot of 13-kg
American Matrix SiC whiskers (designated as AM7) has been
purchased for this program. This lot of whiskers has been HF-
etched and then Argon thermal treated to reduce the surface Si0,
layer (at American Matrix) as recommended by Task 1 results. A
Tot of 50 kg of SizNg powder was also purchased for this program
in order to minimize potential lot-to-lot variations in Si3gNg
powders. Similarly, a sufficient amount of sintering and
materials were also set aside from the same lot for this program.

A. Whisker Analysis

A sample was taken from the lot of HF-etched American Matrix
SiC whiskers (AM7) for XPS and other analyses. The XPS
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results are listed in Table VI. For comparison, the XPS
results of two other versions of American Matrix SiC whiskers
analyzed under Task 1 (AM5 and AM5E) are also listed in Table
VI. The results of other types of analyses on AMT analyses
shall be presented in the next report.

Clearly, the HF etch has removed most of the surface Si0,.

The AM7 major-component-surface chemistry is fairly simi?ar to
that of the AMSE; it does not at all resemble that of the un-
etched AM5 whiskers which is dominated by S$i0,.

Considering the surface impurity levels of AM7, the Ca is the
one major surprise. The high level, however, is not expected
to cause problems. Fe appears to be low enough to avoid
concern about it catalyzing degradation. The F level is much
higher than on the AMSE whiskers. It is not clear why this is
the case, although some of the fluorine may be tied-up with
the Ca. We have not been able to determine any positive or
negative effects of fluorine in the composites so far.

Processing

Due to the HF-etching and washing/infiltration procedures
performed on the whiskers at American Matrix Inc. prior to
shipping to Garrett Ceramic Components, it was found that the
whiskers do not contain any detectable undesired foreign
substance; therefore, not requiring any further
washing/cleaning. A series of sedimentation experiments were
performed to determine the feasibility of reducing the whisker
length distribution with a reasonable yield. It was found
that the length distribution is already too narrow to be
further reduced with a good yield. Thus, it was decided that
the whiskers in the as-received state shall be used under this
task.

The composite slips were prepared by blending the matrix GN-10
SigNg slip the appropriate amounts of SiC whiskers, water and
deflocculant. The GN-10 slip was prepared following the
procedures established under the ATTAP subcontract at GCCD
(NASA/DOE DEN3-335 Subcontract 1774888). The solid contents
and SiC whisker loading of the composite slip is controlled by
the solid contents of the GN-10 and the amounts of SiC whisker
and water. Table VII Tists the properties of the composite
slips.

The composite slip was then cast under pressure into a mold
with four (4) cavities, each measured 2"x3". After casting,
the composite plates were dried. Composite plates containing
10, 20, 30 and 40% SiC have been made. These plates will be
inspected visually and by X-ray microfocus and will be
sectioned for microstructural analysis.
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The rectangular mold is selected over the cylindrical one that
was previously used under Phase I and also Task 1 of Phase II.
This change in mold geometry is in an attempt to minimize/
eliminate whisker re-orientation during casting. The thickness
of the plates are typically 1/2"-3/4", while the height of the
cylindrical billets are 3"-3 1/2". The casting time for the
cylindrical billets is typically 5 hours, while for the plates
is one hour.

Status of milestones

The milestones are on schedule.

Publications/presentations

A summary report entitled "Development of Silicon Carbide Whisker
Reinforced Silicon Nitride Formed by Slip Casting", co-authored by
H.C. Yeh, J.L. Schienle, K.R. Karasek, and S.A. Bradley, was
presented by H.C. Yeh at Contractor’s Coordination Meeting,
October 22-24, 1988.

K.R. Karasek presented a paper (co-authored by S.A. Bradley, J.T.
Donner, and H.C. Yeh) entitled "Characterization of Recent SiC
Whiskers," at the 13th Annual Conference on Composites and
Advanced Ceramics in Cocoa Beach, FL, on January 17, 1988.
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Table I

X-ray Photoelectron Spectroscopy Surface Chemistry Data for SiC Whiskers

Si 2p
Si 2p
Si 2p

(o}

1s
0 1s
0 1s

N 1s
N 1s

Ca 2p3

Fe 2p3

Al 2p

Ac3”

29.6(100.
.2)

7.7(102

26.5(282.
11.2(283.

13.8(531.
7.5(532.

2.2(397.
0.9(399.

0.5(347.

0.2(711.

6)

4)
8)

0)
1)

1)
1

3)

0)

#

Whisker Used in Blend

ACMC AC3

Received from Advanced Composite Materials Co., Greer,

Atomic %

SC in December 1989.

Received from Advanced Composite Materials Co., Greer,

(Binding Energy in eV)

ac2?

.5(100.
.0(101

.8(282.
.8(284
.6(286.

.2(529.
.5(531.

.6(397.

SC in middle to late 1986.

Received from American Matrix, Inc.

March 1988.

Value taken from broad energy survey scan rather than
high resolution scan; therefore, the accuracy will not

4)

.9

4)

.0)

0)

9)
8)

0¥

’

Knoxville,

AMSE

.4 (100.
.0(101.
.2(103.

.8(28?

.4(284

.3(531.

.7(397.

.9(348.

.5(685

be as high as for the other values shown.

Whisker - Si;N, Powder Blend Bulk C Content Data

American Matrix AMS

Table I

C Wt.% in Blend

5.120.3

4)
1)
n)
")
9)

5)

3)

.5)

.8(73.7)

TN in

AMS®
15.9(100.5)
17.3(103.2)

13.6(282.4)
2.8(283.9)
1.9(285.3)

8.1(531.3)
37.5(532.4)

1.7(347.9)

Equivalent SiC Wt.%

18+2

21+2
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TABLE III - COMPOSITE PROCESSING DATA
COMPOSITE SLIP
Green

SiC,, Loading % Viscosity Density

th o, Solids (cp) | pH (g/cc)
20% Acid-etched
American Matrix | 69.0 127 9.88 1.95
20% ACMC SC-9 70.0 1600 10.43 1.65

Table IV

MOR Test Results For SijN4 Composites Containing

Diff

B e e e e ke e U pppp——

"as-received" American
Matrix

macid-etched" American
Matrix

Test Dimensions (nominal
wWidth: ©

Thickness: 0

Length : 2

erent SiC Whiskers

LR R e el i U ——

MOR
xsi (MPa)

- - - - - - — - -

94.9 + 8.1 (654 + 56)
92.5 &+ 9.8 (638 + 68)

89.1 + 18.8 (614 + 130)

78.2 + 6.3 (539 + 43)

)

.250 inch (6.35 mm)
.125 inch (3.175 mm)
.0 inch (50.8 mm)

Test Parameters (four point bending)

Outer Span: 1
Inner Span: 0

.50 inch (38.1 mm)
.75 inch (19.05 mm)

Crosshead Speed: 0.02 inch/minute (0.51 mm/minute)
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Table V

Kic Test Results

S$iC Whisker Fractuio Toughness
ksi*inl/2 (HPa'ml/z)

"ags-received” American 6.02 + 0.17 (6.62 * 0.19)
Matrix

*acid-etched" American 6.31 + 0.32 (6.94 + 0.65)
Matrix

ACMC 6.39 + 0.23 (7.02 + 0.25)
Tateho 5.34 £+ 0.26 (5.87 %+ 0.29)

1« 28 TYPROALLY

SITEL L ALL IEENIIONS ANE B RO
2 EDGET AXE DOT CRANFTRER

Test Parameters (three point bending)
Span: 1.50 inch (38.1 mm)
Crosshead Speed: 0.0005 inch/minute (0.0127 mm/minute)
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Table VI

X-ray Photoelectron Spectroscopy Surface Chemistry Data for SiC

Whiskers

Si 2p
Si 2p
Si 2p

1s
1s
1s

1s
1s

= o O OO0

Is
Ca 2p3
Fe 2p3
F 1s
Al 2p

Atomic % (Binding Energy in eV)

AmM71 AMSE
31.7(100.5) 29.4(100.
2.7(102.2) 6.0(101.
3.2(103.
29.2(282.4) 28.8(282.
4.6(284.4) 9.4(284.
1.1(290.2)
18.0(531.7) 16.3(531
2.2(397.8) 3.7(397.
5.5(347.5) 0.9(348.
0.3(711.9)
4.7(684.5)3 1.5(685.
0.8(73.

.9)

5)
3)

5)
7)

AM52

15.9(100.5)
17.3(103.2)

1.7(347.9)

1- Received from American Matrix, Inc., Knoxville, TN in March

1989

2- Received from American Matrix, Inc., Knoxville, TN in March

1988

3- Value taken from broad energy survey scan rather than high
resolution scan; therefore, the accuracy will not be as high
as for the other values shown.

WE%SiC,,

Table VII - Composite Slip Properties

pH

Sp. Gravity

% Solids Viscosity
(cps)
74 363
70.1 691
64.6 1068
59.2 2684
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Figure 1 - AMC AC3 (left) and American Matrix AMSE (right) SiC
whiskers.

2am

Figure 2 - The American Matrix whiskers (AM5E) are well dispersed in
the densified composite. (Polished Section Parallel
to test bar length).
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Figure 3 - Few American matrix whiskers (AM5E) 1lie in the plane of
the test bar cross-section suggesting preferred
orientation (polished section Transverse to test bar
length), compared with Figure 2.

F{gdré 4 - The ACMC (AC3) whiskers are well dispersed in the
densified composite showing no preferred orientation.
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.

00 o i
o8 s 1 ear 939

Figure 5 - American Matrix whisker reinforced composite which failed
from sub-surface agglomorate type defect.

04 v —
05-¢ 300 28 2ot 330

Figure 6 - Tensile surface fracture origin in American Matrix
whisker reinforced composite.
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008, e

Ly 000 v — '
D2 e0de D4-2 200 23 281 436

Figure 7 - ACMC whisker reinforced composite which failed at pore
cluster near specimen surface.

pgg v - il iF] [—
051 300 2 2t 431 05-2 200 2 22 439

Figure 8 - Tensile Surface Fracturé Origin in ACMC whisker
reinforced Composite.

v
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7,

.
03-3 200 88 w33 -

Figure 9 - Whisker pullout sockets on American Matrix whisker (left
and ACMC whisker (right) reinforced composites, suggest
crack Bridging Toughening Mechanism.
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Ceramic Matrix Composites - GTE Laboratories Incorporated

Objective/Scope

The objective of the proposed effort is to study the effect of sintering aids on
microstructure and properties of SisN+-SiC(w) composites and utilize the results ob-
tained to design and synthesize an advanced composite of improved properties. It
is also an objective of this effort to refine forming and consolidation processes and
develop technology for prototype part fabrication.

Technical Progress

Material Development

Efforts to microstructurally tailor silicon nitride ceramics have focused on an-
nealing as a means of modifying the intergranular glass phase through devitrifica-
tion. Monolithic materials were prepared with 8.8 v/o of Y20s, MgO or CeO: sinter-
ing aid added to [1.5 w/o Al:Os + balance SisNa (Ube E-10)]. Bodies were hot
pressed in BN-coated graphite dies in an argon atmosphere. Baseline materials
were hot pressed at 1725°C/34.4 MPa for 90 minutes. Annealing was incorporated
into subsequent runs by cooling to the annealing temperature from the hot pressing
temperature at 60°C/min: i.e. the ceramic was hot pressed and annealed in a single
cycle without cooling to room temperature prior to the annealing step. Initial char-
acterization is reported in Table 1. The applied annealing schedule had no effect on
the room temperature modulus of rupture of AY6 or AC8, while the MOR of the ann-
ealed magnesia-containing material, AM4, increased by thirty percent (30%) relative
to its counterpart produced by the standard 90-minute hot pressing schedule.
Phase analyses of the MgO-containing materials by XRD of powdered broken MOR
bars were inconclusive. Beta SisNs4 was the major phase. A secondary crystalline
phase was indicated by the presence of several reflections, but could not be identi-
fied.
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Table 1: Characterization of SisN+ Ceramics

Densification

Material Schedule
AY6 A

B
AM4 A

B
ACS8 A

B
A = 1725°C/90 min hot press
B

Density
(% Theo.)

99.6
99.5

98.6
98.6

98.4
98.5

Rm. Temp
MOR
(MPa)

1052480
991+ 91

646 £ 97
838186

1006+ 88
9371124

AY6 = 6.0 w/o Y203 + 1.5 w/o Al203 + Bal. SiaNa4
AM4 = 4.4 w/o MgO + 1.5 w/o Al:Os + Bal. SiaNa
AC8 = 8.3 w/o Ce0O: + 1.5 w/o Al:0s + Bal. SiaNa

Evaluation of the mechanical property data for AY6+ 30 v/o SiC(w) composite
materials reflects improvements gained as a result of changes in the silicon nitride
raw material as well as the hot pressing and hot isostatic pressing (HIP) schedules.
Modifications of the hot pressing and HIPing schedules of UBE SiaNs-based materi-
als to higher temperatures were implemented to yield increased matrix grain size,
leading to improved fracture toughness (Table 2).

1200°C
MOR
(MPa)

773170
652+ 50

617 £ 11
51517

503+12
509+8

strength are attributed to the increased fracture toughness.

Linear
Response
To Failure
at 1200°C

Yes
Yes

No
No

Yes
Yes

= 1725°C/90 min hot press — cool 60°C/min — anneal 1200°C/240 min.

The observed improvements in
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Table 2: Room Temperature Mechanical Property Data for AY6+ 30 v/io
SiC whisker Composites Prepared with Silar SC-9* SiC Whiskers
and Different Silicon Nitrides by Hot Pressing (HP) and
Injection Molding (IM) and Hot Isostatic Pressing (HIP)

K MOR
IC 112
Material Process {(MPa-m "' ) (MPa)
SN502 SisNg Hot Pressed 6.4 £ 0.5 975 £ 39
(Temp =1725°C) IM/HIP 4.2 818 + 112
UBE** SiaNa Hot Pressed 7.3 £ 0.6 1043 £ 50
(Temp =1800°C IM/HIP 6.9 +£ 0.4 1143 + 48

*Advanced Composite Materials Corporation, Greer, SC
**AY6 prepared using 80% E-03 and 20% E-10 grades UBE SisN4

Strength (four-point MOR) measurements at elevated temperature for the
SisN4-SiC(w) composites prepared with UBE SisN4 show essentially the same behav-
ior as previously observed for composites prepared with SN502 SisNs. Table 3
shows average values measured at 1200°C and 1400°C of both hot pressed and in-
jection molded-HIPed composite material prepared with UBE SisN4. These data are
comparable to those previously obtained for composites prepared from SN502.

At 1200°C, there was essentially no difference in the strength of the materials.
Plastic deformation (nonlinear force-time response) was not observed. At the
1400°C test temperature, UBE SisNs-based composites exhibit slightly higher
strength values. At the higher temperature, the data shows nonlinear deformation
of the UBE SisNJ4-based samples at approximately 230 MPa, while those prepared
with SN502 SisNa yield a lower stress level (®144 MPa). This behavior appears to
be related to the lower SiO. content of the UBE powder. The reduced amount of
SiO:2 leads to a reduction of the amount and a change in composition of the inter-
granular glass phase.
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Table 3: Room and Elevated Temperature MOR Data for Hot-Pressed and
Injection Molded and HIPed AY6+ 30 v/o SiC(w) Composites
Prepared with Different Silicon Nitride Materials

Average MOR (MPa)
Material Process 25°C 1000°C 1200°C 1400°C

SN-502 SisN, Hot Pressed  975+39(5)*  819+64(3) 597426(3)  257425(3)
Silar SC-9 SiC(w)

UBE" SisN, Hot Pressed 1043 £50(5) - 618427(3)  407+62(3)
Silar SC-9 SiC(w) IM/HIPed 1195+ 71(7) - 616£105(3)  386+58(3)

*AY6 prepared using 80% E-03 and 20% E-10 graded UBE SisN4
**( ) number of test specimens
High Temperature Properties

Since it is known that at 1200°C subcritical crack growth can contribute to the
catastrophic failure of SisN4 ceramics containing Y:0a: and Al:Os sintering aids, addi-
tional elevated temperature testing has been performed. A SisN4-AY6 monolithic
material was precracked with a Knoop indentation and subjected to static loading at
1200°C. Failure was observed within 20 min after the application of a 206.7 MPa
stress. Examination of the fractured surface of the indented AY6 bend bar revealed
extensive slow crack growth prior to the onset of fast fracture. A precracked sam-
ple of a composite containing 30 v/o SiC whisker reinforcement responded to the
imposed stress for over 400 hours in @ manner analogous to that observed for stan-
dard, i.e., unindented, samples of this material. Similar tests conducted with in-
dented and standard bend bars of composites with whisker additions of 10 v/o and
20 v/o exhibited the same behavior (Figure 1). At the three volume concentrations
of SiC whisker additions examined, the indented samples had approximately the
same steady state creep rates as standard bend bars, in spite of the presence of
large surface flaws on the tensile faces (Table 4). The data also show that in bend-
ing at 1200°C with an applied stress of 206.7 MPa, the steady state creep rate of the
AY6-based composites decreased with increasing content of whisker additions.

Subsequent to these creep tests, the indented composite samples were bro-
ken in flexure at room temperature and the fracture surfaces examined. The surface
oxide scale developed during the tests was clearly visible. Subcritical crack growth
was not observed for any of the AY6-SiC whisker composites.
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Table 4: Steady-State Creep Rates Obtained from Figure 1

Sample Normalized Creep
Material Type Rate
AY6 + 10 v/o SIiCW Standard 10.4
Indented 10.1
AY6 + 20 v/o SIiCW Standard 6.1
Indented 5.1
AY6 + 30 v/o SiCW Standard 1.0
Indented 1.0
AY6 Indented Fractured in 20
min

Subcritical crack growth resistance was evaluated further. Empirical observa-
tions of fracture data have defined the relationship:

V = AKY 1

where: N=crack velocity exponent
V =crack velocity
A =const.
KI = applied stress intensity

Based on this relationship, (equation (1), fracture mechanics analysis leads to
1

( )
g,=Ce¢"" 2

where:  o¢=fracture strength
C=const.
O = stress rate
N=crack velocity exponent

The exponent N is a measure of a material’s resistance to subcritical crack growth,
a higher N value indicating increased resistance.
Four materials (Table §) were evaluated.
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Table 5: Virtual Binder Phase Composition of Silicon Nitride-Based

Ceramics Evaluated in the Present Study

Sintering Aid Content
(w/o of Composition)

Material Al203
AY6 1.50
AY6+ 30 v/o SiCP (8 uym) 1.05
AY6+ 30 v/o SiaNg 1.05
AY6+ 30 v/o SiCW 1.05

*Based on Oz analysis of SisN« and SiC powders

The latter three material powders were prepared by dispersing either SiC or
a-SisN4 in the preblended AY6 powder. This results in a change in the amounts of
sintering aids (i.e. the Y203 and Al.Os additives and the SiO: obtained from the sur-

Y20,

6.00
4.23
4.25
4.25

Sio2*

2.60
2.00
2.66
2.82

Si02/Al:03+ Y05

0.35
0.38
0.50
0.53

faces of the SiC and SisN4 powders) contained within those bodies.

Modulus of rupture tests at 1200°C (four-point loading) were conducted at dif-
ferent applied stressing rates by varying the testing machine crosshead speed. Pre-
liminary testing of precracked (30N Knoop indentation) monolithic SisN4 at 1200°C
substantiated the fracture mechanics premise and showed that fracture stress in-
creased, and the bend bars fractured at a constant K|, and the amount of subcritical
crack growth prior to fast fracture decreased as stressing rate was increased (Table

6).



Table 6: Strength and Subcritical Crack Growth of Precracked Monolithic

AY6 at 1200°C

Stress
Rate MOR
MPa-sec™! (MPa)
1.9 302
21.2 320
208.4 350
.. _ Mo(na)”?
K/c - O
M=1.03
o=MOR

a=crack size

¢ = elliptic integral to account for crack shape

Growth of
Indentation Crack

Calculated*
1200°C
K
IC
(M Pam?/ 2)

5.40
5.35
5.40

The data for the four materials evaluated are shown in Figure 2, and the crack

velocity exponents are given in Table 7.

Table 7: Crack Velocity Exponent Data at 1200°C

Material

AY6

AY6+ 30 v/o SiCP
AY6+ 30 v/o SiCw
AY6 + 30 v/o SisNg

Crack Velocity Exponent, N*

The data show that the resistance to subcritical crack growth at 1200°C of the
monolithic AY6-SisN4 is substantially less than that of the AY6-30 v/o SiC whisker
composite. However, the value for the reduced sintering aids monolith, i.e. AY6+ 30
v/o SisNg, is coincident with that for the whisker-containing composite. Additionally,
the crack velocity exponent obtained for the AY6-30 v/o SiC particulate composite is
similar to that of both the AY6-SiC whisker and the AY6-SisNs materials. These ob-
servations indicate that the reduction of the glass content of these materials is the
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primary reason for increasing the subcritical crack growth resistance. Although the
morphology of the SiC dispersoid has little apparent effect on N at low crack veloc-
ity, it does strongly influence the fast fracture high crack velocity behavior, i.e. mod-
ulus of rupture, once the flaw reaches critical size.

Constant compressive stress creep experiments have been performed at North
Carolina State University. Stresses were increased in 50 MPa increments over the
range of 50 to 350 MPa. Experiments to obtain the activation energy of creep were
performed at constant stresses. The temperature was raised incrementally by 25°C
over a range of 1470 to 1670K.

Figure 3 shows the steady-state creep rate as a function of stress for four dif-
ferent temperatures. At 1200°C the stress exponent, n, is 0.87 over the entire stress
range tested. Above this temperature, the stress exponents show a marked in-
crease at stress levels greater than 225 MPa. For example, at 1300°C the stress ex-
ponent is 0.43 at low stresses but increases to 1.01 above the break. To understand
the cause of this change in stress dependence, the effect of glass devitrification on
the kinetics of creep has been studied. Previous work has shown that annealing in-
creases the relative amount of devitrified glass in the grain boundary phase.

To determine the effect of devitrification on creep behavior, two creep runs
were performed. The first was performed at 1350°C in the stress range of 50 to 350
MPa following a 4-hour anneal at the same temperature. The second experiment
was performed at the same conditions but following a 50-hour anneal at 1350°C.
The second experiment produced stress exponents very similar to the values of the
first. However, there was a decrease in creep rate at all conditions. This suggests
that, while devitrification plays a role in the rate of deformation, it may not be re-
sponsible for the observed change in stress exponent at high stresses. Measure-
ments at even longer times of anneal are currently being carried out to determine
the time necessary to achieve a stable microstructure. Recent data has shown that
the change in stress exponent occurs at approximately 1% strain in all samples.
Therefore, the total strain may play a key role in the kinetic behavior of this ma-
terial.

Process Development

Research during this reporting period on injection molding of whisker-rein-
forced materials concentrated on the binder removal process. This work was based
on the assumption that silicon nitride-based materials reinforced with whiskers
would be able to withstand higher stresses encountered during a rapid binder re-
moval cycle better than monolithic silicon nitride. It should therefore be possible to
accelerate binder removal cycles for injection-molded, whisker-reinforced materials.

As an initial evaluation, two accelerated binder removal cycles were evalu-
ated. Figure 4 shows the time temperature cycles used, normalized against a stan-
dard binder removal cycle. The first cycle used the same atmosphere as the stan-
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dard cycle but was shortened by 42%. The second cycle used an air atmosphere
and was 66% shorter than the standard cycle.

Two injection-molded test bars of AY6 + 30 volume % SiC whiskers were in-
cluded in each binder removal cycle for each of the four gate configurations evalu-
ated previously for injection molding (semiannual report, Oct. 1988). In addition, two
injection-molded bars of monolithic AY6 were also included as controls.

After the first binder removal cycle, one of the monolithic control samples had
fractured in multiple pieces, and the other showed numerous surface cracks. The
whisker-containing samples all remained intact with only two bars showing signs of
surface-connected damage after the burnout process.

For the second cycle, examination of the whisker-containing samples by x-ra-
diography revealed some internal cracking apparent after binder removal, particu-
larly in gate types 3 and 4 (semiannual report, Oct. 1988). These gate types tend to
produce the greatest number of fold lines during the injection process, and it is be-
lieved that these fold line regions developed into cracks during binder removal. Ex-
amination of radiographs of similar samples after a standard binder removal show
the same degree of internal cracks for gate types 3 and 4.

One of the control samples used in the second cycle also fractured into multi-
ple pieces, while the second control AY6 bar showed three externally connected
hairline cracks.

All the SiC whisker-containing samples in the second cycle remained intact,
but 6 of the 8 bars showed surface-connected cracking. As was observed in the first
cycle, gate types 3 and 4 showed the greatest number of cracks after the second cy-
cle. These cracks also tended to be associated with fold lines.

The radiographic results of the second cycle have not yet been determined,
but it is believed that the results will be similar to those discussed for the first cycle
with only a slight increase in damage severity.

The summary of data to date supports the premise that whisker-containing ma-
terial can withstand severe binder removal schedules.

Another aspect of the current work includes optimization of forming by injec-
tion molding. Based on analyses of whisker orientation in injection molded parts, a
new gating configuration was developed for the fabrication of CATE axial turbine
blades from whisker-containing composites. The gate modification work concen-
trates on minimizing distortion in the airfoil section, which typically is not machined
after densification.

Test Method Development

In compliance with the desire to standardize MOR within the DOE heat engine
program, a new four-point loading fixture has been fabricated. The spans of this fix-
ture conform to MIL-STD-1942(MR) configuration B (quarter point loading with outer
span = 40 mm and load point diameter = 4.5 mm). Results using this fixture were
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compared to MOR values obtained using the standard GTEL fixture (outer span =
22.0 mm, inner span = 9.8 mm, load point diameter = 6.1 mm). Room temperature
MOR was conducted at a crosshead speed of 4.95 mm/min, which corresponds to
calculated strain rates of 5.7 x 107>min™" and 7.4 x 10>min~' for the MIL-Std. and
GTEL Std. fixtures, respectively. Initially, a ceramic with a high Weibull modulus,
GTE Wesgo AL995 Al:0s, (M=22) was used to compare the fixtures. The results
(Table 8) show that both fixtures yield statistically identical results at room tempera-
ture. Further evaluation employing lower Weibull modutus test materials and high
temperature testing is in progress.

Table 8: Comparison of Test Fixtures

Fixture Room Temperature MOR of AL995%
MIL-STD-B 24416 MPa
GTEL-STD 239+ 11 MPa

Xaverage of ten bend bars

Status of Milestones

Program execution is on schedule.

Communications/Visits/Travel

J.G. Baldoni attended the 3rd International Symposium on Ceramic materials
and Components for Engines (Las Vegas, NV, 11/27-30/88. A paper titied "Creep and
Crack Growth Resistance of Silicon Nitride Composites by J.G. Baldoni and S.T. Bul-
jan was presented and will be published in the conference proceedings.

H. Kim attended the Conference on Composite Materials at Cocoa Beach, FL,
1/16-20/89.

Problems Encountered

None.
Publications

None.
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Material Development in the Si.,N,/SiC(w) System Using Glass
Encapsulated HIPing - Phase II

Normand D. Corbin, Glenn J. Sundberg, Kerry N. Siebein,
Vimal K. Pujari, Guilio A.Rossi, Jeffrey S. Hansen,

Janet L. Hammarstrom, and Craig A. Willkens.
(Norton Company)

Objective/scope

This two year program is to develop fully dense
SiN, matrix Sic whisker composites which show
enhanced properties over monolithic Si,N, materials.
Materials will be processed using an RBSN approach
followed by high pressure glass encapsulation HIPing. The
primary goal 1is to develop a composite with a fracture
toughness >10 MPa(m)'5 and capable of operating up
to 1400°C.

Studies will be conducted to tailor the whisker/matrix
interface and determine the optimum whisker morphology for
fracture toughness improvements. The effect of forming on

whisker orientation, fracture toughness, and shape distor-
tion will also be addressed.

Technical progress

1.0 EVALUATION PROCEDURES

Procedures for analytical evaluations and mechanical
property determinations have previously been described in
detail. (1) Flexural strength is determined using the U.S.
Army recommended procedures for a cross-section of 3 mm x

4 mm.(2) Fracture toughness 1is determined by either an
indentation method (3), a controlled flaw method (4), or
by a chevron notch method (5), depending on material
availability.

As previously detailed (6) a technique was developed
for determining the surface composition of individual SicC
whiskers by Scanning Auger Microanalysis (SAM). This
method was used to evaluate additional whisker materials.

Chevron Notch Fracture Toughness Testing - Room
temperature and high temperature fracture toughness
measurements of various composites and monoliths were
measured using the Chevron ©Notch technique previously
described (5). The specimen geometry was a 3 mm X 4 mm X
50 mm test bar, the chevron notch geometry had an alpha,
= 0.55 and alpha = 1.0. The test was performed on an




69

Instron 4206 testing machine, the loading rate was 0.012
mm/min. A 5 mm upper span and a 40 mm lower span were
used. Chevron Notch test results were determined using
both the Straight Through Crack Approximation (STCA) (7)
and the Bluhm Slice Model (8). There was good agreement
between the results calculated with both models. The
results presented were calculated using the Bluhm Slice
Model.

Room Temperature Toughness Comparisons - A
composite and a monolith material were prepared using a
HIPed SRBSN approach for evaluation of room temperature
fracture toughness by several methods. This task was
initiated to determine the effect of test method on
fracture toughness. As shown in Table 1 there is a
significant variability in toughness depending on the test
method. This data demonstrates that great care should be
exercised 1in comparing fracture toughness values from
different analysis methods. In lieu of a standard testing
procedure, it 1is recommended that the fracture toughness
of a readily available material which has been extensively
evaluated in the literature (for example NC-132) be tested
along with composites. This will aid in comparisons
between different techniques by supplying a normalization
factor.

2.0 REINFORCEMENTS

Dispersion Behavior - The dispersion character
of American Matrix SiC whiskers (9) was determined by
relative acoustophoretic mobility (RAM) (10) (comparable
to zeta potential analysis). Of particular interest was
the effect of trace surface impurities and a silica layer
on the isoelectric point. Results from four experiments
are illustrated in Figure 1. Figure 1la shows that as
received SiC(w) in deionized water at pH~6 possess a
negative surface charge. An acid titration decreases the
negative charge until the isoelectric point (IEP) of ~ 3.2
is reached. Below this point, the whiskers become
positively charged. This behavior is similar to that for
Si0, which has an IEP of 2.0. The reverse (base) titration
shows a marked hysteresis when returning to a pH of ~ 6.0.
This phenomenon is better illustrated in Figqure 1b where
the whiskers were soaked at low pH overnight. Upon reverse
titration the surface charge does not change and remains
positive even at high pH. This procedure has been shown to
dissolve many surface impurities from the whiskers. Table
2 lists the concentration of ions present in the effluent
from HNO, washing of these SiC whiskers. Our experience
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TABLE 1 Comparison of Fracture Toughness Values as Determined by

Different Methods

Room Temperature

Material Fracture Toughness (MPa<m)
IN© cr? cN®  on®  pc®

MONOLITH (A) 3.9+.1 4.2+.3 4.6+.1 --- 4.9

COMPOSITE (B) 4.2+.1 5.2+.2 5.4+.1 4.6 6.4

NC-132 3.5+.1 4.6+.1 -—- 4.3 ---

A) 4 w/o Y,0, in HIPed SRBSN (Norton Product 3X015)

B) 4 w/o Y,0, in HIPed SRBSN matrix, 30v/o SiC(w), random
orientation (Product 7X014)

C) Indentation method; Anstis et al, 10kg indent, measured at
400X magnification

D) Controlled flaw method; Chantikul et al, 10kg indent,
MIL-STD-1942 bar

E) Chevron Notch; Courtesy N.Shaw, NASA Lewis Research Center

F) Chevron Notch; determined at Norton Company

G) Double Cantilever Beam; Courtesy A.H.Heuer, Case Western

Reserve
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with SiC powders has indicated that the presence of Cca**

and Mg** ions (hydroxides having IEPs ~ 12.5) result in

RAM behavior which is characteristic of the data in Figures
la and 1b. Thus, these ionic impurities control the whisker
dispersion behavior.

The curves in Figures 1c and 1d show the effect of a
surface silica layer on SiC. The whiskers in Figure 1lc were
oxidized in air at 1000°C for 1 hour prior to analysis.
The resulting IEP in the acid titration has shifted
downward to ~ 2.7, closer to the IEP of silica
(~ 2.0). The curve in Figure 1d represents data from an HF
cleaned AMI whisker. (11l) This process will remove a SiO,
layer. The IEP value of 4.5, is considerably higher than
"as-received" whiskers suggesting the removal of the silica
layer. For both traces a marked hysteresis occurs upon
increasing pH. As with the "as-received" whiskers ionic

impurities have a strong influence on their dispersion
behavior.

TABLE 2 Concentration of Ions Detected by Atomic Absorption

Spectrophotometry in Effluent from Acid Soak

American Matrix SiC Whiskers

Fe 45ppm Ca 420ppm
Cr 10ppmnm Mg 124ppm

Ni 100ppm Al 180ppm

of
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3.0 FORMING

An extrusion die and an injection mold have been
prepared to fabricate composites with uniaxially aligned
whiskers into 3 mm x 4 mm x 50 mm test bars. Prior to this,
only substandard size bars could be molded or extruded.
Fully dense extruded material has been successfully
prepared into 3 mm X 4 mm X 50 mm bars. This was
accomplished by extruding oversized rods and machining to
the required dimensions after HIPing.

4.0 INTERFACE

Boron Nitride - Boron nitride coatings are being
applied to 8SiC grain (~ 100pm) and SiC whiskers at Norton
Company. The grain is used to develop the BN coating
process and determine BN reactivity in Si,N,. During
this contract period the reactivity of BN coatings in
Si,N, was evaluated. 1In addition, BN coated SiC
whiskers and composites with BN coated whiskers were
evaluated.

Composites were prepared utilizing boron nitride coated
SiCc grain (~ 2wm thick coating). The composition and
structure of the coatings were previously described. (5) The
grain was incorporated into both a Si,N, matrix and an
SRBSN matrix and then HIPed to full density to compare the
effect of different processing on the resulting interface
structure. Evaluation of the interface after HIPing was
conducted by optical microscopy on polished specimens. The
results showed that the BN interface was deteriorated as a
result of the RBSN process. The coating is no longer
continuous on the grains and appears to migrate into the
matrix. The cause for this is unclear but may be a result
of the oxygen content (~ 7 atomic %) of the coating being
in the form of B,0; which would melt and flow at typical
nitridation temperatures (~ 1400°C). These results
demonstrate the need for protective overcoatings to limit
degradation of BN when the composite undergoes a nitrida-
tion step. Protective coatings are under development. The
material prepared with Si,N, powder did not show
interface deterioration as with RSBN. The coating remained
on the SiC grain and was of uniform thickness. It should
be noted that when BN is present at the interface
debonding occurs when an indentation crack interacts with
the interface. This is clearly demonstrated in Figure 2
where cracks interact with coated and uncoated grains.
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Figure 2 Crack interactions with BN coated and uncoated SiC
grain in Si,N,

A BN coating was applied to American Matrix SicC
whiskers. Hexagonal BN (PDF#34-421) was detected by XRD.
Auger analysis (Figure 3) shows the «coating to be
stoichiometric BN and contain 10-15 atomic percent carbon.
TEM reveals the coating to be ~ 150-300nm thick, crystal-
line, and to contain a whiskery (or platey) morphology
oriented perpendicular to the whisker surface (Figure 4).
The M"as-coated" whiskers were bonded together by the BN
coating. Prior to blending with matrix materials the
whiskers were ground in a mortar and pestle to break up
the agglomerates. After deagglomeration the material was
evaluated by optical microscopy. The whisker morphology of
the SiC was still apparent.

The coated SiC whiskers were blended (~ 15 wt%) with
Si,N, powder (4 wt%, Y,0,) and HIPed to determine the
survivability of thin (~ 200 nm) coatings during proces-
sing. The interface was evaluated by TEM to determine
morphology and crystallinity. In most cases the BN
remained at the SiC whisker/matrix interface but it was
also present in the matrix. Its presence in the matrix is
attributed to grinding of the whiskers prior to their
blending with Si N, where the coating could break away
from the whisker surface. The BN had a layered structure
ranging from 5-10 nm thick. Figure 5 is a bright field
transmission electron micrograph of the BN. The structure
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Figure 3 Auger electon spectroscopy of BN Coating on SiC
whiskers applied by CVD at Norton Company

Figure 4 TEM Micrograph of the BN coating on a SiC whisker
applied by CVD at Norton Company
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Figure 5 Bright field transmission electrdn miéfograph of the
BN coating. The layers of BN are approximately 5-10 nm
thick and are not densely packed.

is a mix of microcrystalline and amorphous BN. The
thickness of the BN interface varied greatly and the
coating was not continuous. The coating thickness ranges
from 0 nm to over 3.0 microns. Figure 6 is a bright field
transmission electron micrograph of the whisker BN
interface. The BN coating is approximately 50-75 nm thick
in this area. In most areas the coating did not appear
well Dbonded to the whiskers nor was it fully dense; that
is it contained voids between the layers.

Figure 7 is a photomicrograph of the interaction of a
crack with a BN coated whisker in the HIPed material. The
BN interface allows debonding to occur at the interface.
This debonding should improve fracture toughness by
promoting crack bridging and whisker pullout. Materials
for fracture toughness evaluation are being prepared.
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Figure 6 Bright field micrograph of the BN coated a whisker/
matrix interface. The coating is approximately 50 nm
thick in this area.

Figure 7 Ev@dence of debonding in the HIP'ed composite
reinforced with BN coated SiC whiskers.
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Carbon - As previously reported (5) Auger

analysis of SiC whiskers prepared at ACMC (12) shows a
carbon surface. TEM examination revealed a continuous and
amorphous surface coating ranging in thickness from ~ 2-4
nm. These whiskers were incorporated into a SiN,/4 wt%
¥,0, matrix at a 30 volume percent loading, injection
molded to uniaxially align the whiskers, and HIPed to full
density wusing the ASEA glass encapsulation method. The
controlled flaw fracture toughness for this material was
6.9 MPa{m. TEM analysis was conducted to determine
if the carbon coating on the whiskers remains in the
processed composite. The carbon 1layer was not observed.
The carbon may have dissolved into the glassy phase,
although the mechanism of carbon loss is unconfirmed. The
interface thickness between SiC and Si,N, was ~ 2-4 nm.
It 1is expected that a portion of this boundary contains
the intergranular glassy phase, which typically forms a
thermodynamically stable, continuous grain boundary
film. (13)

A limited number of carbon coated Tokai whiskers
(Grade 300C) were examined by TEM to determine the
thickness of the <carbon layer on the whiskers. The
amorphous carbon coating on the as-received whiskers was
continuous and approximately 3.5 nm thick. The whiskers
were predominantly alpha SiC and contain many inclusions.
Metal beads were present at the ends of the whiskers. A
composite prepared from Si,N, powder and 4 wt%, Y,0,
with 30 vol% of these whiskers was examined using TEM to
determine if the carbon coating was present after
composite processing. The interface between the SicC
whisker and the Si)N, matrix did  contain carbon
(Figure 8), although the carbon layer appeared to be
between 30 to 120 nm thick. The discrepancy between carbon
layer thickness in the composite relative to the
as-received whiskers 1is suspected to be due to a variable
coating thickness between the as-received whiskers. Fewer
whiskers in the composite were examined than in the
as-received state and the preliminary TEM analysis must
not be considered a statistically representative sample.
The carbon coating had a layered, crystalline appearance
after processing, similar to graphite. The carbon coating
was discontinuous around the whiskers and large regions of
the coating were present within the matrix. The coating
did not appear well bonded to either the whiskers or the
matrix. The graphitization of the carbon layer during
densification had also been observed when these whiskers
were incorporated into a spinel matrix. (14)
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Figure 8 Bright field transmission electron micrograph
of the carbon coated Tokai SiC whisker/4 wt%
¥,0,-Si,N, interface.

Oxide - The application of a Norton proprietary
oxide «coating to American Matrix Inc. SiC whiskers was
accomplished using a solution/reprecipitation method. The
coating was examined by TEM. A bright field micrograph of
the coated whisker 1is presented in Figure 9. The coating
is microcrystalline, continuous, and ranges from 10 nm to
20 nm thick.

A Si,N, (4 wt % Y,0,) matrix was reinforced with

[

20 volume % of these whiskers. The composite was injection
molded to wuniaxially align the whiskers and HIPed to full
density using the ASEA process. The controlled flaw
fracture toughness for this material is 6.8 MPadm.

The resulting interface between Si )N, and the SiC
whiskers was evaluated by TEM. The coating is not present
on the whiskers after densification. It must have
dissolved into the glassy phase during processing. No
effect of the coating on increasing the interface
thickness in the composite was observed. A thin film,
approximately 1 nm to 2 nm thick, was present between
adjacent SiN, grains and between SiC whiskers and
Si,N, grains. The glassy phase appeared to segregate

to large pockets at multigrain junctions.
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75 nm

Figure 9 Bright field electron micrograph showing the oxide
coating applied by a solution method on a SiC whisker.

The observations of the grain boundary thicknesses
in the composite specimen agree with values observed
experimentally in a wide number of ceramics. A previous
study by D. R. Clark (15) concluded that there is an
equilibrium thickness for the intergranular film in
polycrystalline ceramics. The equilibrium thickness for
siliceous films in hot pressed Si,N, is on the order of
a few silica tetrahedra, approximately 1 nm to 2 nm. (15)
The dielectric constants of the grain determine the
thickness of the intergranular phase, therefore it was
expected that the grain boundary thicknesses would be
different between two Si N, grains and between a SiN,
grain and SiC. However, in the composite speciman the
thickness of the grain boundaries between the two were
similar.
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Interfacial Stresses - Multiphase materials are
known to develop residual stresses as a result of differ-
tial thermal expansion mismatch between the matrix and
reinforcement phase. The presence of these stresses has
been used to explain fracture toughness variations in
Si;N, monoliths with different secondary phases. (16)
Experimental qualification of these stresses are difficult
but have been obtained for the Al,0,/SiC(w) system by
an x-ray diffraction method. (17) Different models exist to
calculate the anticipated residual stresses 1in various
composite systems. Recent work by Hsueh et.al. (18) have
incorporated the presence of an interfacial film between
the SiC(w) and Al,0, and mullite matrices. A cylinder
composite model was used to determine the residual stress
which developed wupon cooling. The interfacial stress
generated during cooling decreased as the thermal expan-
sion coefficient of the film increased for the case of SiC
whiskers in Al,0,. In this case the thermal expansion
of the matrix is greater than Sic. When the thermal
expansion of the whisker is greater than the matrix (for
example Mullite/SiCw) the opposite is observed. Inter-
facial stresses decrease as the thermal expansion
coefficient of the film decreases. This 1later case is
comparable to SiC whisker in Si,N,.

Similar calculations were performed at Norton Company
to estimate the residual stresses in the Si)N,/SiC(w)
system. A composite cylinder model containing an inter-
granular phase between the Si,N, and SiC (Figure 10) was
selected. Stresses were calculated by finite element
analysis methods. End effects were not considered in these
calculations. The material properties and geometry
constraints are 1listed in Table 3. The effect of inter-
granular phase thickness and intergranular phase
coefficient of thermal expansion (CTE) on the maximum
principle tensile stress within the system is exhibited in
Figure 11. Interfacial tensile stresses greater than 800
MPa can occur within the intergranular phase when the

intergranular phase has a CTE >7.0x107°. It should be

noted that secondary phases with CTE's above 7.0x10°% are
known to appear in Si)N, materials. For example, Y,SiO.

11.4x10™° (001 direction (19)), and Y;(Si0;) N

8.2x107° (bulk (20)). The maximum principle tensile
stress occurs in the SiC whisker rather than in the inter-
granular phase at 1low CTE values for the intergranular
phase. There was 1little effect of changing the intergran-
ular phase thickness from 10 nm to 50 nm.
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TABLE 3 Material Properties and Geometry Contraints
Used for the Calculation of the Residual Stresses

Materials Properties

SiyN,: E = 300 GPa, Poisson ratio = 0.3, CTE = 3.5 x 107%/°C

Sic: E = 440 GPa, Poisson ratio = 0.3, CTE = 4.5 x 107%/°%C

Inter

Granular

Phase: E = 186 GPa, Poisson ratio = 0.3, CTE = 3.0 - 12.0 X 10°%/°

Geometric Conditions

30 volume percen t sic
SiC diameter = 0.5 um
Change in Temperature = 1000°C

Intergranular Phase Thickness = 10 nm, 50 nm

§
.
.

y
[

2

.

_
L

Figure 10 The‘composite cylinder model used to determine
residual stress from thermal expansion mismatch.
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Figure 11 Maximum residual tensile stress as a functign.of
intergranular phase thermal expansion coefficient
and thickness of the intergranular phase.

5.0 PROPERTY PROGRESS

High Temperature Strength - Our experience has
shown that the impurity content of Si,N, materials has
a significant effect on high temperature (>1300°C)
mechanical properties. As compared to Si;N, the Sic
whiskers contain relatively high impurity contents. A
study was initiated to determine if these impurities are
affecting high temperature properties.

Involved were a standard purity and high purity
matrix; a standard purity SiC whisker (Tateho T44), a
high purity SiC whisker (Tokai) and a high purity sic
particulate (see Table 4). It should be noted that there
is considerable 1lot-to-lot variation in the purity of SicC
whiskers and we have chosen specific lots to conduct this
evaluation. The particulate possessed a 2pm average
particle size.

The mechanical property results are compared in Table
5. The composite 1370°C fast fracture strength was more
influenced by the purity of the matrix than the reinforce-
ment. When the high purity matrix was used a strength of
544 MPa (~80 ksi) was obtained. The standard matrix
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produced composites of ~ 415 MPa (~ 60 ksi) independent
of reinforcement purity. A similar trend is observed when
comparing the high purity monolith to the standard grade.
It has been previously observed in the Tateho product that
inclusions are concentrated within the whisker core. (21)
In this 1location impurities would be 1less 1likely to
diffuse into the matrix and modify the high temperature
properties. This may be the reason that there were no
observed differences as a result of the reinforcement
phase used. The importance of the matrix purity on
composite properties is most 1likely a result of its
prominence (70-80 w/o) 1in the composite. It should be
noted that the monolith strengths are higher than the
composite with the corresponding matrix (634 vs. 544, high
purity and 517 vs. ~ 410, Std purity).

Preliminary stress rupture life at 1370°C shows both
the monolith and composite exceeded 200 hrs at 200-250
MPa. There were no dramatic differences between composite,
and monolith, or between purity 1levels. The fracture
toughness of the composite made with SiC was 20% higher
than that of the composites made with SiC particulate (5.3
vs. 4.4). This 1is consistent with the work of Faber and
Evans showing whisker morphologies to being more effective
than particulates in toughening (22).

Elevated Temperature Toughness - The fracture
toughness to 1370°C was determined on selected materials
using a chevron notch method. (See Table 6) For this
analysis we included a hot pressed Si,N, with 1 wt%,

MgO (NC-132) as a reference material. This material is

reported to have a room temperature toughness of 4.7
MPafm by a chevron notch method. (23) Our result is

8.5% lower. The other samples consist of a monolith
representative of the composite matrix, a composite with
uncoated SiC whiskers, and a composite with carbon coated

whiskers. The toughest specimen (2197 #50) exhibited
whisker pullout on the fracture surface as shown in Figure
12. This sample uses AMI SiC whiskers which were treated

at Norton Company to produce a thin carbon layer at the
surface. The room temperature toughness of this sample is
26% higher than the composites without a carbon surface
(5.8 wvs. 4.6). This improvement in toughness is observed
to 1370°C. The NT-154 monolith fracture toughness is
essentially identical to the composite with uncoated SiC
whiskers (7X014) further demonstrating the need for
interface modification for toughness improvements.
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TABLE 4

Impurity Contents of SiC Whiskers and Matrix Materials#*

(ppm)
Lot Fe Ca Al
Tateho T44 11/86 340 810 3100
Tokai 7/87 63 26 46
Nissorundum GMFSH2 17 1 30
High Purity Matrix* - 90 18 30
Std. Purity Matrix* - 260 33 130

*HIP SRBSN (4% Y,0,) matrix

TABLE 5

Properties of Materials Evaluated to Determine
the Effect of Impurities

SAMPLE 1370 C
Matrix (c) Reinforcement Code CFT (a) Strength (b)
High Purity - 2154M-43 5.4+.2 92+5 (634+34)
Standard -- 3X015 4.2+.2 75+x9 (517+62)
High Purity 20% Standard 2154C-43 5.3+.3 79+4 (544+28)

(Tateho T44)

Standard 30% Standard 7X014 5.2+.1 61+3  (421+21)
(Tateho T44)

Standard 30% High Purity 2206-51 5.3+.1 5942 (4074£14)
(Tokai 7/87)

Standard 30% High Purity 2207-51 4.44.2 61+1 (421+7)
(SiC Powder)

a) control flaw fracture toughness in MPa{m

b) 4 point specimen MIL-STD 1942 3x4mm in Ksi (MPa)

c) HIP SRBSN (4% V¥,0,) matrix
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TABLE 6

Chevron Notch Toughness Results

Material Matrix* 30 v/o SicC

Code Composition Whisker RT 1000°C 1200°%C 1370°C

NC1l32 Si:‘.N4 + 1% MgoO - 4.3 ——— 3.91 -—-

NT154 SiSN-a + 4% Y,0, —-—— 4.7 4.1 3.74 4.07

7X014 SRBSN + 4% Y,0, Tateho 4.6 - 3.9 4.1

2197450 SiN, + 4% Y,0, C-Coated 5.8 5.2 5.6 4.7
AMI sicw*

Specimen cross-section is 3 mm x 4 mm

* Coating applied at Norton Company
+ SiN, = use of Si,N, powder precursor

SRBSN = use of Si powder precursor followed by nitridation step

18 .8kx 1.806F 049
Figure 12 Secondary electron image of the fracture surface

of a 30 vol% AMI SiC whisker reinforced 4 wt%
¥,0,-Si,N, chevron notch bar.
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6.0 SUMMARY

Stoichiometric BN has been deposited on AMI SiC
whiskers by CVD. The BN coated SiCw have been incorporated
into a 4 wt% Y,0,-Si)N, matrix and HIP'ed to full density.
The BN interface was present after densification and
during crack interaction provided debonding of whiskers
from the matrix.

The chevron notch toughness of a carbon coated AMI
Sic whisker reinforced 4 wt% Y,0,-Si;N, composite was on
average 30% greater than the unreinforced monolith from 22
to 1200°C.

The mean room temperature controlled flaw toughness
of Si0, and C coated AMI SiC whisker reinforced 4 wt%
Y,0,-Si,N, composites were 6.8 MPadm.

Status of milestones

All Milestones are on schedule.
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Pressureless Sintering of Si,N,/SiC Whisker Composites
S. D. Nunn and T. Y. Tien (University of Michigan)

Objective/scope

Compositional evaluation has been continued in an effort to achieve
the highest possible densities while increasing the SiC whisker content
in Si,N, matrix composites using yttrium aluminum garnet (YAG) as a
liquid phase sintering aid. Additionally, preliminary test measurements
have been made to determine the mechanical properties of the sintered
ceramic composites.

Technical progress
Sintering aid additions

Compositions consisting of a B-Si;N, matrix reinforced with SiC
whiskers and containing YAG as a sintering aid were prepared and
sintered. The processing procedure is shown in the flow diagram in
Fig. 1. The individual processing steps have been described in detail
in an earlier report.! The amount of SiC whisker addition varied from
0 to 40 wt.% and the YAG addition was also varied. The compositions
evaluated are shown in Tables 1 and 2.

Four-point bend testing

Specimens for four-point bend testing were machined from the
sintered ceramic composite samples. The test specimens were rectangular
bars 2-mm wide by 1.5-mm thick by 19-mm Tong. A1l surfaces of the bars
(except the ends) were ground in a direction parallel to the length of
the bar. The tensile surface was later polished to remove the machining
marks. The four-point bend test fixture was self-aligning and had an
inner span of 4 mm and an outer span of 13.5 mm. The fracture strength
and toughness were measured in a mechanical testing machine using a
crosshead speed of 0.13 mm/min (0.005 in/min).

For the fracture toughness measurements, a controlled flaw
consisting of a Vicker’s diamond point indent using a 20 kg Toad was
made in the tensile surface of the test bar at the midpoint of the inner
spani 2KIC was then calculated using the equation reported by Chantikul
et al.

Results and discussion

Sintering aid addition - Some properties of the sintered composites
which are related to the sinterability of the different compositions are
shown in Table 1. The variation of the theoretical density of the
samples with the whisker content is shown graphically in Fig. 2.

For the samples listed in Table 1 as SCWO through SCW30, the
Si;N,-to-YAG ratio was held constant while the whisker content was
varied from 0 to 30 wt.%. As a result, the wt.% of YAG sintering aid in
the overall composition was decreased as the whisker content was
increased. As shown by the plot of the open circles in Fig. 2, this
resulted in a sharp drop in density for the samples with greater than
10 wt.% SiC whiskers.
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The wt.% of the YAG addition in samples SCW20-2 and SCW30-2 was
held constant at the same level in the overall composition as for the
sample with 0% whiskers. In these samples, the SiC whiskers replaced an
equivalent wt.% of the Si N, matrix. With the increased amount of
sintering aid additive (over SCW20 and SCW30), these samples sintered to
higher densities as shown by the closed circles in Fig. 2.

The amount of sintering aid was increased further in SCW30-3 and
?CW40 resulting in the densities shown by the open squares in the

igure.

Four-point bend testing - Listed in Table 2 are the fracture
strength and fracture toughness values for several composite composi-
tions measured in four-point bending. The fracture strengths are on the
high end of the range of values reported by other workers for hot-
pressed composites.”® The relatively high values may, in part, be due
to the small size of the test bars. The fracture toughness values
(except for sample 5) lie in the middle of the range of values reported
for hot-pressed composites made with commercially available whiskers.*®

Summary

1. Sintering evaluations show that for sintered composites of a Si,N,
matrix reinforced with SiC whiskers, the amount of YAG added as a
liquid phase sintering aid must be increased as the whisker content
is increased if high densities are to be obtained.

2. Preliminary tests of sintered Si,N,/SiCw composites to determine the
fracture strength and fracture toughness measured in four-point
bending show values in the same range as those reported for hot-
pressed composites.
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PROCESSING FLOW DIAGRAM
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Figure 1. Processing flow diagram for the blending and sintering of SiC

whisker reinforced Si3N4 ceramic composites.




93

Table 1. Composition and sintered density of composite samples.

Composition Sintered Density

Si3N4 YAG SCw Bulk Density  Th. Density Open Porosity

(wt.%) (wt.%) (wt.%) (gm/cc) (%) (vol.%)
SCWO0 84.46 15.54 0.00 3.25 97 0
SCW10 76.02 13.98 10.00 3.21 96 0
SCW20 67.56 12.44 20.00 2.88 87 8.6
SCW30 59.12 10.86 30.00 239 72 25.1
SCW20-2 64.46 15.54 20.00 3.22 96 0
SCW30-2 54.46 15.54 30.00 3.08 92 1.8
SCW30-3 52.50 17.50 30.00 3.17 94 0
SCW40 41.00 19.00 40.00 3.02 89 3.5

Si3N4 - H. C. Starck, LC12 Lot S-8584A
YAG -3Y203 5A1203
Al1203 - Malakoff Industries, Inc., RC-HP DBM Lot BM-2194
Y203 - Morton Thiokol, Inc., 87829 Lot 117G
SiC Whiskers - Tateho Chemical Industries, SCW#1-S Lot 245

Table 2. Composition and properties of composite samples.

Composition Sintered Properties
Si3N4 YAG SCw Bulk Density  Th. Density  Fracture Strength ~ Frac. Toughness
(wt.%) (wt.%) (wt.%) (gm/cc) (%) (MPa) (MPa m)
1 95.00 5.00 0.00 3.05 94 920 5.6
2 75.50 14.50 10.00 3.27 98 973 6.4
3 64.00 16.00 20.00 3.19 95 984 5.9
4 52.50 17.50 30.00 3.17 94 894 6.7
5 41.00 19.00 40.00 3.02 89 569 3.8

Si3N4 - H. C. Starck, LC12 Lot S-8584A
YAG -3Y203 5A1203
Al203 - Malakoff Industries, Inc., RC-HP DBM Lot BM-2194
Y203 - Morton Thiokol, Inc., 87829 Lot 117G
SiC Whiskers - Tateho Chemical Industries, SCW#1-S Lot 245
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Figure 2. Sintered density of SiC whisker reinforced Si3N4 ceramic
composites containing varying amounts of whiskers and liquid phase
sintering aid (YAG).
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1.2.3 Oxide Matrix

Dispersion Toughened Ceramic Composites
T. N. Tiegs, M. K. Ferber, W. H. Elliott, Jr., P. A. Menchhofer, J. W.
Geer, P. D. Tennis, and S. M. Leahy (0ak Ridge National Laboratory)

Objective/scope

This work involves development and characterization of SiC whisker
reinforced ceramic composites for improved mechanical performance. To
date, most of the work has dealt with alumina as the matrix because it
was deemed a promising material for initial study. However, an effort
in SiC whisker reinforced-sialon is in progress with emphasis on
pressureless sintering and control of the whisker-matrix interface
properties. In addition, studies of whisker growth processes were
initiated which will attempt to improve the mechanical properties of
SiC whiskers by reducing their flaw sizes.

Technical progress

Hot-pressed sialon-SiC whisker composites

Sialon-SiC whisker composites were fabricated using both pre-
reacted sialon powder and unreacted starting powders (silicon nitride,
aluminum nitride and alumina). For both types of matrices, yttria and
alumina sintering aids were added at a 3:5 ratio to form yttrium
aluminum garnet (3Y,0,-5A1,0, or YAG) during fabrication. Composite
densification by hot-pressing with 20 vol % SiC whiskers as a function
of the YAG content is shown in Fig. 1. For the pre-reacted powders,
with no sintering aid present, densification of the powder-whisker
mixtures did not occur to any extent. However, with as little as 0.5 wt
% YAG present, densities >95% T.D. were readily obtained. On the other
hand, the composites from the unreacted powders showed densification
with or without sintering aid. This indicates that some amount of
liquid phase is necessary to promote particle-whisker rearrangement
during fabrication. The liquid phase can either be from the sintering
aids added or from transient liquid phases which result from the
reaction of the starting matrix powders. The microstructure of the
composites showed no apparent whisker degradation.

The results .on the fracture toughness are summarized in Fig. 2.
They show good fracture toughness >6 MPa/m for the sialon composites
containing 0.5 and 2 wt % YAG and using pre-reacted sialon powders.
Examination of the fracture surfaces from all the samples reveals two
levels of crack-whisker interaction based on the relative amounts of
1iquid phase present during densification. At the high liquid phase
contents, the fracture surface was relatively smooth, indicating minimal
crack-whisker interactions and consequently poor toughening. 1In
contrast, the composites with the low levels of liquid phase showed
rough surfaces and easily observed whiskers, indicating extensive
interactions and interfacial debonding. The flexural strength (Fig. 3)
also showed a dependence on the liquid phase content analogous to the
one observed with the fracture toughness.
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Methods to increase the crack-whisker interaction, and hence the
fracture toughness for the sialon matrix composites, include whisker
coatings and crystallization of the glassy grain boundary phases.
Carbon has been shown to increase the level of debonding and thus the
fracture toughness in alumina matrix composites. The effect of a
whisker carbon coating on the fracture toughness of a sialon matrix
composite containing a large amount of liquid phase is shown in Fig. 4.
While the increase is not dramatic, it still indicates that coatings
may offer a means to improve the interface debonding in the sialon
composites. To determine the effect of crystallizing the glassy grain
boundary phases, composite materials were heat-treated at 1400°C for
8 h. A comparison of the indent fracture toughnesses before and after
heat treatment is shown in Fig. 5. Evidently, crystallization helps to
improve the crack-whisker interaction and the fracture toughness.

Sintered sialon-SiC whisker composites

Like the hot-pressed materials, sialon-SiC whisker composites were
fabricated using both pre-reacted sialon powder and unreacted starting
powders. Densification as a function of the YAG content is shown in
Fig. 6. As before, a correlation of increasing density with increasing
amounts of liquid phase is evident.

The mechanical properties of the sintered composites with densities
>95% T.D. is summarized in Fig. 7. The results show decreasing strength
and toughness with increasing Al:Si ratios.

Hot-pressed silicon nitride-SiC whisker composites

Previous results reported last reporting period showed that the
liquid phases present during fabrication have more effect at controlling
the whisker-matrix interface bonding than the initial whisker surface
chemistry. Like the sialon matrix composites discussed above, carbon
coated whiskers were examined to determine their ability to increase
matrix-whisker debonding and improve toughness. The results are
summarized in Fig. 8. Also included is a composite with surface-
modified whiskers for comparison. As shown, no improvement in toughness
was observed for the composites containing the carbon-coated whiskers.

Other whisker characteristics of interest are effects of diameter
and aspect ratio on the fracture toughness. A plot of the toughness as
a function of average whisker diameter shows increasing K;. with
increasing diameters (Fig. 9). Similar results have been observed in
alumina matrix composites.® To determine the effect of aspect ratio on
toughness, whiskers were milled with Teflon media for various times and
the reduction in lengths determined by scanning electron microscopy.
Those results are shown in Fig. 10 and indicate essentially no change in
fracture toughness for a reduction in aspect ratio from -30:1 for the
as-received whiskers to ~12:1 for milled whiskers.

SiC whisker analysis
Research into the mechanisms responsible for the observed

toughening behavior in the composite materials shows that crack-whisker
interaction resulting in crack bridging is the major toughening
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process. For this mechanism to operate, debonding along the crack-
whisker interface must occur during crack propagation and allow the
whiskers to bridge the crack in its wake. Micromechanical modeling and
available experimental evidence indicates that the composite toughness
Kic (composite), can be described as the sum of the matrix toughness, Ky

(matrix), and a contribution due to whisker toughening, AK;. (whisker
reinforcement). In other words,

Kic (composite) = Ko (matrix) + aAK;. (whisker reinforcement). (1)

The derived relationship for the increase in fracture toughness due to
whisker reinforcement, aK;. [whisker reinforcement], is given below:

Mre (Wor.) = o{Ve - r/[3 - (1 -0%)] - E/E, - v/v:)"%, (2)

where

>

-~
-
Q

(w.r.)

increase in fracture toughness due to whisker
reinforcement

fracture strength of whiskers

volume fraction of whiskers

whisker radius

Poisson’s ratio for whiskers

Young’s modulus for composite (c) and whiskers (w)

fracture energy for matrix (m) and matrix-whisker
interface (i)

<R MK s <Qq
o

As given, composite fracture toughness will increase with
increasing (1) whisker strength, (2) volume fraction of whiskers,

(3) ratio of Young’s modulus of the composite to that of the whisker,
(4) whisker diameter and (5) ratio of the interfacial energies of the
matrix and the matrix-whisker interface. In addition, the strength of
the whiskers is directly related to the increase in composite fracture
toughness, whereas the other parameters have a square-root dependence.
Considering many of the parameters are essentially fixed in a narrow
range, either by matrix selection (E.), whisker selection (E,,v) or
processing considerations (V;), to increase composite toughness by
whisker reinforcement significantly, improvements in whisker strength
are necessary.

Using the above relationship and the observed increase in fracture
toughness for hot-pressed alumina and silicon nitride matrix composites,
the strength of some current commercial SiC whiskers can be calculated.
A summary of the calculations is given in Table 1. It should be noted
that the whisker strength calculated for the Los Alamos National
Laboratory (LANL) whiskers is essentially the same value obtained by
direct mechanical measurements (8.6 GPa vs 8.4 GPa).? Thus, we are
confident that the strengths that we calculate from composite fracture
toughness data are reasonable values. However, some error is assuredly
introduced because of whisker orientation, variations in whisker size
and surface chemistry, and matrix properties, such as grain size. To
minimize these variations, processing of the composites within each of
the two matrix sets was intentionally kept the same. As shown in Table
1, the observed whisker strengths vary from 4.1 to 8.6 GPa. It is
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interesting to note that the vapor-liquid-solid (VLS) growth whiskers
from LANL exhibited the highest strength in comparison to the other
whiskers derived from the carbothermic reduction of silica.

Using the Griffith relationship of flaw size as a function of
strength and fracture toughness, the flaw sizes can be estimated in the
current commercial SiC whiskers. The fracture toughness of the whisker
was taken from a literature value if K, = 3.23 MPa/m.® As shown in
Table 1, the estimated flaw sizes can be quite large in comparison to
the size of the whiskers themselves.

Extensive investigations by transmission electron microscopy (TEM)
of the flaws in SiC whiskers derived from rice-hulls have been described
in previous papers.‘® The defects were described as small, partially
crystalline inclusions (approx1mate1y 0.01 um diam) containing calcium,
manganese and oxygen concentrated in a whisker core region. Slm11ar
observations have been made on whiskers not derived from rice hulls.!

0bv1ous1y, these inclusions are nowhere near the flaw size
estimated by (2) and shown in Table 1. However, examination of TEM
photographs®~® revea]s that, while the inclusions themselves are too
small, the accumulation of the small inclusions in the core region is
precise]y in the appropriate range. In other words, the core regions
probably act as the strength-limiting flaws in those SiC whiskers.

Other more obvious strength-limiting internal flaws observed in
commercial SiC whiskers include voids or holes. Defects of this type
have been documented by other researchers.””® Again the size of these
voids are in the correct range of 0.2-0.3 um estimated by Eq. (2) for
this type of whiskers.

Another strength-limiting defect associated with the whiskers is
surface roughness which is sometimes referred to as "bamboo structure.
Previous work on Si, SiC, A1,0, and B,C whiskers showed that surface
roughness 1eads to stress concentrat1ons and a reduction of observed
strength.'®! The magnitude of the stress concentration factor at the
surface roughness steps is related to the step height, the step angle,
and the root radius of the step. Applying the same methods of the
present SiC whiskers, we can calculate stress concentration factors as
high as approximately 1.6 and 1.9 (Table 2). The other whiskers in the
present study have step heights <0.01 um and would not exhibit an
observed strength decrease. Using these calculated stress
concentration factors, corrected whisker strengths and flaw sizes can
then be estimated (Table 2). The whisker strength for the American
Matrix, Inc., material now is in the range of strength associated with
the other whiskers derived from carbothermic reduction of silica.
Interestingly, the corrected strength of the LANL whiskers are in the
same strength range observed for VLS growth whiskers from the ear]y
1970s*® and observed for the intrinsic strength of LANL whiskers.!
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Status of milestones

A11 milestones are on schedule.
Publications

T. N. Tiegs, "SiC Whisker-Reinforced Sialon Composites: Effect of
Sintering Aid Content,” to be published in Proceedings of 13th Annual

Conference on Composites and Advanced Ceramics, January 15-18, 1989,
Cocoa Beach, FL.
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Fig. 1. Effect of YAG content on hot-pressing
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Table 1. Calculated strength of selected SiC whiskers®
and an estimated flaw size®

Average Alumina matrix® Silicon nitride matrix®
Whisker whisker Observed Calculated Observed Calculated Estimated flaw
source radius AKy, o¢ AK; o¢ size range
(um) (MPa/m) (GPa)  (MPa/m)  (GPa) (um)

ARCO® 0.35 5.7 7.9 N.D. N.D. 0.11-0.20
ARCOf 0.35 4.5 6.3 3.3 6.7 0.15-0.31
AMI® 0.65 4.0 4.1 3.0 4.1 0.39-0.74
Tateho® 0.20 3.4 6.3 2.3 6.2 0.17-0.32
Tokai® 0.25 3.9 6.4 2.8 6.7 0.15-0.30
LANLY 0.40 6.6 8.6 N.D. N.D. 0.09-0.17
Huber* 0.25 3.9 6.4 N.D. N.D. 0.16-0.30

°Based on Eq. (2) in text. From Appendix B of ref. 1, (y,/v,) = 5 for alumina
matrix and (v,/v;) = 3 for the silicon nitride matrix. Surface chemistry similar
for all SiC whiskers Tisted. Young’s modulus for alumina composites, E_ = 395 GPa,
for the silicon nitride composites, E, = 320 GPa, and the SiC whiskers, E, = GPa.

*Using Griffith relationship correlating flaw size to strength and toughness;
¢ = (A-Kc/Ao)?, where c is the flaw size, A is a geometric constant (0.8-1.1), Kic
is the whisker fracture toughness from ref. 3 (3.23 MPa/m), and o, is the whisker
strength.

‘Fracture toughness of alumina matrix, K, = 2.5 MPa/m.

Fracture toughness of silicon nitride matrix, K, = 4.0 MPa/m.

“ARCO Chemical Co. (present name - Advanced Composites Materials Corp.),
Greer, SC; Grade SD-9, received 2/84.

fARCO Chemical Co. {present name - Advanced Composites Materials Corp.),
Greer, SC; Grade SC-9, received 9/85.

EAmerican Matrix Inc., Knoxville, TN; Grade 1, received 6/88.
"Tateho Chemical Industries, Japan; Grade SCW-1S, received 1/86.
Tokai Carbon Co., Japan; Grade Tokawhisker, received 3/86.

JLos Alamos National Laboratory, Los Alamos, NM; Grade 3,4 A+B,
received 10/84.

*Huber Corp., Borger, TX; Grade 7117; received 12/86.
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Table 2. Corrected strengths for SiC whiskers
exhibiting surface roughness

Approximate Calculated Corrected

Whisker roughness stress whisker

source step height concentration strength
(pm) factor?® (GPa)
AMI® 0.2 1.5 6.2
LANL® 0.45 1.9 16.3

*Based on Fig. 6.30 of Ref. 1, where the root radius,
r = 30 A and the step angle, & = 20°.

*American Matrix, Inc., Knoxville, TN; Grade 1,
received 6/88.

|
°Los Alamos National Laboratory, NM, Grade 3,4 A+B,
received 10/84.
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Processing of Sinterable Transformation Toughened Ceramics for
Application in Ceramic Technoloqy for Advanced Heat Engine

Project
E. Lilley and G. A. Rossi (Norton Company)

Objective/scope:

The objective of Phase IIA is to optimize the
properties of two classes of transformation toughened
ceramics, which were already studied in Phase I of this
contract. These ceramics are Y-TZP (Y,05; stabilized
Tetragonal 2Zirconia Polycrystals) and Ce-ZTA
(Ce0,-2r0, toughened Al,0,).

For the Y-TZP materials, one of the main efforts will
be to study the low temperature degradation and understand
how it is affected by microstructure and composition. In
the case of the Ce-ZTA ceramics, the main goal is to
optimize the high temperature mechanical properties by
minimizing the flaw size and controlling the micro-
structures.

Technical progress

1. Y-TZP

1.1 Mechanical Properties Development

One of the goals of this work is to evaluate the
mechanical properties of Y-TZP materials produced from
melted and rapidly cooled powders. Strength and toughness
are being measured in the temperature range from room
temperature to 700°C which is expected to be the range of
practical importance for these zirconia ceramics. Here we
report on the.Kl]':lC measurements done on double torsion

re

specimens using t e specimens at each temperature. The
results are plotted for MG-008 (4.7 w/o yttria), our most
commonly studied material in this program. For

comparison, the results on higher yttria material MGO014
(5.4 w/o) from the Phase I of this study are also
presented. The measurements show respectable toughness at
temperatures up to 500°C (Ky- 25) (see Fig. 1).
Moreover, there is very little difference between the MOR
for the two different yttria concentrations, which is
surprising.
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MOR measurements are being performed at 300, 500, and
700°C on both the Y-TZP’s and the Ce/Y-TZP’s used in the
low temperature degradation studies.

1.2 Low Temperature Deqgradation Studies

Further studies have been made at 250°C in atmospheric
pressure nitrogen which had been bubbled through water at
room temperature in addition to the ones reported earlier
on MG-008. MG-024/sintered containing 5.27 w/o yttria and
MG-026/S containing 5.52 w/o yttria were exposed for times
up to 2400 hours and the results plotted in Fig. 2. There
is a clear trend showing that higher yttria samples trans-
formed from tetragonal to monoclinic more slowly than the

lower yttria samples. This same trend has been observed
in the 1literature for fine grain size Y-TZP’s made from
very fine chemically derived powders. The addition of

ceria in the melt to a material like MG-008 further im-
proves the resistance to low temperature degradation. The
2 w/o CeO, addition material only forms 8% monoclinic
after 100 hours, whereas 4 w/o0 CeO shows zero mono-
clinic after 1000 hours. There appears to be little effect
of HIPing over sintering in this set of experiments on
surface monoclinic formations.

All the samples measured in Fig. 2 except MG008/S/XT-
1300 were polished before any exposure at 250°C. By care-
ful polishing the materials always had zero monoclinic at
time t=o. This 0% monoclinic has been plotted for conveni-
ence in Fig. 2 at 0.1 hours because it is a semi-log plot.
There is, in fact, a difference in behavior between
polished and machined surfaces which is highlighted in
Fig. 3. The rate of formation of the monoclinic phase is
slower for the machined than for the polished samples.
This can be explained as follows: When the tetragonal
grains transform to monoclinic, they undergo a small (~4%)
volume change which puts the transformed surface layer
under compression. In the case of the machined bars
(Samuel et al.) [1] showed that the deformed surface is
already under compression with a thickness of about 30
microns. During low temperature degradation the pre-
existing compressive stress will act to further constrain
the transformation so that it proceeds more slowly than in
the polished case and it reaches a lower limiting mono-
clinic % plateau.

The third line on Fig. 3 is for a machined MOR bar
heated at 1300°C for 1 hour before testing. The recent
work of Whalan et al. [2] has shown that Y-TZP ceramics
can undergo surface recrystallization. At 1300°C a grain
size of about 0.2 micron was produced on the surface.
Since the tetragonal --> monoclinic transformation is
strongly grain size dependent it is expected, and con-
firmed in Fig. 3 that this treatment would slow down the
rate of low temperature degradation.
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Although the formation of surface monoclinic during
exposure at different temperatures and its measurements by
XRD gives us an impression of the degradation, it is the
depth of the transformation zone which is most revealing.
The rate of growth of the thickness of the monoclinic
layer is related to the formation of the monoclinic phase
on the surface as observed by XRD, i.e. the XRD occurs
primarily from the first 5 micron regions due to absorp-
tion. 1Ideally no monoclinic would form on the surface and
there would then be no reaction layer. When there is a
reaction layer it is most easily measured by fracturing a
bar and looking at the cross section in an optical micro-
scope. With proper illumination the monoclinic zone can
often be seen quite clearly as in Fig. 4. This particular
sample of MG-008 was held at 250°C for 2000 hours and has
formed a layer of about 100 micron thickness. On the
other hand, it is not always possible to discern the
reaction zone in some of the fine grain zirconias made
from chemically derived powders, especially if the reac-
tion zone thickness is less than 10 microns. The Raman
microprobe, with resolution less than 5 microns, should
then be used. Such measurements have been made in this
work at the Ceramic Center at the University of Rutgers.

The depth of the transformed monoclinic layers has
been measured for several different materials for differ-
ent exposure times at 250°C and the results plots in Fig.
5. There appears to be somewhat less degradation in the
HIPed bars than in the sintered bars. Most striking is
the reduction in thickness of the transformed layer as the
zirconias have increasing yttria contents i.e. MG-008 4.7,
MG-024 5.2 and MG-026 5.5 w% yttria.

The second test that we have employed involves holding
samples in water in a closed system at 120°C for different
times. Some of these results are presented in Fig. 6. For
the MG-008 there is a large difference between the mono-
clinic depth formed on sintered samples as opposed to
HIPed ones. The slower growth rate in HIPed materials also
shows in the MG-024 finer grain size and in the MG-026
material but only clearly at longer times. The accuracy of
our measurements is, however, limited when the transformed
zone 1is less than 10 microns thick. The best result here
is for MG-026 which has formed a monoclinic layer of only
10 microns after 1000 hours at 120°C in water.

An intriguing question is, what effect do the
transformed microcracked layers have on the strength of
the zirconia? At 250°C we have found that MG-008 sintered
that the strength declined only about 10%, and was still
~150 ksi, after 4000 hours. The high strength HIPed
material decreased in strength somewhat faster but tended
to plateau at about the same strength level as the
sintered material. The situation at 120°C in water is
slightly different. The MOR does not dramatically change
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with time as shown in Fig. 7, except perhaps for MG-008/S
which loses ~25% of its strength in 250 hours but then
levels off.

Samples of commercial Nilcra material are included in
this study for comparison. These magnesia stabilized
zirconias appear to undergo no loss in strength but then
their MOR’s are much lower.

References

[1] R. Samuel, S. Chandrasekar, T. N. Farris, and R. H.
Licht, "Grinding Forces and Energy for Brittle
Materials", to be published in the Journal of the
American Ceramic Society.

[2] P. J. Whalan, F. Reidinger and R. F. Antrim, Journal
of American Ceramic Society, 72, 319-321 (1989).

2. Ce-Z2TA CERAMICS

The previous semiannual report had shown that the
composition 40 w/o (16 w/o Ce0,-2r0,)/60 w/o Al,O
abbreviated as Z16CE60A, exhibitea the best mechanica
properties and therefore was chosen for further optimiza-
tion. Since the microstructure had shown clusters of
CeO0,-Zr0, grains, resulting from imperfect mixing of
the Ce0O,-2r0, and Al,0, powders, it was decided to
make the same composition %y melting the three oxides and
quenching the melt to produce a rapidly solidified crude.
This technique is expected to produce excellent microstruc-
tural homogeneity.

The rapidly solidified (R/S) crude was made at
Norton’s PMI in Manchester, NH with a proprietary technol-
ogy. However, the actual composition came out higher in
CeoO and Al1,03, i.e. 38 w/o (18.5 w/o CeO, -
Zro %/62 w/o Al,05, abbreviated as Z18.5CE62A. This
cru&e was used to produce the powder for the fabrication
of the Ce-ZTA ceramics.

In the following section the results of the character-
ization of the crude, of the powder made by vibratory
milling and of the ceramics will be presented.

For comparison purposes, ceramics of composition
Z16CE60A were also made with the Moffatt’s coacervation
technique [1], using a R/S Z16CE powder and Sumitomo
AKP-30 Al,04. These ceramics were characterized for
microstructure and strength and the fracture surface of
bend bars was also analyzed by fractography by SEM.
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2.1 Crude Characterization

The R/S crude was characterized for BET area, density
by He })ycnometry and X-ray diffraction. A BET area of
0.02 m“/g was measured, which seems to indicate absence
of open microporosity. The density by He pycnometry was
found to be 3.68 g/cm3, which is 79% of the theoretical

density (TD = 4.67 g/cm3) calculated from the densities
of t-CeO0,-Zr0 (6.30 g/cm3) and of alpha-Al,0,
(3.98 g/cm”). The lower density is due mainly to %he

fact that Al,0; is non crystalline, as shown by XRD;
another reason might be the possible presence of closed

porosity.
The XRD pattern of the crude (Fig. 8) shows only the
peaks of t-Zro,. However, if the crude is calcined at

high temperature, the "amorphous" Al,0; is transformed
into crystalline transitional phases and eventually into
alpha- Al,05.

2.2 Powder Characterization

Two batches of powders were prepared by vibratory
milling in water, the first batch by milling the as-
received crude and the second one by milling the crude
calcined at high temperature. The first billets made with
the powder obtained from the uncalcined crude cracked upon
firing, because the powder contained an excessive amount
of moisture. Therefore the powder was calcined and crack-
free billets were fabricated. Most of the billets,
however, were made using the powder obtained from the
calcined crude. The particle size distribution (PSD)
curve of this powder, obtained after vibratory milling in
water for 96 hours, is shown in Fig. 9. The powder appears
to be finer than 2 um, about 65% being submicron.

2.3 Processing/Shape Forming/Firing

The Ce-ZTA billets were made by die pressing followed
by CIPing and also by pressure casting of aqueous
slurries, unfiltered or filtered through a 5 um filter.
Two types of billets were made, either square (5x5 cm) or
rectangular (8.8x3.8 cm) 1in shape, the 1latter for the
double torsion test for Kin. The billets were fired at
1600°C for different times in order to study the micro-
structure/property relationship.
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2.4 Characterization of the Ceramics

The Ce-ZTA ceramics were characterized for density
(Archimedes method), phase content by XRD, microstructure
by SEM, strength and fracture toughness. Fractography was
also performed on selected broken MOR bars to identify the
fracture origin. Table 1 shows the physical properties
and Table 3 the mechanical properties for these materials.

Table 1
PROCESSING FIRING FIRED % m—ZrOz % m—ZrOz
MATERTAT, SHAPE FORM'’G. CONDITIONS DENSITY GROUND ANNEAT
Z18.5CE62A DP/CIP 1600/1 4.65 N/A <5
(uncalcined
crude)
Z18.5CE62A DP/CIP 1600/1 4,71 40 4
(calcined
crude)
" DP/CIP 1600/3 4.68 46 17
" DP-CIP 1600/6 4.62 58 29
" PC/UNFILT. 1600/1 4.66 N/A N/A
" PC/FIIT. 1600/1 4,72 N/A N/A

Note: DP = die pressing at 70 MPa; CIP = cold isostatic pressing at
210 MPa; PC = pressure casting; anneal = samples annealed at
1000°C/1 hr.

The data of Table 1 shows that an increase in firing
time at 1600°C causes some de51nter1ng and that the %
m-2r0,, as expected, increases with aging time, both in
the ground and annealed (1000°C) samples, due to coarsen-
ing of the microstructure and increased transformability
of the t-Ce0,-Zr0, grains.

Figs. 10, 11, and 12 show the microstructure of the
ceramics fabricated by die pressing/CIPing and fired at
1600°C for 1, 3, and 6 hours. It appears that the micro-
structure is very uniform, more than in the case of the
ceramics previously made using mechanically mixed pow-
ders. A small fraction of the Ceoz-ZrO2 grains appear
trapped within the larger Alzo grains. Image analy-
sis was performed on these mlcrostmuxmres to get the
grain size distribution (GSD). Fig. 13 shows the GSD
hystograms for Ce0O,-2r0, and Fig. 14 for Al,0

The average grain size (AGS) changes with firing tlme as
shown in Table 2.
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Table 2

AVERAGE GRAIN SIZE AS FUNCTION OF FIRING TIME AT 1600°C

MATERIAL CeO —Zroz A1203
%um) (um)
1600/1 1.19 1.33
1600/3 1.55 1.56
1600/6 1.69 1.93

It appears that the ratio of the average grain sizes
does not change appreciably with annealing time.

Table 3 shows the strength and toughness values
obtained for the Ce-ZTA ceramics made with the R/S
calcined crude, except material #1 which was made with the
calcined powder from the as-received crude.

Table 3 shows that the toughness is very good, but
the value obtained depends on the technique used. The
high value of 13.6 MPa.m? was obtained by Dr. P. F.

Becher at ORNL on one sample. A DCB Ky~ measurement
will be performed at ORNL on the same material in order to
evaluate the R-curve behavior. It is also interesting to

note that the strength can be improved by using colloidal
consolidation (pressure casting) using a filtered slurry.
It is believed possible to attain strength values of 1 GPa
in pressureless sintered Ce-ZTA ceramics by an optimized
colloidal consolidation method and by appropriate
firing/annealing schedules which will optimize the micro-
structure.

The results of the fractographic analysis of the bend
bars machined out of the billets made by pressure casting
a filtered slurry are not available yet. Fractography of
the ceramics made by DP/CIP has shown the presence of
different types of flaws, i.e. pores, agglomerates and
inclusions. Figs. 15, 16 and 17 display some examples of
these flaws. Fig. 15 shows an elongated pore probably
caused by burn out of an organic contaminant (i.e. 1lint,
paper fiber). Fig. 16 shows a high porosity region which
could have resulted from the melting of a foreign inclu-
sion (i.e. silicate). Fig. 17 shows, instead, a cluster
of larger grains as fracture origin.
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2.5 Ce-7ZTA Ceramic Made With Moffatt’s Technique

The coacervation technique developed by Dr. W.
Moffatt at MIT [1] consists in preparing two stable
aqueous dispersion of two different powders containing
some dissolved PVA, mixing them to form a stable mixed
slurry and then cause coacervation by adding a water
miscible liquid (i.e. acetone) in which PVA is insoluble.
The idea is to prevent phase separation by "freezing in"
the homogeneous dispersion of the powders, which otherwise
would tend to segregate due to their different density.
An additional advantage is the wet processing which
prevents the formation of hard agglomerates. Techniques
similar to Moffatt’s have been recently developed, i.e.
the gelling on cooling of ceramic suspensions containing
agarose [2] and the gel casting of aqueous suspensions
obtained through aqueous polymerization of vinyl monomers,
developed at ORNL [3]. The composition Z16CE60A was
chosen for the Moffatt technique. The two powders used
were R/S, mostly submicron, 16 w/o Ce0,-2r0, and
Sumitomo AKP-30 Al,04. The suspensions were not
sedimented to eliminate the large agglomerates. A 7.5 cm
diameter disc, about 0.6 cm thick, was made by colloid
pressing of the coacervate, dried, sintered at 1500°C/3
hr. and HIPed at 1500°C/.75 hrs. HIPing was done to
remove the residual porosity. Fig. 18 shows the micro-
structure of this material, which appear very uniform,
almost as nice as that of the ceramic made with the R/S
crude shown in Fig. 10. The average RT strength for this
material was 889 MPa (8 bars). However, the standard
deviation was 45%, which was explained by fractographic
analysis. The prevalent fracture origins were found to be
either Al,03 or ZrO,-rich inclusions, probably
originating from unbroken agglomerates present in the

mixed slurry before coacervation. Figs. 19 and 20 show
Al,05-rich and 2Z2rO,-rich inclusions, respectively,
as indicated by SEM}EDS analysis. This result implies

that considerable strength improvement can be expected
when such agglomerates are removed either by filtration or
sedimentation. It is concluded that the Moffatt technique
has a considerable potential when properly used and
optimized.

REFERENCES

[1] W. C. Moffatt and H. K. Bowen, "Composite Ceramic
Production by Precipitation of Polymer Solutions
Containing Ceramic Powder", J. Matls. Sci. Letters,
Vol. 6, pp. 383-385, 1987.
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Table 3

1000°C
MOR

RT
Kic

718.5CE62A
$1600/1
DP/CIP

218.5CE62A
S1600/1
DP/CIP

718.5CE62A
S1600/3
DP/CIP

%218.5CE62A
$1600/6
DP/CIP

718.5CE62A
S1600/1
PC/UNFILT.

718.5CE62A
S1600/1
PC/FILT.

718.5CE62A
S1600/1
H1500/.75
DP/CIP

Note: S

DT =

692 (10)

634 (10)

689 (10)

565 (9)

482 (9)

799 (10)

903 (7)

sintered;

tion method for K
controlled flaw method for Kj-i PC = pressure cast.

315 (9)

= HIPed;

7.0 (5)

1000°C

MCF
MI

MI

MI

DP = die pressed at 70
MPa; CIP = cold isostatically pressed at 210 MPa; FILT.
slurry filtered through 5 um filter; UNFILT. = unfiltered;
microindenta-

double torsion method for Kios; MI
(Palmgvist model);

MCF = multiple
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(2] A. J. Fanelli and R. D. Silvers, "Process for
Injection Molding Ceramic Composition Employing an
Agaroid Gel-Forming Material to Add Green Strength to
a Preform", U. S. Patent 4,734,237 (Mar. 29, 1988).

[3] M. A. Janney and O. O. Omatete, "Development of an
Aqueous Gelcasting System", prepatent information,
ORNL.

Status of milestones

All milestones are on schedule.

Publications

A paper titled "CeO,-Zr0, Toughened Al,04
Ceramics of High Strength and Toughness", authors G. A.
Rossi and P. J. Pelletier, presented at the Third
International Conference on Ceramics for Heat Engines in
Las Vegas, NE, in November, 1988, will appear in the
Conference Proceedings. Another paper titled
"CeO,-2r0, Toughened Al,0 Ceramics made with
Chemically Derived and Rapidly Solidified Powders", author
G. A. Rossi, was presented at the 7th SIMCER in Bologna,
Italy, in December, 1988 and will be published in the
Conference Proceedings.
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Fig. 4: Optical micrograph of corner
of a fractured MOR bar at 100x magnification
showing reaction layer due to low tempera-
ture degradation at 250°C for 2000 hrs.
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Fig. 9. Particle size distribution of powder
obtained by vibratory milling of Z18.5CE62A crude
for 96 hrs.
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Microstructure (SEM) of Z18.5CE62A

Fig.
ceramic fired at 1600°C/1 hr.

10.

Microstructure (SEM) of Z18.5CE62A

Fig.
ceramic fired at 1600°C/3 hrs.

11.
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"2Bkv' Z.Qkx'

Fig. 12. Microstructure (SEM) of Z18.5CE62A
ceramic fired at 1600°C/6 hrs.
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Fig. 14. sSize distribution of Al,0, grains in
Z218.5CE62A ceramic fired at 1600°C for 1, 3, and
6 hrs.




Fig. 15. Fractograph (SEM) showing elongated
pore in Z18.5CE62A ceramic fired at 1600°C/1 hr.

Fig. 16. Fractograph (SEM) showing high
porosity region in Z18.5CE62A ceramic fired at
1600°C/1 hr.
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Fig. 17. Fractograph (SEM) showing dense
grain cluster in Z18.5CE62A ceramic fired at
1600°C/1 hr.
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Fig. 18. Microstructure (SEM) of Z16CE60A
ceramic made with the Moffatt technique, sintered
at 1500°C/3 hrs. and HIPed at 1500°C/.75 hr.




Fig. 19. Fractograph (SEM) of Z16CE60A
ceramic made with Moffatt technique, showing
Al,0,-rich inclusion.
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Fig. 20. Fractograph (SEM) of Z16CE60A
ceramic made with Moffatt technique, showing
ZrO,-rich inclusion.
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Processing and Characterization of Transformation Toughened
Ceramics With Strenqgth Retention to Elevated Temperatures

R.A. Cutler, C. B. Brinkpeter, S. L. Bruner and D. W. Prouse
(Ceramatec, Inc.), A.V. Virkar and D.K. Shetty (Univ. of Utah)

Objective/scope

Previous work(1l] has shown that it is possible to
increase the strength of Al,03-ZrO, ceramics by incorporating
transformation-induced residual stresses in sintered specimens
consisting of three layers. The outer layers contained Al,04
and unstabilized ZrO,, while the central layer contained Al,04
and partially stabilized Zr0O,. When cooled from the sintering

temperature, some of the zirconia in the outer 1layers
transformed to the monoclinic form while =zirconia in the
central layer was retained in the tetragonal polymorph. The

transformation of zirconia in the outer 1layers led to the
establishment of surface compressive stresses and balancing
tensile stresses in the bulk. 1In theory, the residual stress
will not decrease with temperature until the monoclinic to
tetragonal transformation temperature 1is reached since
monoclinic and tetragonal ZrO, polymorphs have nearly the same
coefficients of thermal expansion. .

During the first two years of ORNL funding it was
demonstrated that 1) three layer composites could be made with
retention of compressive surface stresses to temperatures of
750°C{2,3]; 2) residual stresses could be detected by strength
testing[2,3], strain gauge measurements[4], characterization

of monoclinic content by x-ray diffraction[2], or
indentation/strength measurements[5]; 3) the three layer
composites have excellent damage resistance[5]; and 4)

significant (300-400 MPa) residual compressive stress which is
not transformation-induced can be introduced by grinding
monolithic Al1,03-15 vol. % 2r0,(3.0 mol. % Y,03).

The objectives of the present two year subcontract are 1)
to increase the use temperature of three-layer composites by
substituting HfO, for ZrO,, 2) develop aqueous and nonagueous
slip casting techniques for three layer composites in order to
obtain better layer wuniformity and to maximize residual
compressive stress by optimizing the outer layer thickness, 3)
superimpose temperature stresses on transformation-induced
stresses 1in three layer composites, and 4) demonstrate
improved thermal shock resistance and damage resistance in
optimized composites.

Technical progress

Slip Casting

Surface cracks were eliminated during drying of slip cast
monolithic Al,03-15 vol. % 2rO,(3 mol. % ¥Y,03) plates by
increasing the strength of the binder added to the slip.
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Densities of 98.8% of theoretical were achieved on sintered

monolithic inner layer plates. The plates were subsequently
HIPed to greater than 99.8% of theoretical density before
slicing the plates into bars for strength testing. The bars

were surface ground before testing since previous work[6]
showed that substantial residual stresses, which were retained
to high temperatures, were introduced during grinding. The
strength at room temperature was 893 MPa with a standard
deviation of 47 MPa (9 bars tested). The strength at 1000°C
was 557 MPa with a standard deviation of 49 MPa (5 bars
tested). The strength of the slip cast bars exceeds the
strength of the same composition made by dry pressing which
was measured at 950°C as 528 MPa with a standard deviation of
21 MPa (3 bars tested)([6].

The strength at 1000°C is close to the milestone of 600
MPa. The retention of 62.4 % of the room temperature strength
of the slip cast composite is in good agreement with the
results of Tsukuma and Takahata[7] which reported room
temperature strength of 1 GPa decreasing to 700 MPa at 1000°C
for a similar composition (Al,05-20 wt. % ZrO,(2 mol. %

X

Y503)). The relatively high room temperature strength (893
MPa) of the slip cast composite is due in part to surface
grinding. As discussed previously{6], there is no indication

by x-ray diffraction of tetragonal (t) to monoclinic (m)
transformation on sintered, ground or fracture surfaces of
this material. It is postulated that residual compressive
stress introduced by plastic deformation of the surface during
grinding is largely vresponsible for the large strength
increase experienced after grinding(6]. The fact that the
strength decreases with increasing temperature suggests that
either the residual stresses are relaxed during exposure at
1000°C or that reversible transformation (t-->m-->t) occurs
during the loading-unloading process.

Despite the good high temperature strengths achieved for
the monolithic composites, these materials do not protect
against surface damage due to the thin region which is
affected by the grinding stresses. Three-layer composites, on
the other hand, give protection against surface flaws[5].
Slip cast three-layer plates developed minor cracks upon

drying. A two-layer (Al,03-15 vol. % ZrO, outer layer and
Al,03-15 vol. % 2r0O,(Y,03) inner layer) cylinder was
successfully dried and sintered without cracking. The
cylinder was cast in a new mold and the plates in old molds
with increased surface roughness. New molds were made to
improve the surface finish of the slip cast plates.
Additional monolithic inner 1layer plates, as well as

monolithic outer layer and three-layer plates (approximately
65 mm X 65 mm x 7 mm with varying outer layer thicknesses),
were cast with improved surface finish.

Monolithic and three-layer Al,03-15 wvol. % ZrO,
composites were slip cast, sintered and HIPed to greater than
99% of theoretical density. The monolithic outer layer
(Al,03-15 vol. % ZrO,), inner layer (Al;,03-15 vol. 3Zr0,(3
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mol. % Y5,03)) and three-layer plates were ground and sliced
into bars for strength testing. The monolithic inner layer
bars made from the new molds had a mean room temperature
strength 975 MPa with a standard deviation of 86.2 MPa (4
bars), slightly improved compared to the strength data
discussed above. The monolithic outer layer bars were not as
strong, with a mean strength of 732.9 MPa (std. dev. of 78.4
MPa, 6 bars tested). The strength differential between outer
and inner layer bars is similar to that obtained on dry
pressed bars (Dry pressed and ground bars had strengths of 650
MPa, 806 MPa and 879 MPa for outer, inner and three-layer
bars, respectively[6]).

The improvement in strength for slip cast bars, as
compared to dry pressed bars, was most apparent for three-
layer bars where the wuniformity of layers was greatly
improved. Three-layer bars where the outer layers were
approximately 1/11th the total thickness (thickness of outer
layers approximately 450 pum) had a mean strength of 984 MPa
(std. deviation of 144.8 MPa, 8 bars tested). The bars which
fractured from the tensile surface, as opposed to the chamfer,
had a mean strength of 1066.7 (std. dev. of 102.5 MPa, 5
bars) . The highest strength in this group was 1213 MPa.
Three-layer bars with outer layers 1/17th the total thickness
(thickness of outer layers approximately 300 um) had a mean
strength of 1,022.7 (std. dev. of 34.1 MPa, 5 bars tested).
This group of bars failed from either inclusions (presumably
iron contamination) or chamfers. Two three-layer bars where
the outer layer thickness was approximately 125 um (thickness
of outer layer was 1/37th the total thickness), were fractured
with strengths of 1053 MPa and 1213 MPa. Both of these bars
failed from the chamfer where the inner layer is exposed.
While the strength are not a strong function of outer layer
thickness, due primarily to the tendency of the bars to fail
from the chamfer region (this may be eliminated by putting the
bars under triaxial compression), the data show that strength
above 1200 MPa is possible with three-layer Al1,05-15 vol. %
ZrO,. The strength differential between three-layer and outer
layer material is between 289 MPa and 400 MPa. The strength
differential achieved with three-layer dry pressed bars was up
to 375 MPa.

Three-layer bars with outer layer thicknesses of 300 um
and 125 um were tested at 1000°C. Three bars with an outer
layer thickness of 300 um had a mean strength of 561 MPa and a
standard deviation of 92 MPa (the highest strength bar failed
at 667 MPa and the lowest strength bar failed at 499 MPa).
One of the bars failed from the chamfer while the other two
failed from the tensile surface. Three bars with an outer
layer thickness of 125 um had a mean strength of 584 MPa and a
standard deviation of 10 MPa. The mean of all six bars was
577 MPa with a standard deviation of 48 MPa. This clearly
demonstrates that the milestone of 600 MPa at 1000°C is
feasible. It also suggests that some residual stress has been
retained at 1000°C. Testing of the outer layer monolithic
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specimens is underway to confirm the retention of some of the
room temperature residual stress. The strength differential
between three-layer composites and monolithic outer layer bars
will give an indication of the strength retention achieved,
since failure generally occurred from the tensile surface at
1000°C. High temperature x-ray diffraction will be used to
monitor the m-->t transformation which occurs during heating,
which is responsible for the decreasing residual stress. The
attainment of strength of approximately 575 MPa at 1000°C is
significant since the best previous strength of three-layer
composites at 1000°C was 325 MPa. The improved uniformity of
the outside layer, surface grinding, and improved dispersion
of 72r0O, are believed to be the principal reasons for the
significantly improved high temperature strength.

Slip cast three-layer composites continued to show a
greater tendency to crack than monolithic plates. The
variation of solids content between 65 and 75 wt. % did not
affect the tendency to crack or the final density. Controlled
humidity drying, using H,SO4-H,0 mixtures, showed improvement
in limiting cracking during drying. The plates were dried in
steps of decreasing humidity (i.e., 100%, 80%, 60%, 40%, 20%,
3% over a 10 day time period). The ability to control
humidity and temperature simultaneous and ramp at controlled
humidity rates would be ideal for the three-layer composites.

Slip casting using pH to control the dispersion was
investigated for the monolithic outer layer composition, which
has lower density after sintering and HIPing than the inner
layer composition. Slips at pH of 2.5 and 11.5 showed no
improvement in density (after sintering) over the same
composition cast using the combination of Darvan C (ammonium
polyelectrolyte dispersant) and citric acid. Low pH slips
degrade plaster molds. Alcohols are also incompatible with
plaster molds and poorly dispersed the outer layer
composition.

Temperature Stress

Strengthening of three-layer composites based solely on
temperature stresses (compressive surface stresses introduced
due to differences in thermal expansion mismatch) was made by
fabricating bars with outer layers of Al,03-15 vol. % ZrO,(3
mol. % Y,05) and an inner layer of Zr0O5(3 mol. % Y,03)-40 vol.
% Al,05. The powders were dry pressed, sintered and HIPed
using similar processing techniques as described
previously[2,3]. The expected difference in thermal expansion
between the inner and outer layers was 0.9x10'6/°c resulting
in a predicted strength increase of 300 MPa for composites
where the outer layers were 1/12 the total thickness. The
linear thermal expansion mismatch between 25 and 1000°C was
measured to be 9.3x10°7/°C, in excellent agreement with the
desired expansion differéntial. Monolithic and three-layer
bars were made with strengths as shown in Table 1. The
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Table 1
Room Temperature Characterization of Al,03-Z2r0, Composites
Made with Temperature-Induced Stress

Composition Ground Density Strength (MPa)
(ga/cc) No.2 xR s€

outerd Hand® 4.32 5 500 42
outer Machinef 4.32 5 737 66
Inner9 Hand 5.22 5 704 100
Inner Machine 5.22 4 1076 190
1/12-5/6-1/12h Hand 5.06 5 777 25
1/12-5/6-1/12 Machine 5.06 5 949 62
1/6-2/3-1/61 Hand 4.90 5 703 54
1/6-2/3-1/6 Machine 4.90 5 781 75

a. Number of specimens tested.

b. Mean value.

c. Standard deviation.

d. Monolithic outer layer bars of composition Al,03-15 vol. %
Zer2(3 mol. % Y203) .

e. Hand ground (chamfered) before HIPing with no other
grinding.

f. Machine ground (220 grit wheel at a down feed of 2.5
pm/pass before spark out) after HIPing.

g. Monolithic inner layer bars of composition ZrO5 (3 mol. %
Y203)"40 vol. % A1203.

h. Three-layer bars where the outer layers are ~®1/12 the
total thickness.

i. Three-layer bars where the outer layers are =1/6 the total
thickness.

strengths of hand ground bars were considerably lower than the
strengths of machine ground bars, most 1likely due to
plasticity for bars where the outer layer was Al,03-15 vol. %
2r0(3 mol. ‘% Y,03) and due to plasticity and transformation
toughening for Zr0,(3 mol. % Y,03)-40 vol. % Al,053 bars. The
strength improvement of 212 GPa, due to temperature stresses,
for the three-layer bars is in fair agreement with prediction.
Elevated temperature testing of the three-layer temperature
stress bars having a room temperature strength of 949+62 MPa
was performed at 750°C and 1000°C. The strength at 750°C was
508 MPa with a standard deviation of 70 MPa (3 bars) and
strength at 1000°C was 329 MPa (2 bars with individual values
of 366 and 297 MPa). All of the bars failed from the tensile
surface. This data is difficult to understand based on the
strength of the monolithic outer layer of these bars (Al,03-15
vol. % Zr0,(3 mol. % Y503)) and thermal expansion behavior, as
discussed above. Failure from within the tensile region does
not explain the data due to the low tensile stresses predicted
at 750 and 1000°C. Further work is underway to understand
these data.

O
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Al,03-HfO, Compositions

A1203“15 vol. % HfOZ, A1203-15 vol. % Hf02(4 mol. % Y203)
and HfO,(4 mol. % Y503) compositions were dry pressed,
sintered and HIPed using hafnia powders received from Teledyne
Wah Chang Albany. X-ray diffraction showed that the sintering
temperature of 1600°C was not high enough to fully convert the
monolithic HfO,(¥Y,03) to tetragonal. Approximately 60 % of
the HfO,(4 mol. % Y,03) was monoclinic after holding for 2
hours at 1600°C. The HfO,(Y503) with no alumina added had a
strength of 329 MPa (std. dev. of 28 MPa). Monolithic outer
(A1,03-15 vol. % HfO,), monolithic inner (Al1,03-15 vol. 3
HfO5 (4 mol. % Y¥Y,03)) and three-layer composites had strengths
of 457.7 MPa (std. dev. of 30.2 MPa), 436.7 MPa (std. dev. of
22.2 MPa) and 492.3 MPa (std. dev. of 31 MPa). The thermal
expansion of the monolithic inner and monolithic outer
materials were both approximately 8.4x10°6/°C over the
temperature range 25-1000°C. The slightly higher strength of
three-layer composites is not to likely due to transformation-
induced stresses since sintering occurred in the monoclinic
stability range for the unstabilized HfO,. Higher yttria
content will be used to stabilize the tetragonal polytype in
the inner layer composition. Rapid heating of dense bars to
the tetragonal stability range will be used to determine if
three-layer HfO, bars can be fabricated with high strength due
to transformation-induced stress. Alternatively, HfO5°Z2r0,
solid solutions will be made to lower the monoclinic -->
tetragonal transformation temperature.

Status of milestones

Milestone 1 1is partly completed. Room temperature
strength above 1200 MPa have been achieved on aqueous cast
three-layer bars, but not on large sample sizes. Development

of parameters for non-aqueous casting has not been achieved.

Publications

J. J. Hansen, R. A. Cutler, D. K. Shetty and A. V.
Virkar, "Indentation Fracture Response and Damage Resistance
of Al,03-2r0, Composites Strengthened by Transformation-
Induced Residual Stresses," J. Am. Ceram. Soc., 71[12] C-501-
C-505 (1988).
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1.2.4 Silicate Matrix

Low Expansion Ceramics for Diesel Engine Applications
J. J. Brown, R. E. Swanson (VPI and SU), and F. A. Hummel (Consultant)

Objective/scope

The major objective of this research is to investigate selected oxide
systems for the development of a low expansicn, high thermal shock resistant
ceramic. Specifically, it is the goal of this study to develop an isotropic, ultra-
low expansion ceramic which can be used above 1200°C and which is relatively
inexpensive.

Technical progress

This research program includes the synthesis, property characterization,
and fabrication of candidate low thermal expansion ceramics from four systems
based upon aluminum phosphate, silica, mullite, and zircon. In the first two
systems, the goal is to stabilize low thermal expansion, high temperature, high
crystal symmetry phases via solid solution formation. In mullite, deviation from
stoichiometry and solid solution formation are utilized to reduce the thermal
expansion. In zircon, the crystal anisotropy and thermal expansion are reduced
via solid solution formation. Based upon earlier data of the investigators,
compositional ranges are evaluated by fabricating experimental specimens and
determining phase content plus microstructure, thermal expansion, solidus
temperature, and density. Those compositions which exhibit acceptable
sintering, phase composition, and expansion characteristics are studied in more
detail, including flexure strength, creep, thermal conductivity, and crystal
structure. Finally, those ceramic compositions exhibiting the best combination
of properties are evaluated as to their fabrication behavior in the form of
specimens having masses up to about 0.5 kg.

AIPO,8-LIAISIO, System

Selected bulk sample properties for the compositions

Li, 46AIP, 5,Si, 460, (Sample A6), Liy (AP Sij 46505 o3 (Sample A15),
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and Mg, ,.sLi, ,,AIP, ,Si; ,,0, (Sample C6) have been determined and
are summarized in Table 1. The retained modulus of rupture (MOR) values
were previously measured and reported in our last semiannual progress report.

The density of each of the three compositions was lower than 84%
theoretical. Specimens of all three compositions were sintered at 1190°C for
property measurements. Because 1190°C is approaching the melting
temperatures of the samples (about 1205°C for sample A15, 1210°C for
sample C6, and 1246°C for sample A6), a sample preparation method such as
heat pressing, should be utilized to increase density.

Work has continued to investigate the possibilities of ion substitution for
Li*. Sample composition, processing, and phases present are summarized in
Table 2. For the starting composition Li; , AP, 0,, 12.5 mol% of Li*

;2 lo.48"4 -

was replaced by Cu?*, Fe?*, and 72 1o form composutlons
Cu, 43l 4,AIP Siy 460, (Y 115), Fe, o3Liy. 40AIPg 5,81 450, (Y-116),

0.52.
and Zn Li AP, 528|0 180, (Y-117), respectlvely The selection of these

ions waosogasoeézon the consideration of the ionic radius ratio, valency, and
coordination number because they were intentionally introduced to substitute
for Lit as the stuffing ion in the structure. However, all three compositions
were multiphase after heat treatments.

Sample Y-110 has an initial composition of
Li, ,sAP, 5,Si, 4505 5,N, 55, Where N°~ was purposely introduced to
substitute for O~ using Si;N, as a raw material. The sample was fired at
800°C for 12 hours in air, then at 1180°C for 72 hours in a nitrogen
atmosphere. The reacted sample had a phase composition of g-LIAISIO,, solid
solution. The bar sintered from the sample powders had an average coefficient
of thermal expansion (CTE) of -9.9 x 10~7/°C between 30 and 1000°C. This
CTE value was more negative than that of -6.6 x 10~7/°C previously reported
for the composition Li, , AP, ..Si, ,40, without N3- substitution for 0%~.
More work will be done to investigate the effect of anion exchange on phase

composition and thermal expansion of the solid solution.
Mullite System

Studies have been completed into modifying the thermal expansion
behavior of the mullite crystal structure. Previous attempts to significantly
reduce mullite’s thermal expansion coefficient by forming various mullite solid
solutions were unsuccessful. Consequently, the idea of systematically disrupting
lattice vibrations by introducing additional vacancies was explored as a means
of altering the expansion behavior of mullite.
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Table 1. Density and Porosity Data for Selected Solid Solution Compositions.

Specimen Bulk  Theoretical Open
Sample Sintering Densitg Density Porosity
No. Composition Temp.(°C) (g/cm”) (%) (%)
A6 Liy 46AIP, 54515 4604 1190 2.001 80.7 18.66
A15 Lig sAIPy Sig 46503 93 1190 2.058 83.2 16.0
Cé6 M3, o3sLio. 41APy 5581, 460, 1190 1.971 78.0 21.2

Table 2. Summary of Sample Composition Processing and Phases Present for
Composites with Li* lon Substitution.

Sample Sample Processing CTE
No. Composition Temp.(°C)/Time(h) Phase «(x1077/°C)
Y-115 Cuy ,5Liy AP, o.Siy ,,0,  1180/48,1200/60,1200/40 multiphase N.A.*

Y-116 Fe .Li; ,,AP, ., Si; ,,0, 1180/48,1200/60,1200/40 multiphase N.A.

Y-117 Zn L AlP S o)

f0.42M 0 52

S 0, 5,N, 5, 880/12,1180/72 (in N,) solid solution -9.9

1180/48,1200/60,1200/40 muiltiphase  N.A.

0.03 10.48%Y4

Y-110 Lij , AP

0.52%%.48

*N.A. = Not Available
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Experimental - A sol-gel procedure utilizing tetraethy! orthosilicate (TEOS)
and aluminum tri-sec butoxide was used for mullite synthesis in this study. The
sol-gel procedure is outlined in the flow chart in Figure 1.

Dilute TEOS with ethanol and five
drops nitric acid in a sealable jar.

After 12 minutes of partial hydrolysis, immediately
add aluminum tri-sec butoxide. Cover jar and shake.
until liquid mixture becomes milky white.

Heat covered jar at 55°C for 24 hours. Allow the
resulting transparent liquid to cool to room temperature.

Uncover jar and slowly stir until gelation occurs. Allow
gel to harden in air at room temperature.

Grind hardened mixture and then heat treat at 650°C for
1.2 hours to hydro-aluminosilicate powder.

Regrind white powder and fire a minimum of 24 hours
at 1400°C in desired atmosphere. This process results
in the formation of highly crystalline mullite.

Cold-press specimen bar and sinter under conditions
identical to those for crystallization conditions.

Figure 1. Sol-gel process for mullite synthesis.
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The resulting mullite precursors were fired in oxygen-deficient atmospheres
generated by CO and CO, mixtures at high temperatures. Crystallization
conditions for this process in air require a firing temperature of 1400°C and a
reaction time of about 24 hours. These crystallization conditions were used to
synthesize a series of mullite samples in atmospheres with oxygen partial
pressures of 1071% and 107°. These atmospheres were also used to
synthesize another series of samples fired at 1500°C for 36 hours. The
selection of oxygen partial pressures was based primarily on the capability to
maintain consistent CO/CO, mixtures at reaction temperatures of 1400 and
1500°C. Mullite processing environments are listed in Table 3.

Table 3. CTE? values of mullite samples processed in reducing atmospheres.

Sample Processing® Po, Mean Standard Min. Max:

Temp(° C)/Time(h) (atm CTE® Deviation CTE CTE
K1-04 1400/24 21 54.8 1.58 520 56.4
K1-0bd 1400/24 21 55.8 1.54 523 56.9
K1-1¢ 1400/24 10710 564 1.12 532 56.9
K1-24 1400/24 107° 575 0.36 56.7 57.8
K1-2bd 1400/24 107° 549 2.38 498 56.7
K1-4 1400/24 1071°% 574 0.48 56.6 58.5
KB-0 1500/36 21 56.4 1.32 56.3 57.8
KB-1 1500/36 101 556 223 520 585
KB-2 1500/36 107° 559 1.83 523 57.7
KB-2b 1500/36 10"° 553 261 498 585

3CTE and Standard Deviation units are x 10~/ um/°C.

bSintering conditions are identical to sample processing conditions except for
sample K1-4 which was sintered for 72 hours.

“Based on 10 observations.

dSamples previously reported.
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The sample chamber was flushed with the appropriate CO/CO, gas
mixture for approximately 35 minutes before firing and later allowed to cool to
room temperature under the same reaction atmosphere. Successfully
completed samples were then cold-pressed into bars and sintered under
conditions identical to their respective crystallization conditions. These sintered
bars were later used to test thermal expansion characteristics. In addition,
samples from each sol-gel batch were synthesized in normal atmospheric
conditions (1400°C/24h) for comparison to their possible oxygen-deficient
counterparts.

Extensive sample characterization was conducted during sample
development so that possible differences in precursor/sample formation could
be identified. Differential thermal analysis (DTA) was conducted on samples
taken from each independent sol-gel batch in the series of mullite samples fired
at 1400°C for 24h. All DTA runs were conducted from 30°C to 1400°C at a
heating rate of 10°C per minute. Following crystallization in oxygen-deficient
atmospheres, DTA was conducted twice on each sample so that possible re-
oxidation reactions after heating to 1400°C in air could be identified. In
addition, sample differences in x-ray diffraction patterns collected from 15 to 70
degrees 20 were also investigated.

Finally, repeated dilatometer measurements from 50°C to 1000°C with a
heating rate of 10°C per minute were conducted on each samples. Expansion
testing was conducted 10 times on each sample so that basic statistics could
be used to test for any significant difference in thermal expansion values. A

corresponding value for the linear CTE was computed for each run from which
a sample mean CTE was computed.

Results and Discussion - Phase identification was obtained by means of
X-ray diffraction (XRD) peak analysis. X-ray patterns for all samples fired at
1400° C/24h (Series K1) showed the formation of pure, highly crystalline mullite
in all atmospheric conditions tested. X-ray patterns of all samples fired in
reducing atmospheres showed a positive shift in all 20 values when compared
to their respective air-fired standards. Average 20 value differences between the
standard air samples and reduce fired samples ranged from -0.6 to -0.14
degrees 20. However, because the shifts in all reflections for a given sample
are basically the same in magnitude and direction, this shift may be attributed
to sample processing procedure rather than to the creation of additional
vacancies in the structure. It is interesting to note that samples x-rayed after
sintering show a decrease in 2 values toward those found in their respective
standard.
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In response to these shifts, phase equilibrium following these processing
conditions was re-examined. Sample K1-4 was sintered for 72 hours in its
crystallization atmosphere of 1071° atm. X-ray peak analysis indicated that 26
values for K1-4, like other K1 samples fired in reducing atmospheres, shifted
back toward its air fired standard (Sample K1-0). This similar behavior to
samples fired for shorter periods reconfirmed probable equilibrium under the
minimum firing conditions (1400°C/24h). The series of samples fired at
1500° C/36h (Series KB) also showed similar 20 value shifts. These shifts are
still not understood and would require future study. In addition, all samples
showed no significant increase in X-ray peak diffuseness which also indicated
no significant increase in defects, such as vacancies, in the mullite structure.

DTA examination of the K1 series precursor material following individual
heat treatments (650°C/1.2h, air) revealed differences only in the extent of
alcohol removal. These differences can possibly be attributed to small
differences in the amount of material that underwent heat treatment. Following
their crystallization in oxygen-deficient atmospheres, DTA runs were conducted
twice on each K1 sample so that possible re-oxidation reactions after heating
to 1400°C in air could be identified. Though there were fluctuations in the
minima of the DTA curves ranging from 790°C to 976°C, no correlations could
be found between DTA curve minima and crystallization atmosphere. DTA runs
for corresponding K1 standard samples fired in air showed a similar fluctuation
in DTA curve minima along with no correlation to the sample counterpart fired
in a reduced atmosphere. DTA was not undertaken for the KB series of
samples fired at 1500° C/36h in the reducing atmospheres.

Table 3 includes thermal expansion data for the mullite specimens
synthesized in reducing atmospheres. A statistical analysis of the data indicated

that the reducing atmospheres had no effect on the thermal expansion behavior
of the mullite structure.

Summary - A simple, reproducible sol-ge! method for producing highly
crystalline mullite has been established.

Highly crystalline mullite samples have been synthesized in normal and
reducing atmospheres of 10~1° and 10™° atmospheres.

Attempts to introduce additional vacancies into the mullite structure have
been unsuccessful.
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Silica System

The chemically stabilized B-cristobalite was modified by various ionic
substitutions in an attempt to reduce its thermal expansion. Efforts of the
present studies were concentrated on the substitution of the divalent cation
which occupies the interstitial site in the -cristobalite structure. The substitution
was based on the chemical formula MO-AI203-xSi02, where M represents the
divalent cation. Sol-gel processing was used for all the sample preparations
since processing techniques to stabilize B-cristobalite by solid state reaction
were unsuccessful, possibly due to the size effect of the starting oxides.

Experimental - The starting materials used for sol-gel processing include
tetraethyl orthosilicate [Si(OC,H,),], aluminum tri-sec butoxide [AI(OC,H,),],
aluminum nitrate [AI(NO,), *9H,0)], barium acetate [Ba(OH,CO,),), strontium
chloride [SrCl,+6H,0], zinc nitrate [Zn(NO,),*6H,0)], iron chloride
[FeCl, «4H,Q], copper chioride [CuCl, +2H,0)], nickel nitrate [Ni(NO,), *6H,0],
lead nitrate [Pb(NO,),], and tin chloride [SnCl,*2H,0]. Sample compositions
corresponding to the chemical formula MO<«Al,0,+xSiO, were prepared. Both
[AI(OC,H,),] and [AI(NO,),*9H, QO] were used as Al precursors, and M = Ba,
Sr, Zn, Fe, Cu, Ni, Pb, and Sn.

The starting materials were weighed and mixed in ethanol followed by the
addition of deionized water to the solution. The molar ratio of water to the
framework cations (Al + Si) was kept at 2, 4, and 10 for each composition.
Hydrolysis and condensation reactions were carried out in both acid and base-
catalyzed conditions. A gel resulted after the solution was allowed stand at
ambient temperature for 24 hours. The gel sample was dried at 60~ 70°C, and
then gradually heated to 1000°C for 24 hours.

All samples were characterized by XRD and differential scanning
calorimetry (DSC). DTA was used to monitor the gel to crystal conversion.
Samples showing a pure B-cristobalite phase were pressed into bars and

sintered for thermal expansion measurements using a dual push rod
dilatometer.

Results and Discussion - Phase analyses of the compositions studied are
summarized in Table 4. Although the sample preparation, heat treatment, and
the precursors of the framework cations were identical to those used previously
in this study, p-cristobalite was not obtained for most of the compositions. -
cristobalite with a trace amount of a-cristobalite was found to be present only
in the samples doped with Sr and Cu. The final phases obtained did not
appear to be influenced by the form of the Al precursor used.
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Table 4. Summary of the Synthesis Results for MO+Al,0,xSiO,

Compounds

Composition Phase Present
Ba0-Al,0,30Si0, a-crist,* amorphous
BaO+Al,0,+40Si0, a-crist, amorphous
SrO+Al,0,+30Si0, B-crist, a-crist (trace)
SrO+Al,0,+40Si0, B-crist, a-crist (trace)
ZnO-Al203°308i02 ZnAlZO o amorphous
Zn0+Al,0,+40Si0, amorphous, ZnAl, O, (trace)
NiO+Al,0,+30Si0, amorphous, a-crist (trace)
NiO-AI203-40$iO2 amorphous, a-crist (trace)
Sn0O+Al,0,+30Si0, Sn0,, amorphous
Sn0O+Al,0,+40Si0, Sn0O,, amorphous
PbO¢AI203°SOSiO2 a-crist, amorphous
PbO°A|203-4OSiO2 «-crist, amorphous
CuO-+AI1,0,30Si0, B-crist, a-crist (trace)
Cu0+Al,0,+40Si0, B-crist, a-crist (trace)
FeO+Al,0,+30Si0, amorphous, a-crist (trace)
FeO+Al,0,+40Si0, amorphous, a-crist (trace)

*Crist = cristobalite
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It was suspected that phase separation may have occurred in the gel,
resulting in the formation of solute-rich and solvent-rich regions. The presence
of an amorphous phase and the crystallization of Sn02 and ZnAI20 , may be
attributed to this effect. Therefore, processing of each composition was
repeated by varying the solution pH from 4 to 8 and the H20/(AI + Si) ratio
from 2 to 10. However, the results obtained were unchanged from those shown
in Table 4 except for the Cu-doped samples. When the H,O/(Al + Si) ratio was
increased to 10 and the pH value was adjusted to 8 prior to the hydrolysis
reactions, both the CuO<+Al,0,+30Si0, and CuO+Al,0,+40Si0O, compositions
showed a pure B-cristobalite phase and a-cristobalite was not detected.

Based on the preliminary results, the CuO<Al,0,*xSiO, series of
compositions was further studied by extending x from 20 to 60 and following
the preparation procedure described above. After drying at 70°C for 2 days,
the gel behavior upon heating was characterized by DTA as shown in Figure
2. The weak endothermic peak is attributed to desorption of physically
adsorbed water. The exothermic peak corresponds to the combustion of
carbon.

Cu0-Al,05 60Si0,
Cu0-Al,03-505i0,
CUO' A|203’40 Sl02 amame'
Cu0 'A|203‘ 3OSI02 I
Cu0-Ai05 zosmz—l

\

L 1 I I} 1 | 1 { 1 1 1
40 130 220 310 400 490 580 670 760 850 940

TEMPERATURE (°C)

Figure 2. DTA curves of dried gel heated at 10°C/min
from the CuO-A1203-xS1‘02 composition.
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XRD results of the reacted samples are shown in both Figure 3 and Table
5. Pure B-cristobalite phase with good crystallinity was observed for the
CuO+Al,0,xSiO, series of compositions except for CuO+Al,0,+20Si0,. A
trace amount of a second phase was precipitated from the CuO+Al,0,+20SiO,
composition as a result of the high (CuO + Al,O,) concentration.

CUO'Alzog'GOSi(Jg
CUO'A|203'5OSi02
Cu0-Alz03-405i0p ——
CuQ-Ai203-30Si02 ~—
Cu0-Al05 ZOSiOZ]

A

26 (degrees)

Figure 3. XRD patferns of CuO-A1?_03-xi~3102 compositions fired
at 1000°C.

Table 5. Phase Analyses and CTE of the CuO-Al,0,+xSi0, Compositions

CTE
30-1000°C
Composition Phase Present a(x1077/°C)

CaO+Al,0,+20Si0, B-crist, unknown (trace) 81

CuO+Al,0,-30Si0, B-crist 75
CuO+Al O, 40Si0,, B-crist 79
CuO+Ai,0,+50Si0, B-crist 77

CuO+Al,0,+60SiO, B-crist 78
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The presence of a-cristobalite was determined by means of DSC since
trace amounts of a-cristobalite are detectable only by DSC. Figure 4 shows the
DSC results for the series of Cu-stabilized cristobalite samples. Since the
presence of a-cristobalite was not detected, thermal expansion measurements
were made, and the results are included in Table 5.

Although the phase purity of Cu-stabilized B-crystobalite has been
significantly improved when compared to the Ca-stabilized B-cristobalite, the
CTE value of the Cu-stabilized p-cristobalite remains high regardless of the Cu
concentration. This may suggest that the thermal expansion of B-cristobalite is
not controlled by the interstitial cation, or that the size of the interstitial cation
is not large enough to maintain the extended structure. Therefore, work on the
effects of substitution of framework cations and the introduction of larger
interstitial cations into B-cristobalite should be considered in future research.

CuO 'A1203' GOSIOZ
Cu0-Al203-50Si02
Cu0-Al,03-405i0,
Cu0-Al,03-30Si02

—

—
/—____/-_-

1 ] I 1 ] I ] | |
70 100 130 160 190 220 250 280 310

TEMPERATURE (°C)

Figure 4. DS{ curves of the Cu-stabilized B-cristobalite at
20°C/min scanning rate.
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Zircon (NZP) Systems

As previously reported, two compositions have been identified that have
nearly zero linear thermal expansion up to 1200°C and also possess low
expansion anisotropy: Rb, Cs, .Zr,(PO,), and Ca, Mg, .Zr,(PO,)..
During this reporting period, work has focused on further characterization of
these two compositions. The heat treatments of the compositions have not
been optimized.

Bulk Density and Porosity - The percent theoretical density (TD) for both
compounds exceeded 94% as shown in Table 6, and is in close agreement
with values reported (92-99%) in the literature.l’2 Open porosities were
measured as 45% and 3.4% for CaO.SMgo.SZr,;(PO 4)6 and
Rb, ;Cs, Zr,(PO 1)y respectively. Sample shrinkage was larger in
Rb, .Cs, Zr,(PO,), (12.5%) than in Ca, Mg, (Zr,(PO,), (10.6%).
Meanwhile, more water was absorbed in Ca, Mg, Zr,(PO,), (1.41%) than
in Rbo.‘,,CsO.SZrZ(PO‘l)3 (1.03%).

Table 6. Shrinkage, density, and porosity of bulk samples
of Ca, ;Mg, Zr,(PO,), and Rb, .Cs, .Zr,(PO,),.

Bulk Open Water
Shrinkage Densitx Porosity Absorption
Compound (%) (glem®) %TD (%) (%)
Cao.5M90.52'4(PO4)6 10.6 3.101 94 1 45 1.41
Rb, .Cs, Zr,(PO,), 12.5 3202 959 34 1.03

Thermal Shock Resistance - Thermal shock resistance of the sintered bars
was measured using the water quench method which involves the maximum
quench temperature difference (ATm) without observable cracking and the
number of repeated quenchings from 1200°C. As shown in Table 7, the
maximum quench temperature difference was 1475°C for the compound
Ca, Mg, ;Zr,(PO,),; however, the compound Rb, Cs, .Zr,(PO,), resisted
fracture up to 1625°C. The sample Ca, Mg, Zr,(PO,), cracked after 6
repeated quenches, while the specimen Rb, .Cs, Zr,(PO,), withstood 20

thermal cycles.
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Modulus of Rupture, Fractography, and Microstructure - MOR data were
obtained from 3-point and 4-point bending tests, and their average values are
summarized in Table 8. Average MOR values of RbO_SCso.SZrZ(PO 4) 3 (49.14
and 52.71 MPa from 4-point and 3-point, respectively) were over twice those of
Ca, Mg, Zr,(PO )¢ (21.48 and 23.13 MPa from 4-point and 3-point bending

tests, respectively).

Table 7. Thermal shock resistance of CaO.5Mgo-5Zr4(PO4)6 and
RbO.BCSO.Ser(PO4)3'

Allowable Repeated guenches

Compound ATC( C) with AT = 1200°C
Ca0‘5M90.52r4(PO4)6 1475 5 times
RbO.SCSO.Ser(PO4)3 >1625%* >20 times**

*
No cracking observed up to maximum temperature difference
of 1625 C used in the experiments.

* %
No cracking observed after 20 repeated quenches.

Table 8. MOR data for Ca0.5M90.52r4(P04)6 and RbO.SCSO.SZPZ(P04)3‘
Cag, sM8g 5274 (P0y) 6 Rb, 5Cs9.5273(P0,) 5
Sample 3-point 4-point Sample 3-point 4-point
(MPa) (MPa) (MPa) (MPa)
1 26.44 18.70 1 50.52 46.67
2 20.12 23.46 2 52.25 46.59
3 20.46 20.67 3 54.57 53.71
4 24,03 21.26 4 50.06 47.57
5 24.59 23.33 5 56.16 51.18
Average 23.13 21.48 Average 52.71 49.14
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Fractography of the two specimens was investigated by scanning electron
microscopy (SEM).  The fractography of Rb, .Cs, . Zr,(PO,), at low
magnification shows a relatively rough fracture surface. The overall fracture
surfaces for Ca, Mg, .Zr,(PO,) are relatively smooth compared with that of
Rb, (Cs, Zr,(PO,),. At higher magnification prominent fracture features are
evident which show that Rb .Cs, .Zr,(PO,), had atransgranular fracture path
and hackle-type ridges, whereas Cao,5M90,52r43(P04)5 is characterized by
more intergranular fracture paths and rib-marks.” SEM examination of the
microstructure of the compounds revealed that the grains in the
Rb, .Cs, .Zr,(PO,), sample are finer and more spherical than those in the

Ca, Mg, Zr,(PO,). specimen.

Long Term Thermal Stability - Phase stability of the compounds was
examined using DTA. Both specimens exhibited phase stability up to 1500°C.
Long-term thermal stability was then investigated by holding the samples at
1400°C for 96h. No changes were detected in Ca, (Mg, Zr,(PO )¢ DUt XRD
phase identification results revealed the presence of ZrO,, Rb,O, and Cs,0 in
compound Rb, SCso. 5Zr2(PO 4) 5 following thermal exposure. This instability is
likely due to the decomposition of P, O..

Reproducibility of low expansion samples of Ca, Mg, .Zr,(PO,), - Table
9 summarizes the results of statistical analyses of thermal expansion data for
multiple samples of Ca, Mg, Zr,(PO,),. The mean o value from 10 lots was
calculated as -5x10~7/ °C, while the average value from 10 replicate tests was

-45x10°7/°C.

Table 9. Statistical analysis of thermal expansion data for
CaO 5Mg0 5Zr4(PO4)6 samples.

Lot-to-lot Replicate Test
Statistical Value Variability Variability
Average Value (X) -5.0 x ]0—7/0C -4.5 x ]0_7/0C
Standard Deviation (s) 0.72 x 10_7/OC 1.78 x 10—7/°C
Standard Error (s/JT) 0.228 x 1077/°%  0.74 x 1077/°

Coefficient of Variation (s/X) -0.144 -0.557
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Even though average values from two different analyses showed similar o
values, differing by 10%, the differences in standard deviation and in coefficient
of variation were 60% and 80%, respectively. Standard deviation for the lot-to-
lot variability (0.72x10~7/°C) was much smaller than that for the replicate test
variability (1.78x1077/°C). In addition, the coefficient of variation for the lot-to-
lot variability (-0.144) was closer to zero than that for the replicate test variability
(-0.557). A t-value and an F-value? calculated from the observed values for the

lot-to-lot variability and the replicate test variability were -3.69 and 0.027,
respectively.

Summary of Present Results - All of the compounds considered in this
study were synthesized by solid-state reaction. P205 was used directly to make
NZP compounds, with acetone serving as a mineralizer as well as an aid to
homogenize mixtures. Heat treatments were conducted at 1100°C for 24h and
at 1300°C for 4h, followed by furnace cooling to room temperature. Linear
thermal expansion was measured up to 1000°C, while axial thermal expansion

was measured up to 1400°C. Experimental results for unoptimized samples are
shown in Table 10.

Table 10. Summary of properties of Caj Mg, 5Zr4(P04)6and Rbo 5Ca0 5Zr2(P04)3.

Material Property Ca0.5M90'52r4(P04)6 RbO.SCSO.Szrz(P04)3

Density (g/cn’) 3.101 3.203
% Shrinkage 10.6 12.5
% Theoretical density 94.1 95.9
% Open porosity 4.5 3.4
% Water absorption 1.41 1.03
Thermal shock resistance:

Max. temp. difference {°C) 1475 >1625

Allowable repested quenches

with AT = 1200°C 5 times >20 times
Modulus of rupture (MPa):

3-point bending 23.13 52.71

4-point bending 21.48 49.14
Fractography Transgranular; Intergranular;

Long-term thermal 8tabi1ity

after 96 h at 1400°C

Microstructure

relatively rough;
hackle-type mark.

Stable structure.

Coarse, non-
spherical grains.

relatively smooth;
rib mark.

Decomposed to raw
materials.

Fine, spherical
grains.




156

Discussion

In view of the fact that the program to survey the NZP class of
compositions has been underway for nearly three years and is nearing
completion, it is felt appropriate to discuss the overall results at this time.

Most of the conventional low thermal expansion materials have some
deficiencies which limit their use and application.” Lithium-alumino-silicate (LAS)
has a limited range of use, owing to its low melting tempera’cure.s'7 In the
case of aluminum titanate, it exhibits structural instability (decomposition into
rutile and corundum) below 1300°C.2 Vitreous silica goes through devitrification
when held at higher temperatures, resulting in cristobalite formation. ° Recent
work has identified NaZr,(PO,), (NZP) and its crystal structural analogs as a
family of materials with a potentlal for low thermal expansion.1%-11

The purpose of this study was to synthesize new, low thermal expansion
materials based on the NZP-type structure. The study has screened a large
number of NZP compositions and recently focused on two compounds,

Ca, 57 4(PO,), and Rb ,(PO,);, with the linear o values of -
5x10 /° 8 and -0.3%10" I°C, respec%vely

Ternary compounds - Among twenty-five different ternary compounds
synthesized with Na* substitutions by cations with +1 to +5 electron valences,
only one compound showed a monoclinic structure at room temperature.
Except for LiZr,(PO,),, all other systems were isostructural with NaZr ,(PO,)
which has an R?C (hexagonal) structure.*? The compounds shownng an NZP
structure at room temperature but structural instability at elevated temperatures
included systems substituted by transition elements with electron valences of +2
(Mn, Ni, Cu, and Zn), + 3 (Y, La, Al, and Cr), +4 (Ti, Zr, Hf, Si, and Ce), and
+5 (V, Nb, and Ta) electron valences, as well as by Mg (from alkaline-earth
group) with a very small radius of 0.74A. The structural instability was
confirmed by high temperature XRD analyses and linear thermal expansion
behavior.

All systems with structural instabilities exhibited a diffraction intensity
change during high temperature XRD analysis, which can be associated with
the texturing'® or order-disorder transition.!? One example showing a phase
instability at a high temperature, the MnZr (PO ), system, is shown in Figures
5 and 6 and given in Tables 11 and 12, in comparison with the RbZrZ(PO4)3
compound which is considered to be stable.
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Figure 5. Diffraction patterns of RbZrZ(P04)3 at room
temperature (R.T.) and 1400°C.
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Figure 6. Diffraction patterns of Man4(PO4)6 at room
temperature (R.T.) and 1400°C.
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Table 11. Comparison of diffraction intensities of

RbZrz(POg)3 for the selected planes at R.T.
and 1400°°C.

Diffraction Intensity[CPM(counts per minute)]
Temperature
(°c) (110)  (113) (024)  (205)  (118)  (300)
R.T. 42527 24517 9586 - 53538 15979
1400 39391 25100 7685 9091 45922 12988

Table 12. Comparison of diffraction intensities of

Man4(POé)6 for the selected planes at R.T.
and 1400°°C.

Diffraction Intensity(CPM)

Temperaturei

(°c) (110) (111) (112) (113) (114) (024) (116) (212) (300)

- o

R.T. 52541 - - 35021 - 29723 11544 25117 23116

1400 9665 7836 8302 9747 10487 15551 6004 - 7476
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Figures 5 and 6 show the diffraction peaks of RbZr,(PO,), and
MnZr,(PO,). at room temperature and 1400°C, respectively. Diffraction
patterns of RbZr, (PO 4) 3 at room temperature exhibited the five major peaks of
(110), (113), (024), (116), and (300); however, at 1400°C, an additional
diffraction peak (205) was observed along with the diffraction peaks observed
at room temperature. Although the diffraction peaks observed at room
temperature were reduced in intensity at 1400°C, their relative intensities were
approximately equal. Detailed comparisons of the diffraction intensities for the
five major peaks are summarized in Table 11.

Five major peaks and (212) with strong intensity were observed for
MnZr,(PO,), at room temperature. At 1400°C, the diffraction intensities of the
peaks were lowered significantly, and relative intensity ratios changed.
Furthermore, many other peaks appeared, including (111), (112), (114), while
the (212) peak disappeared. Detailed diffraction intensities are compared in
Table 12.

The R3C structure, reviewed in Appendix 1, shows that there exist six
general positions: 6(a) and (b), 12(c), 18(d) and (e), and 36(f). It is known that
NaZr,(PO,), occupies 12(c), 18(e), 6(b), and 36(f) in the unit cell,'® leaving the
two other general positions as vacancies. Other studies'®~1° show extra Na
cations occupying the site of M__ (shown in Figure 7), which corresponds to
the position of 18(g).2°

(M)} (Mg)32r(POL)3

Figure 7. Schematic of alkali sites in NaZrz(PO4)3—type
structures (taken from ref. 11).
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Elements substituted by +2, +3, or +4 create vacancies of one-half, one-
third, or one-quarter of the Na ion positions, respectively. Also, for the systems
with +5 cation valence, elements with +5 valence substitute for Zr** randomly
and create vacancies in place of Na ions. The complex and open structure of
NZP might make it possible to locate elements with +2 or more valence in the
M_ or other positions instead of the Na position 6(b). This explanation may
clarify the change in diffraction intensity owing to the atomic movement
observed in some of the systems substituted with transition elements with +2
valence, elements with +3, +4, +5 valence, and Mg.

lonic radii for the elements selected in this study to replace Na are
summarized in Table 13; the values are based on a coordination number of 6.

Table 13. Ionic radii of elements selected to modify the
NZP-type structure (summarized from ref. 37).

Elements Ionic|Elements Jonic|Elements Ionic{Elements Ionic |[Elements Ionic
with +1 Radii|/with +2 Radii|with +3 Radii|jwith +4 Radii|with +5 Radii

valence (3) |valence (1) |valence (3) |valence (A) [valence (A)

Li 0.68] Mg 0.74 Y 0.97 Ti 0.64{ Vv 0.4
Na 0.98/ Ca 1.04 La 1.04 Zr  0.82 Nb 0.66
K 1.33] Sr 11.20 Al 0.57 Bf 0.82 Ta 0.66
Bb  1.49 Ba 1.20 Cr 0.64 Si 0.39
Cs 1.65/ Mn 0.91 Ce 0.88

Ni 0.74

Ca 0.80

Zn 0.83
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Finally, it can be said that the range of possible ionic substitutions for Na
in ternary NZP-type compounds includes selected elements of valences +1 to
+5. However, with the exception of Ca (1 .04,2\) only seven elements having
ionic radii greater than 0.98/3\ formed the stable structure without changing its
skeletal framework and the atomic positions.

Quarternary and quinternary compounds - Based on results of the present
study of the basic ternary systems, seven stable ternary compounds (modified
by Na,K,Rb,Cs,Ca,Sr,Ba) were selected for substitutional solid solution studies
using alkali and alkaline earth elements in quarternary systems. Several
combinations of Ca-Mg-Na were selected for quinternary compound formation.
From the experimental results of the solid solubility for the quarternary and
quinternary systems to modify the NZP-type structure, the following results are
summarized and tabulated in Table 14.

Table 14. Systems showing solid solubility among quarternary
and quinternary compounds considered.

Ionic Size Tonic Size

System Difference System Difference

of elements of elements

substituted substituted
Rbo s%o. sZrz(PO ) 10.7% Buo 25 0 sZrz(PO ) 3.6%
Rbo 25 s, ”Zrz(PO ) 9.7 Sro 25N:° sZrz(PO ) 18.3%
lbo 5C%. SZrz(PO ) 9.7 luo.u 0. 2521-2(?0 ) 28.8%
Rbo 75 . 252:'1(?0 ) 9.7% "’0.125 0. 3”2:2(?0 ) 28.8%
Nao 25 0 7’Zrz(P0 ) 26.3% ”‘0.25 o. 2521-2(?0 ) 38.3%
5 0. sZrz(PO ) 26.3% M;o 25 . 252: (PO ) 46.4%
Na .75 0 2521:2(!’0 ) 26.3% Cno 25 %o, 252:'2(1’0 ) 13.3%
0 25" . 5222(P0 ) 5.8% Ca %. 25880 strz(PO ) 24.6%
c‘o 1258N%,75%7(P0); 5.8 Bag.255%0,252%3 (P0,);  13.0%
0 375 %, 252r2(l’0 ) 5.8% (1/16Cal/16Mg3/4Na)- 28.8%

0 25 %, sth(PO ) 29.0% 21'2(1’04)3
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The systems with substitutions of combined alkali-alkali elements Rb-Cs
and Na-K showed complete solubility, exhibiting ionic size differences of 9.7%
and 26.3%, respectively. In systems with substitutions of combined Rb-K, only
one combination of 1/2Rb-1/2K exhibited solubility, even though the ionic size
difference (10.7%) was smaller than that of Na-K {26.3%).

Among the systems substituted with one-half mole of an alkali element and
one-quarter mole of an alkaline earth element, the combinations of large alkaline
earth elements and small alkali elements showed complete solubility. Other
mole combinations of 1/8Ca-3/4Na and 3/8Ca-1/4Na also supported the
solubility trend observed in this finding.

Combinations of alkaline earth and other alkaline earth elements with one-
quarter mole for each component showed solid solubility irrespective of ionic
size difference, the largest difference being 46.4% (Mg-Ba). Meanwhile, the
3/8Ca-1/8Mg combination showed solubility, but 1/8Ca-3/8Mg was not
completely soluble. This might be explained from the instability of the ternary
compound MgZr,(PO,), because the combination of a higher concentration of
Mg compared with the concentration of Ca showed a separation into two
phases.

That result also can be extended to the quinternary system of CaO-MgO-
Na,0-Zr0,-P,0O,. Two phases were obtained for the system with a higher mole
percent of Mg(1/8Mg,3/16Mg), whereas the system with the smallest amount of
Mg(1/16Mg) showed complete solubility.

Systems showing a single phase had extra diffraction peaks which might
be coming from the ordering behavior. A relationship has already been
developed between the static concentration waves generating the atomic
distribution in an ordered phase and the X-ray diffraction pattern, showing more
diffraction peaks due to superlattice reflections.?! Therefore, it can be said that
the trend approaching a solid solution in the NZP-type quarternary and
quinternary systems is related to the ionic size difference as well as to the
tendency to make a more ordered structure.

Effect of substitution on lattice parameters - Lattice parameter
measurements have been made for the selected systems using XRD with the
maximum accuracy of 0.0005nm at room temperature. Lattice parameters for
the systems considered and ionic size of the elements selected to substitute for
the Na cation in the NZP-type structure are presented in Table 15.
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Table 15. Lattice parameters and ionic radii of
the systems considered.

System Lattice Pnrameters(i at R.T.) Ionic Radius of
a-axis c-axis Elements Substituted(A)
Rbez(PO4)3 8.65 24,43 1.49
CsZrz(P04)3 8.58 24,96 1.65
Mng4(P04)6 8.90 21.84 0.74
CaZr4(P04)6 8.78 22.69 1.04
Ban4(PO4)6 8.59 23.89 1.38
anrd(P04)6 8.88 21.81 0.91
Ni2r4(P04)6 8.42 23.15 0.74
YZ:6(P04)9 8.29 24.75 0.97
Tina(P04)12 8.25 23,92 0.66
CeZtB(PO4)12 8.31 24.75 0.88
NbZr(P04)3 8.25 23,92 0.66
‘I‘aZr(P04)3 8.39 23.85 0.66
Rb°_5CsO.SZr2(P04)3 8.62 24,69 1.49(Rb) & 1.65(Cs)
Cao.SMgo.52r4(P04)6 8.79 22,65 0.74(Mg) & 1.04(Ca)
(3/8Cal/8Mg) 8.79 22.64 0.74(Mg)

Zrz(P04)3 & 1.04(Ca)
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Even though Na* is not included in its structure along the a-axis,1722 it

is well documented that the change in the lattice parameters occurring upon
replacement of cations for Na occurs in the a-axis as well as in the c-axis,
experimentally.22-2¢ |n addition, the general trend observed in alkali element-
modified systems is that the structure expands in the c-direction but contracts
in the a-direction with the substitution of large cations.2®

In alkali (Rb,Cs) and alkaline earth (Mg,Ca,Ba)-modified systems, the larger
the cation substituted, the larger the c-axis but the smaller the a-axis. For the
systems substituted with transition elements (Mn, Ni), the trend is opposite that
of alkali and alkaline earth-modified systems, i.e., the larger the cation, the
smaller the c-axis but the larger the a-axis. In systems substituted with
elements with +4 electron valence (Ti,Ce), the large cation substitution
appeared to contribute to increases of both the a- and c-axes. The systems
substituted with Nb and Ta (same ionic size and +5 electron valence) showed
slight differences in the lattice parameters of the a- and c-axes.

Ternary compounds RbZr,,(PO,) ;3 and CsZr,(PO,) , had lattice parameters
of 8.65A and 8.58A for the a-axis, and 24.43A and 24.96A for the c-axis,
respectively. Meanwhlle the Iattlce parameters of Rb CsO 5 Z(PO 4)3 were
calculated as 8.62A and 24. 69A for the a- and c- axes respectively. Lattice
parameters for the Ca-Mg modified quarternary compounds likewise fell within
the values of their respective ternary compounds.

Figure 8 shows a plot of the c-axis lattice parameters versus the a-axis
lattice parameters for the ternary systems considered. The dotted zone
represents the systems having the phase and structure stabilities previously
discussed. Additionally, the lattice parameters for NaZr,(PO,),. 2;2(PO 4)237
and SrZr 4(PO 4) . known to be stable phases and cited in other work
are presented in Figure 8 and summarized in Table 16 with other data. The
lattice parameters of systems showing phase stability in the NZP-type ternary
compgunds range from 8.58A to 8.80A for the a-axis, and from 22.69A to
24.96A for the c-axis.




166

25} \
Ce :
i ¥ E
24} ,
Nb Ta \
— o. “‘!
<23} Ni ;
= N,
* X Na
T N
(*]
22¢
.-Mg
Mn
2Ar
80 8.2 8.4 86 i 20
a-axis [A]
Figure 8. Plot of lattice parameters c versus a for MZr,(PO )
where M = Na, K, Rb, Cs, 0.5 Mg, 0.5 Ca, 0.5 &r, 4
0.5 Ba [KZr,(PO,) taken from ref, 24; NaZr (PO taken

from ref. 2% ﬂd SrZr P04) taken from re%

4



167

Table 16. Lattjcg parameters for the systems showing phase
stability in the NZP-type ternary compounds.

System Lattice Parameters(A at R.T.) Ionic Radius of
a-axis c-axis Elements substituted(A)
‘NaZrz(P04)3 8.80 22.76 0.98
*"Kzr,(PO,) 8.71 23.89 1.33
RbZrz(P04)3 8.65 24.43 1.49
CsZrz(PO4)3 8.58 24.96 1.65
CaZr4(P04)6 8.78 22.69 1.04
*8:2r,(PO,) 8.69 23.39 1.20
BaZr4(P04)6 8.59 23.89 1,38

*From ref., 22
**Fprom ref. 24
+From ref. 27
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The results of this study correlate well with other reported data in showing
a decrease of the a-axis and an increase of the c-axis with large cation
substitutions. Also the lattice parameter of the c-axis including octahedra,
consisting of substitution elements and oxygen, was found to be dependent on
the ionic size of substituted elements irrespective of the electron valences of +1
and +2. Vacancies formed by the substitution of elements with +2 electron
valence did not greatly affect the lattice parameter of the c-axis. This means
that Ca,Sr, and Ba atoms easily replaced half of the positions of the Na cation
in the NZP structure without changing its skeletal framework, thereby
maintaining equilibrium.

Thermal expansion behavior

Linear thermal expansion behavior of NZP-type compounds - Excluding the
NZP-type modified systems showing sudden changes in thermal expansion,
the linear aggregate thermal expansion behavior investigated in this study can
be classified into three categories: negative, positive, and transition (from
negative to positive). The substitutional elements are categorized accordingly
in Table 17.

Most of the substitutional elements tended to promote positive thermal
expansion. However, elements such as Li, Na, K, and Ca tended to contract
their sintered bodies, and combinations of elements including Na,K, or Ca also
resulted in negative linear expansion. Two exceptions were combinations of
1/4Ca-1/4Ba and 1/4Ca-1/4Sr which promoted positive behavior, probably due
to the effects of Ba and Sr. Other exceptions were systems with combined Ca-
Mg (1/4Ca-1/4Mg and 3/8Ca-1/8Mg) which exhibited a transition from negative
to positive at around 600°C.

Substitutions of Rb, Cs, or combinations of Rb and Cs which led to low
linear a values also resulted in a transition from negative to positive at around
500°C. Moreover, the transition elements of Ni and Zn, showing low linear
aggregate a values of 10x10~7/°C and 5x10~7/°C, respectively, exhibited the
transition at about 500°C.

The expansion of a three-dimensional framework can be considered the
sum of a bond-length expansion and a tilting effect.2® The apparent thermal
expansions of bonds between the individual atoms and oxygen resulted from
both the stretching of the bond length,! which is related to the strength of the
chemical bond, and the changing of the bond angle with rising temperature.
The apparent thermal expansion coefficients for several metal-oxygen bonds
were empirically determined by Hazen et al.?® Tilting of polyhedra is restricted
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Table 17. Effect of substitution elements on thermal
expansion.

Linear CTE Behavior Substitution Elements

1/2Mg, 1/2Ba, 1/2Sr, 1/2Cu, 1/2Mn, 1/3Cr, 1/3Y,
Positive 1/3A1, 1/4Zr, 1/4Si, 1/4Bf, 1/4Ce, 1/4Ti, Ta,
Nb, V, (1/4Ca-1/4Ba), (1/4Ca-1/4Sr),

(1/4Ba-1/4Sr), (1/4Mg-1/4Ba), (1/4Mg-1/4Sr)

Li, Na, K, 1/2Ca, (1/2K-1/2Rb), (1/2K-1/4Ba),
Negative (1/2Na~1/4Ba), (1/2Na-1/4Ca), (i/8Ca-3/4Na),

(3/8Cs-1/4Na), (1/8Na-1/16Ca-1/16Mg)

Rb, Cs, (1/4Rb-3/4Cs), (1/2Rb-1/2Cs),
Transition (3/4Rb-1/4Cs), 1/2Ni, 1/2Zn, (1/4Ca-1/4Mg),

(3/8Ca-1/8Mg)
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to the direction of channels.3® The more restricted the tilt is in the direction
of the channel, the lower the thermal expansion.

Correlation between linear o and axial a - The axial « data and linear o
values up to 1000°C are summarized in Table 18, and the ratios of axial a
values along a- and c-axes are also included. Except for the NbZr(PO 4) ;3 and
TaZr(PO,), systems, the c-axis expanded with increasing temperature while the
a-axis contracted. As reviewed earlier,}131/32 the positive thermal expansion
of the c-axis strains the PO, tetrahedra bridge linking the 0,2rO,M0,ZrO,
groups (where M represents the substituted cation) in the direction of the c-
axis, so that the O-P-O bond angles spread in the direction of the c-axis.
Consequently, the PO 4 tetrahedra contracted in the direction normal to this
spreading, and the o actually became negative, which affected the expansion
of the c-axis.

Systems substituted by the Rb and Cs having very low anisotropy showed
good agreement between calculated average o from axial a values and linear
measured «, considering the experimental error and the accuracy of the
equation (¢, = 2/3x_ + 1/3a_) for the hexagonal system.?>

Systems classified as having phase instability, ie., MgZr,(PO,),,
YZr (PO,),, TiZr,(PO,), ,, and CeZr (PO,), ,, exhibited large differences (up to
29x1 0‘7/°C) between the calculated and measured linear a. Evidently, the
inconsistency of these data is a result of the atomic movement due to phase
instability and the effect of ZnO added to aid sintering. The powders examined
by high temperature XRD did not include the zinc oxide sintering aid.

However, in systems of MnZr (PO,), and NiZr (PO J)e also confirmed as
having an unstable phase, a relatively good correlation was obtained for the
relationship between the calculated linear o and the measured linear «. Axial
thermal expansion measurements revealed phase instabilities in these systems
above 1000°C.

System BaZr,(PO,),, showing the largest anisotropy [Aa(o, - a) =
346x10~7/° C] and the largest anisotropy ratio (4.16), exhibited a large decrease
in measured linear thermal expansion compared with that calculated. This may
be attributed to the lowering of the thermal expansion due to the microcracking,
which can result from the large thermal expansion anisotropy verified in the
literature both theoretically33~3> and experimentally.36~3°

The linear thermal expansion of the CaZr,(PO,). system was measured
as -18x10~7/°C, reflecting a large decrease compared to the calculated linear
thermal expansion.  The only differences between the two different
polycrystalline bodies of the measured axial « and the linear o are the addition
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Table 18. Axial and linear CTE values for selected
systems with Tow thermal expansion.

Axial CTE Calculated Measured

1 1

a (110—7/°C) (x10—7/°C)

System (110-7/°C) a a |ac/a‘|

RbZrz(P04)3 -12 30 2 2 2.50
CsZrz(P04)3 -9 23 2 5 2.56
Mng4(P04)6 ~22 58 5 16 2.64
CaZr4(P04)6 -38 79 1 -18 2.08
33214(P04)6 -67 279 45 15 4.16
Han4(P04)6 =51 112 3 7 2.20
Nin4(P04)6 =70 172 10 10 2.46
YZrG(PO4)9 -27 62 3 14 2.30
Tins(P04)12 =30 34 -9 20 1.13
Cles(P04)12 ~35 57 -4 11 1.63
NbZr(P04)3 24/-25 -61/179 -4/10 4 2.54/3.16
TaZr(P04)3 38/-35 -35/18 13/1 11 0.92/2.23
Rbo.sCso.SZrz(P04)3 -11 21 -0.3 -0.3 1.91
Cao.sugo.52t4(P04)6 -39/-14 66/47 -4/6 -5 1.69/3.36

(3I8C11/8M5)Zr2(P04)3 -47/-18 81/67 -4/10 -10 1.72/3.72
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of ZnO and the sintering time applied. To explain this particular behavior, a
close examination of crystallinity was done and will be presented in the
subsequent section.

The systems substituted by +5 electron valence, i.e. NbZr(PO4)3 and
Tazr(PO,),, showed fairly good agreement between the calculated and
measured linear a up to 1000°C, even though their axial thermal expansion
behavior exhibited a transition characteristic at 600°C. Their axial thermal
expansion behavior might be explained by an order-disorder transition.

Effect of crystallinity on thermal expansion - Table 19 lists the measured
linear o values for the sintered bars with ZnO and without ZnO, as well as the
calculated linear thermal expansion values. The zinc oxide used to promote the
sinterability, which is based on an ionic exchange mechanism? due to the
similar ionic radii of Zn*2(0.83A) and Zrt4(0.82A),%° significantly affected the
thermal expansion of CaZr, (PO e The linear a for the sintered bar without
ZnO was much closer to the calculated value. In addition, the difference
between the linear a without ZnO (-4x10~7/°C) and the caiculated linear a
(1x1 07/ °C) is considered within the allowable range of experimental error.

Table 19. Measured and calculated linear CTE values for the CaZr,(PO,),

system
Linear CTE With ZnO -18
(x1077/°C) Without ZnO -4
Calculated Linear CTE (from Table 18) 1

The intensity of the peak/background for the sintered powders with/without
ZnO are compared in Table 20, and X-ray diffraction patterns are shown in
Figure 9. Five major peaks with over 1000 counts per seconds (CPS) and one
minor peak were selected to compare the diffracted intensity ratio of the
peak/background: (104), (110), (113), (024), (116) for the major peaks, and
(015) for the minor peak. The relative ratios of intensity for the powder with
ZnO0 to that for the powder without ZnO for the major peaks ranged from 0.858



173

Table 20. Intensity ratios of peak/background for the sintered

CaZr4(PO4)6 with/without ZnO.
Peak/ Background
Condition
(104) (110) (015) (113) (024) (116)
With ZnO 2.419 2.703 1.534 3.036 2.749 3.173
Witbout ZnO 2.120 -2.320 1.234 2.657 2.407 2.7517
c Ps "3 16

1600

1200

4001

18 23 8 33 29
()
cPS
1600p ne " e
186
034
1200t
800; o
400
18 23 28 3 20

(b)

Figure 9. XRD patterns for the sintered CaZr4(PO4)6 without Zn0 (a),
with Zn0 (b).
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[for the (110) plane] to 0.876 [for the (104) and (024) planes], with the average
relative ratio being 0.871, representing a decrease in crystallinity with the
addition of ZnO in Cazr,(PO,)..

In powders without ZnO with better crystallinity, the minor peaks were
found to be clearer than powders with ZnO with poorer crystallinity. The
diffraction intensity of (015) for the powders with ZnO was decreased more than
that of the expected value from the tendency observed in the major peaks; i.e.,
a 19.6% decrease compared with the reduction of 12.9% in the major peaks.
Even for (202) and (205), which exist in samples without ZnO, diffracted peaks
are not seen clearly in the powdered samples with ZnO.

From the above discussion, the crystallinity may be one of the factors
affecting thermal expansion behavior, especially when considering complex
systems like NZP structures. The effect of crystallinity on thermal expansion
may be extended to explain the difference between linear thermal expansion
results from this study and those reported by others.

Some of the materials processed by different methods in other
studies!?-11:23,41,42 ghowed large disparity in linear a values compared to
materials prepared in this study; however, most of the materials showed good
agreement, as previously described. KZr,(PO,), is representatively included in
the category which does not show a good correlation with the data determined
in this study. Its thermal expansion was reported as 4x1077/°C by Oota et
al., 1139 whereas in the present study a linear o value of -22x1077/°C was
determined. The difference in linear o values may be related to crystallinity,
which is affected by processing techniques. Therefore, for an application
requiring a temperature close to 1400°C, it is recommended that
Ca, Mg, Zr,(PO,), be used.
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Appendix 1
Crystal Structure of NZP Compounds

From the Weissenberg data,'? the space group of NaZr,(PO,), was
identified as R3C. In the space group R3C (hexagonal axes), the following
point positions exist:*3

(0,0,0;1/3,2/3,2/3;2/3,1/3,1/3) +

6(a) (0,0,1/4;0,0,3/4)

6(b) (0,0,0;0,0,1/2)

12(c) =(0,0,z;0,0,1/2 + 2)

18(d) (1/2,0,0;0,1/2,0;1/2,1/2,0;1/2,0,1/2;1/2,1/2,1/2)

18(e) =(x,0,1/4;0,x,1/4;x,x,1/4)

36(f)  =(Xy,Z;y.X-Y.Z;y-X,X,Z;y . X, 1/2+ Z;x,x-y,1/2+ Z;y-X,y,1/2+2)

From the calculation of Patterson projection, section and electron density
distributions, ' the positions of the twelve zirconium, the eighteen phosphorus,
and the six sodium atoms were found to be located in 12(c), 18(e), and 6(b)
in the unit cell. Seventy-two oxygen atoms were confirmed to be positioned in
2x36(f) points. The structural data and atomic parameters for NaZr2(PO4) yare
listed in Table 21.

The crystal structure of NaZr,(PO,), has been described in terms of PO,
tetrahedra and ZrO6 octahedra which are linked at the corners forming a three-
dimensional network, illustrated in Figure 10(a). Each oxygen atom
simultaneously belongs to a PO , 9roup and to a ZrO6 group. The sodium
atoms are in the octahedra formed by the triangular faces of two ZrO,
octahedra, as illustrated in Figure 10(b). The O,ZrO,Na0,ZrO, groups formed
may be considered as major structural units of the atomic arrangement. Such
groups are mutually linked in the c-direction by PO , tetrahedra in such a way
that empty trigonal prisms of oxygen atoms are formed. The endless columns
resulting from this linking are also connected normal to the c-direction by the
PO, tetrahedra.??

The group Zr,(PO,)," is considered to be a major structural unit in the
atomic arrangement. Two crystallographically different sites for oxygen atoms,
which are designated as O(1) and O(2), exist in the skeletal framework in the
Nazr,(PO,), structure. Each PO, tetrahedron is composed of two O(1) and
two O(2) sites, and Na cations are positioned in Na(1) sites surrounded
octahedrally by only O(2) atoms. In NaZr,(PO,),, there is a Na(2) site in
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addition to a Na(1) site in the interstitial space which can accommodate extra
Na+.18

Table 21. Structural and atomic data of NaZrz(Poq)3 com-
piled from ref. 17 and 22.

a)

Space Group: R3IC

Unit Coll Dimensions: a= 8.8043 & 21
c= 22.7588 & 9A
v= 1527.7 K3

Cell Constant: 6Na in 6(b): (0, 0, 0; O, O, 1/2)
12Zr ia 12(c): 2(0, 0, z; 0, O, 1/2+z1)
18P in 18(e): x(x, 0, 1/4; 0, x, 1/4; X, X, 1/4)
360, and 360, is 2X36(f): x(x, y, z; ¥, x-y, z; ¥y 1,

X, 2; ¥, X, 1/2¢x; x, x-y, 1/2+2; y-x, y, 1/2+2)

b)

Atom x y z
Na 0 [ 0
Zr 0 0 0.14568

(0.14568z11)

P 0.2916 o 1/4
(0.290946)

0(1) 0.1841 -0.0165 0.1956
(0.1860+15) (-0.0144115) (0.194915)

0(2) 0.1911 0.1675 0.0876

(0.1913+15) (0.1683+15) (0.086615)
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Z2r0g-octahedra  NaOg-octahedra PO, -tetranedra

c/2

(2).(052<0.33) (b)

Figure 10. Schematic drawing showing the structure
of NaZrZ(PO4)3 (taken from ref. 22).
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Status of milestones

Status of milestones is presented in Table 22 and Figure 11 which
reflect a 6-month no-cost time extension.

Publications

None this period.
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Table 22. Key to major milestones

VPI 1.1 Process selection for phosphate- and silicate-based systems
(Oct. 31, 1986)

VPl 1.2 Process selection for mullite- and zircon-based systems
(Oct. 31, 1986)

VPI 2.1 Complete literature review (Oct. 31, 1986)

VPI 3.1 Complete upgrade of characterization facility
(Dec. 31, 1986)

VPI 4.1 Complete initial screening of phosphate-based systems
(Dec. 31, 1987)

VPl 4.2 Complete initial screening of silicate-based systems
(Dec. 31, 1987)

VPI 4.3 Complete initial screening of zircon-based systems
(Dec. 31, 1987)

VPl 4.4 Complete initial screening of mullite-based systems
(Dec. 31, 1987)

VPI 5.1 Complete second-stage property and characterization
evaluation of phosphate-based systems (Sept. 30, 1988)

VPl 5.2 Complete second-stage property and characterization
evaluation of silicate-based systems (Oct. 31, 1988)

VPI 5.3 Complete second-stage property and characterization
evaluation of mullite-based systems (Nov. 30, 1988)

VPl 5.4 Complete second-stage property and characterization
evaluation of zircon-based systems (Dec. 31, 1988)

VPI 6.0 Complete scale-up specimen fabrication of most promising
low-expansion ceramics (Feb. 28, 1989)
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1.3 THERMAL AND WEAR COATINGS

1.3.1 Zr0, Base Coatings

Fabrication and Testing of Corrosion-Resistant Coatings
B. W. Sheldon and D. P. Stinton (Oak Ridge National Laboratory)

Objective/scope

Sodium corrosion of silicon carbide and silicon nitride 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
Si0, Tayer which inhibits further oxidation. Sodium which is present in
high-temperature combustion atmospheres reacts with the Si0, to form a
low melting glass that is no longer protective. «-A1,0, coatings can be
used to provide oxidation resistance; however, sodium also attacks these
coatings, and the a-alumina is converted to the sodium containing
B-alumina phase (Na,0 - 11 A1,0;). Unfortunately, the o to B reaction
spalls the coating from the substrate because of the associated volume
expansion. The objective of this program is to develop a coating that
will protect the underlying SiC or Si;N, from sodium corrosion and provide
simultaneous oxidation protection. A chemical vapor deposition (CVD)
process will be developed for the application of B-alumina coatings.

The effect of the combustion environment upon coating characteristics
such as microstructure, strength, adherence, and other properties will
then be evaluated.

Technical progress

The GTE Corporation is developing a multiple-layer coating to
reduce or eliminate contact stress damage to the ceramic components in
gas turbine engines under a subcontract with ORNL. This coating consists
of a graded transition Tayer (AIN/A1,0.N,) that gradually increases the
thermal expansion of the coating from that of the substrate to that of
the zirconia-toughened alumina contact stress coating. Ultimately, we
plan to address the problem of thermal expansion mismatch between
alumina and either silicon carbide or silicon nitride by making use of
this existing technology, and depositing our coatings onto this inter-
coating. Currently we are studying the chemistry and conditions for
deposition by using commercially available TiC/TiN toolbits with a
thermal expansion coefficient close to that of alumina.

The successful development of a CVD process to form B-alumina
requires the proper selection of reactants. Halogenated species (Al1Cl,,
etc.) that are typically used in CVD systems are impractical because
sodium salts (NaCl, etc.) are likely to form instead of the desired
oxide. Trimethyl aluminum (TMA) is used for the low-temperature
deposition of A1,0, coatings for microelectronic applications. This
previous work with TMA provides useful information on using it to
deposit protective coatings. TMA is pyrophoric in air; therefore, our
CVD apparatus was modified during this period to permit safe handling
and evaporation of this reactant.
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B-alumina can conceivably be formed by the simultaneous oxidation
of TMA and sodium vapor; the latter can be obtained by evaporation from
a sodium melt. An initial sodium evaporation experiment was performed
with sodium metal to examine oxide deposition in the absence of TMA.
This experiment was plagued by the redeposition of sodium metal, which
poses serious safety and disposal problems. Further experiments with
this system will not be continued until several alternative chemistries
are examined.

NaOH evaporation was investigated as a safer sodium source, and it
was successfully evaporated in preliminary CVD experiments. Unfortu-
nately, thermodynamic data on TMA and B-alumina are not available in the
SOLGASMIX data base which was used to determine the stable phases under
various processing conditions. If the simpler case of Na,0 deposition
is considered, calculations show that NaOH redeposition is favored over
Na,0 formation in an oxidizing atmosphere. The addition of a small
amount of hydrogen to the gas flowing past the NaOH melt leads to a gas
phase where Na vapor, rather than NaOH, is the dominant sodium-containing
vapor species. This enhanced evaporation may permit a reduced deposition
temperature; however, the formation of water vapor during TMA oxidation
still leads to the thermodynamic stability of NaOH rather than Na,0.

To obtain conditions which permit the deposition of B-alumina
coatings, the NaOH must be hot enough to permit sufficient vaporization
(probably over 873 K). Alumina deposition from TMA at these temperatures
can be complicated by homogeneous nucleation (i.e., powder formation).
Recently reported results® do show that alumina can be deposited from
TMA at temperatures up to at least 893 K (620°C). Powder production was
simultaneously observed; however, thermal diffusion was believed to
remove the powder from the substrate surface in this cold-walled system,
such that a good coating was still obtained. Our initial experiments
were performed with a hot-wall system (i.e., without a significant
amount of thermal diffusion) in the absence of sodium. To decrease the
level of supersaturation in the vapor phase, and thus reduce the likeli-
hood of powder formation, the reactant concentrations were lower than
those used by Gustin and Gordon; however, powder formation without any
significant amount of coating was observed in our system at atmospheric
pressure (0.10 MPa) and 843 K (570°C). This powder formation was
eliminated by operating at reduced pressure (0.0093 MPa), and a uniform
coating was obtained. We believe that this coating is alumina; however,
the sample has not yet been characterized. To further reduce the
problems associated with powder formation, the current CVD system will
be modified to permit deposition in a cold-wall configuration.

Our initial experiments indicate that determining operating
conditions for high-quality B-alumina coatings will be a difficult
process. Therefore, the first set of experiments in the modified system
will continue our current efforts using only TMA and oxygen to obtain
information about the process conditions which produce good alumina
coatings at relatively high temperatures (approximately 800-1000 K).
NaOH will then be reintroduced to the process to study the production
of B-alumina coatings.



187

Another possible route to B-alumina formation is to change the
aluminum source. The formation of Na,0 is thermodynamically favored
over NaOH formation in a reducing atmosphere. Unfortunately, alumina
deposition from TMA requires an oxidizing atmosphere. Aluminum
isopropoxide [A1(OC,H,),] is a reasonable alternative because it has
been used for CVD of alumina by pyrolysis in a reducing atmosphere.
However, the TMA is preferable because it can be adequately vaporized at
room temperature. The isopropoxide requires vaporization at an elevated
temperature, similar to Na or NaOH, and the high temperature
vaporization of these two species independently requires a more
elaborate CVD system. The aluminum isopropoxide/NaOH system will be
examined if work with the TMA/NaOH system is unsuccessful.

Because the production of B-alumina by CVD is a complex reaction
system, we will attempt to verify the anticipated results of improved
corrosion resistance without waiting for the production of good coatings.
Monolithic a-alumina and B-alumina samples will be hot pressed and
corrosion tested accordingly. These tests should further justify
continued efforts to produce B-alumina coatings.

Status of milestones

The February 1989 milestone of identifying a sodium reactant
has been satisfied with the choice of NaOH. Final proof that NaOH is
adequate is linked to the July 1989 milestone of producing a high-
quality B-alumina coating. If there are problems with producing a
high-quality coating from these reactants, several possible alternatives
have been identified and are readily available.

Reference

1. K. M. Gustin and R. G. Gordon, J. Electron Mater. 17, 509 (1988).
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Development of Adherent Ceramic Coatings to Reduce Contact Stress Damage of Ceramics
H. E. Rebenne, C. D’Angelo, and J. H. Selverian (GTE Laboratories)

Objective/Scope

The objective of this program is to develop oxidation-resistant, high toughness, adherent
coatings for silicon based ceramics. These coatings will be deposited on reaction bonded
SigN, (RBSN), sintered SiC (SSC), and HIP'ed SigN, (HSN) and used in an advanced gas
turbine engine. A chemical vapor deposition (C%/D) process will be used to deposit the
coatings. These coatings will be designed to provide the best mix of mechanical, thermal and
chemical properties.

Technical Highlights
Flexure Strength Tests

Measurement of the modulus of rupture (MOR) of coated and uncoated samples was
completed. These tests were done at room temperature, 1000°C, and 1200°C on as-coated
bars and bars oxidized for 500 hours in static air at a high temperature (1000° or 1200°C) after
coating. Dimensions of the bars were 2 in x 1/4 in x 1/8 in, and a standard four-point test was
used. The schedule of tests is described in Table 1. The average MOR values and one
standard deviation are listed in Table .

Table 1. Number of bars of each substrate strength tested at each
combination of conditions. Tests were conducted with a standard
four-point apparatus. Dimenslons of tests bars were 2 in. x 1/4 in.

x 1/8 In.
Sample Preparation Iemperature of Strength Test
25°C 1000°C 1200°C 1375°C
Uncoated
Unoxidized 20 5 5 5
Oxidized at 1000°C 5
Oxidized at 1200°C 5
Coated
Unoxidized 10 5 5
Oxidized at 1000°C 5
Oxidized at 1200°C 5

After MOR testing, the unoxidized bars were examined optically and in the SEM to determine
the failure origin. For the uncoated bars, the majority (47 out of a total of 57 examined) failed
at a defect in the bulk of the bar (>1 mm from a corner). This trend was independent of
substrate and test temperature, with the exception of RBSN tested at 1375°C. A summary of
failure origin is given in Table ll. The defect at which failure originated was typically a large
pore or a large grain. Examples of these two types of failure sites are given in Figs. 1 and 2.
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Table Il Room-temperature and high-temperature strength of coated and
uncoated materials as determined by a four-point bend test.
Dimensions of test bars were 2 in. x 1/4 in. x 1/8 in.

Substrate MOR (MPa)

25°C 1000°C  1200°C  1375°C

HSN
Uncoated 822+117 608+22 411+37 12148
Coated 419+105 557+31 393+53 *
Uncoated, ox. at 1000°C 679+187 * * *
Uncoated, ox. at 1200°C 689+158 * * *
Coated, ox. at 1000°C 310485 * * *
Coated, ox. at 1200°C 520+41 * * *

RBSN
Uncoated 273+37 272+13 233+40 254+16
Coated 134133 245+35 224+42 *
Uncoated, ox. at 1000°C 253+22 * * *
Uncoated, ox. at 1200°C 300415 * * *
Coated, ox. at 1000°C 176450 * * *
Coated, ox. at 1200°C 197440 * * *

SSC
Uncoated 401155 352+20 398+68 416168
Coated 287+116 258+118 320+77 *
Uncoated, ox. at 1000°C 324472 * * *
Uncoated, ox. at 1200°C 416164 * * *
Coated, ox. at 1000°C 173162 * * *
Coated, ox. at 1200°C 328165 * * *

* No tests planned at these conditions.

After coating the bars, the failure originated at a corner for the majority of bars examined. Of 53
coated bars examined, 30 failed at a corner (see Table Ill). The tendency to fail at a corner
appeared to be more pronounced in bars tested at high temperatures based on the limited
number of samples examined. When the failure area was viewed at high magnification in the SEM,
flaws such as large pores or grains were usually not detected. Also, the coating was usually intact
and still attached to the substrate. This is illustrated in Fig. 3. The lack of a flaw suggested that
there might be high residual stress in the substrate near the interface which was superimposed on
the applied stress from the MOR test.

Additional MOR testing was done to investigate the large drop in room-temperature strength
which occurred as a result of applying the coating. Two aspects of the coating process and one
aspect of the substrate preparation process were considered. First, the substrates are heated to
the CVD process temperature in argon and maintained at this temperature for the duration of the
coating cycle, which is typically 4 hours. To determine whether this "heat treatment" has any
effect on MOR, 5 samples of each substrate material were heated in argon at 1000°C for 4 hours
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and then flexure strength tested at room temperature. A comparison between the treated (Table
IV) and untreated (Table Il) samples shows no apparent decline in strength. Small increases in
average MOR were actually measured for each substrate material.

Table Ill. Summary of evaluation of bars after flexure strength testing to
determine fallure source.

Sample No. of Bars No. of Bars Falled at Location
Description Examined corner Near Corner* Center
Uncoated
25°C MOR
RBSN 17 1 4 12
SSC 0 - - -
HSN 20 4 2 14
1000°C MOR
RBSN 5 1 0 4
SSC 0 - - -
HSN 5 1 2 2
1200°C MOR
RBSN 0 - - -
SSC 0 - - -
HSN 5 0 1 4
1375°C MOR
RBSN 5 3 2 0
SSC 0 - - -
HSN 0 - - -
Coated
25°C MOR
RBSN 10 4 3 3
SSC 10 2 5 3
HSN 8 7 1 0
1000°C MOR
RBSN 0 - - -
SSC 5 3 1 1
HSN 5 5 0 0
1200°C MOR
RBSN 5 3 2 0
SSC 5 5 0 0
HSN 5 1 1 3

* Failure originated >1 mm from a corner, but not near the center of the bar.
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Table IV. Room-temperature flexure strength of uncoated MOR bars receiving
various treatments. Dimensions of test bars were 2 in. x 1/4 in. x

1/8 in.

Substrate Treatment* No. of Bars Tested MOR (MPa)
RBSN 1 5 314+26.2
SSC 1 5 412+43.0
HSN 1 5 867+89.6
RBSN 2 10 291+27 1
SSC 2 10 400+81.7
HSN 2 10 826+69.4
RBSN 3 10 271+53.2
SSC 3 10 387+63.4
HSN 3 10 753+83.9

* Treatment 1: Heated in flowing argon at 1000°C for 4 hours.
Treatment 2: Heated in flowing argon at 1200°C for 1 hour.
Treatment 3: Heated in flowing argon at 1200°C for 1 hour, then etched in a mixture of Ho
and Clo at 1000°C for 20 minutes.

Another substrate treatment which may affect measured flexure strength is the grinding of the
bars prior to coating (bars were ground to a 320-grit finish). This may induce compressive stresses
which are then relieved during the coating process. As a result, the MOR measured on the
uncoated bars could be artificially high, and the actual drop in strength after coating could be
smaller than that measured. To test this effect, 10 samples of each substrate material were
annealed for 1 hour at 1200°C in argon and then flexure strength tested at room temperature.
The results are reported in Table 1V. Relative to unannealed samples (see Table Il), the average
MOR remained the same or increased slightly. Hence, if there was a grinding-imposed stress, the
annealing used did not relieve it.

Finally, the substrates are exposed to a chemical etch-type treatment during coating. The surface
of the substrate is not completely covered with coating nuclei during the early stages of coating
growth and hence is exposed to the reactive gas mixture. At the coating temperature, etching is
thermodynamically possible. In addition, the AIN CVD process uses a reducing atmosphere, and
this could alter the oxide layer which is usually present on the surface of SigN4- and SiC-based
ceramics. To test these effects on flexure strength, 10 samples of each substrate were annealed
as above and then "etched" for 20 minutes in a mixture of Ho and Cl2 at 1000°C. After this
treatment, average MOR declined slightly for each substrate material relative to the unetched

fsanl:l%l’(,a\ls (see Table IV). In particular, the MOR dropped 6.8% for RBSN, 3.4% for SSC, and 8.9%
or .

Thege s_tudies, though only preliminary, suggest that the large drop in strength measured after
coating is not related to a particular CVD process step and may be related to residual stresses
developed in the coating layer, coating/substrate interface, or near-surface region of the

substrate. Additional MOR tests will be conducted during Phase Ii to identify the cause(s) of the
drop in strength.
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Contact Stress Tests

The effectiveness of the coating in reducing contact stress damage of each of the substrate
materials is being assessed by conducting point contact tests. The test involves contacting two
coated specimens at a point. Since the MOR bars used throughout the program have flat faces,
pins with a curved edge had to be specially fabricated for each substrate and coated. The
schedule selected for contact stress testing was to evaluate a total of 20 bar + pin pairs of each
substrate - 10 at room temperature, 5 at 1000°C, and 5 at 1200°C. The contact stress tests and
analysis of results were subcontracted to Garrett Turbine Engine Company, Auxiliary Power
Division. The required number of bars and pins were coated and sent to Garrett for testing.
Results are not yet available.

Final Report

Phase | of this program was completed at the end of March. All milestones were met, and the Final
Report was submitted. A Statement of Work for Phase Il was prepared and submitted.

Status of Milestones

All of the milestones from Phase | of the contract were met. The milestones for Phase Il have not
yet been written.

Communications/Visits/Travel

10/24-27/88 - H. J. Kim and D. W. Oblas attended the 26th Automotive Technology Development
Contractors' Coordination Meeting in Dearborn, Ml. D. W. Oblas presented a paper entitled
"Ceramic Coatings to Reduce Contact Stress Damage of Ceramics - Characterization.”

11/11/88 - H. J. Kim and H. E. Rebenne visited Oak Ridge National Laboratory to present a review
of Phase | and discuss plans for Phase Il of the program.

01/15-18/89 - H. J. Kim attended the 13th Annual Conference on Composites and Advanced
Ceramics in Cocoa Beach, FL.

Problems Encountered

None.

Publications

D. W. Oblas, C. D'Angelo, H. E. Rebenne, and V. K. Sarin, "Ceramic Coatings to Reduce Contact

Stress Damage of Ceramics: Performance Testing,” to be published in Proc. 26th Automotive
Technology Development Contractors' Coordination Meeting.
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Figure 1. Fractured surfaces of an uncoated HSN bar showing failure originating at a large
grain. This bar was flexure strength tested at 1200°C.

Figure 2. Fractured surfaces of an uncoated HSN bar showing failure originating at a large
pore. This bar was flexure strength tested at room temperature.
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Figure 3. Fractured surfaces of a coated HSN bar showing failure originating at a corner. This
bar was flexure strength tested at 1000°C.
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Wear Resistant Coatings
C. D. Weiss (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.

Wear resistant coatings will be applied to metallic substrates
utilizing plasma spraying, vapor deposition (CVD/PVD),and enameling
coating processes. First the adherence of each coating for each
coating process to the metallic substrate will be optimized. Methods
which can be utilized for improving the adherence of these coatings
include development of unique substrate preparation methods before
application of the coating, grading coating compositions to match
thermal expansion, compositional changes, laser or electron beam
fusing and/or optimizing coating thickness. Once the adherence of
each coating system is optimized, each coating will be screened for
friction and wear at 350 C under lubricated conditions. Coatings
which show promise after this initial screening will be further
optimized by adjustments to chemistry and hard particle content
to meet the friction and wear requirements. Then the optimized
coating systems will be fully characterized for oxidation resistance,
adherence, uniformity, thermal shock resistance, friction and wear.

Selection of the most promising coatings and coating processes
will be made after the characterization task. Criteria for selection
will include not only performance (i.e. wear, adhesion, friction
coefficient, thermal shock resistance and thermal stability) but
manufacturability/cost factors, as well. Utilizing both criteria
a coating system having acceptable cost/benefit relationships will
be selected.

Technical progress

Modification of a tensile pull test was completed and the
adherence of the plasma sprayed and chemical vapor deposited coatings
determined. These results are listed in Table 1. All the chemical
vapor deposited coatings had tensile pull adherence values above
4000 psi, in shear. (Note- the shear strength of the epoxy is 4000
psi.) In addition the following plasma spray coatings had tensile
pull adherence values above 4000 psi when applied to either a cast
on or tool steel substrate: prealloyed Ni, Cr, high Mo powder,
high carbon iron- Mo composite, self-fluxing high Mo blend, high
Co, Mo, Cr alloy, Hohman PS212. The self-fluxing Ni-Cr alloy spalled
from the tool steel after application and disbonded from the surface
of the cast iron at 2500 psi shear. Slightly poorer adherence values
on both cast iron and tool steel (1810 psi and 1460 psi, respectively).
were obtained with the chrome oxide-silica composite plasma sprayed
coating.
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Table 1
Results of Tensile Pull Adherence Testing-Plasma Coating

Coating: Shear (PSI):
Cast Iron Tool Steel

Self-Fluxing Ni-Cr Alloy >4000 Spalled
Self-Fluxing High Mo Blend >4000 >4000
Prealloyed Ni,Cr, High Mo Powder >4000 >4000
High Co, Mo, Cr Alloy >4000 >4000
Graded Zirconia Coating -

Bond Coat/Top Coat 2940 1630

Bond Coat/50-50/Top Coat 2180 1910

Bond Coat/50-50/25-75/Top Coat 1890 1730
Zr0 -Ti02-Y O3 Graded Coating -

Bond Coat;Top Coat >4000 1870

Bond Coat/50-50/Top Coat 1570 2950

Grading the zirconia coating with bond coat in an attempt to

reduce the thermal stresses which develop within the coating when
the coating is heated, adversely affects the coating adherence when
these coatings are applied to cast iron. However, grading the coating
with bond coat improves the adherence of the coating when the
coating is applied to tool steel. Grading the Zr02-Ti02-Si02 coating
with bond coat also adversely affected the coating adherence when
the coating was applied to cast iron and improved the coating
adherence when the coating was applied to tool steel.

The friction and wear screening of the plasma sprayed Falex
disks processed at Caterpillar, Table 2, illustrated that both the
high carbon iron-molybdenum and chrome oxide-silica composite powder
coatings recorded low coefficient of friction values and low-to-medium
disk and pin wear when these coatings were run against a ceramic pin.
These coatings also recorded low coefficient of friction values when
run against a 440C pin, but the 440C pin demonstrated medium-to-
high pin wear. Low coefficient of friction values as well as low
disk and pin wear were recorded by the self-fluxing Ni-Cr alloy plasma
coating when run against the ceramic or 440C pins.
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Table 2

Results of Falex Friction and Wear Testing - Plasma Coating

440C Pin Ceramic Pin

Plasma Coating| Coeff of Coeff of

on Disk Friction Comments Friction Comments

High Carbon 0.02-0.11 |low to medium | 0.01-0.13|low to medium

Iron Mo Comp. disk & pin disk & pin wear
wear

Cr,0,- 0.04-0.16 |low disk, high} 0.09-0.13|low to medium

273 X . :

318 Comp pin wear disk & pin wear

Powder

Self-Fluxing 0.10-0.20 |low disk, 0.09-0.18|1low to medium

Ni-Cr Alloy medium pin disk & pin wear
wear

Prealloyed Ni, 0.02-0.11 |{medium disk 0.07-0.13|1low pin and

Cr, High Mo and pin wear disk wear

Powder

High Co, Mo, 0.18-0.33 |medium disk 0.18-0.22|medium disk

Cr Alloy and pin wear and pin wear

Graded 0.15-0.24 |medium disk, 0.13-0.20|medium disk,

Zirconia low-to-medium low-to-medium
pin wear pin wear

Hohman PS 212 0.09-0.26 |medium disk 0.04-0.15{medium disk,
and pin wear low pin wear

zr0,-TiO,- 0.13-0.37 |medium disk,

2 2 X .
Y203 Comp high pin wear

The self-fluxing high molybdenum blend recorded relatively
high coefficient of friction values and medium-to-high pin wear when

run against either the ceramic or 440C pins.

In addition,

the high

Mo, Co, Cr alloy, graded zirconia coating and Zr02-Ti02-5i02

composite coatings all recorded high coefficient of friction values
when run against either the ceramic or 440C pins. Finally, the PS212
coating performed significantly better when run against the ceramic
pin than the 440C pin.
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Table 3

Results of Falex Friction and Wear Testing-CVD Coatings

440 Pin Ceramic Pin

CVD Coating | Coeff of Coeff of

on Disk Friction Comments Friction Comments
Chrome 0.024-0.31| medium disk, 0.09-0.22| medium disk,
Carbide high pin wear low pin wear
TiN/TiC 0.24-0.24 | medium disk, 0.07-0.15| low disk and
Layer high pin wear pin wear
Coating
Mid-Temp. 0.18-0.22 | medium disk 0.08-0.18] low disk and
Ti(C,N) and pin wear pin wear

Table 4

Results of Falex Friction and Wear Coating-Enamel Coatings

440 Pin Ceramic Pin
Coeff of Coeff of
Coating on Disk |Friction Comments Friction Comments
Cr,0, Plasma 0.09-0.31 |low-to-medium| 0.07-0.22 |low-to-medium
Sprayed Over disk, medium disk, medium
Co-Based Enamel pin wear pin wear
CrC, Plasma 0.07-0.18 jmedium disk,

Sprayed Over
Co-Based Enamel
Co-Based Enamel

low-to-medium
pin wear
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Of the three chemical vapor deposited (CVD) coatings evaluated,
the mid-temperature Ti(C,N) recorded both the lowest coefficient of
friction and the least amount of pin and/or disk wear when run against
either a ceramic or 440C pin. Both the chrome carbide and TiN/TiC
layered CVD coatings recorded high coefficient of friction values
and medium to high pin wear when run against the 440C pin (Table 3).

Table 4 illustrates that the chrome carbide and the chrome
oxide coatings plasma sprayed over an enamel bond coat recorded
reasonably low coefficient of friction values and low-to-meduim disk
and pin wear when run against a ceramic pin. However, when the plasma
sprayed chrome oxide over enamel coating was run against the 440C pin
high coefficient of friction values and medium to high pin wear was
recorded.

The Hohman A-6 double rub shoe machine was modified with a 3 hp
motor to allow for testing of specimens with higher coefficients of
friction values. With the modification, unlubricated friction values
of up to 0.5 can be evaluated without stalling the motor. A calibration
procedure is being developed to verify the consistency of the test data
obtained from this equipment. This will be followed by a series of runs
with plasma sprayed chrome carbide shoes running against a chrome oxide
disk. This material pair will be used as a baseline for the coatings
developed and evaluated in this program.

Status of milestones

MS1 Manufacture of 400 adherence test specimens— complete

MS2 Manufacture friction and wear test specimens- complete

MS3 Identify a minimum of 12 adherent coating systems-~ complete

MS4 Identify 12 coating systems for friction and wear optimization-
complete

Publications

M.H. Haselkorn, "Wear Resistant Ceramic Coatings for Diesel Engine
Components", was presented at CERAMTEC 89, February 1, 1989,
Dearborn, Mi.
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Development of Wear Resistant Ceramic Coatings for Diesel Engine

Components
M. G. S. Naylor (Cummins Engine Company, Inc.)

Objective/scope

The objective of this program is to develop advanced wear resistant
coatings for in-cylinder components for future, low heat rejection
diesel engines. Coatings and substrates (for piston rings and cylinder
liners) are to be developed to meet the following requirements:

1. Low wear (as measured in laboratory rig tests at ambient temperature
and 350°C). Wear coefficients in the range 5x107*% to 5x107"
mm’/mm/N are targeted (at 350°C).

2. Low friction coefficients when tested under boundary lubricated
conditions (target 0.1) and unlubricated conditions (target 0.2) at
ambient temperature and 350°C.

3. Good thermal shock resistance.

4. High adherence and compatibility with substrate materials up to
650°C.

5. High uniformity and reproducibility.

Technical progress

Wear testing

Wear testing and microstructural characterization of air plasma
sprayed (APS) chromium oxide, high velocity (HV) thermal sprayed 88% WC-
12% Co and HV chromium carbide-tungsten carbide-nickel-chromium "ring"

coatings have been completed. Tests were performed with grey iron and
slurry-sprayed silica-chromia-alumina (SCA) "Tiner" materials. The test
conditions and results are listed in Tables 1-4.

APS chromium oxide coatings - Wear data for APS Cr,0, coatings
tested against grey iron liners are shown in Fig. 1. Two Cr,0,
materials have been tested so far: an 800 um thick Metco 136 Cr,0,-
Ti0,-Si0, material and a 100 um thick Union Carbide Cr,0, with no
additives. Measurement of liner wear coefficients is in progress.

In comparison with the baseline electroplated (EP) chromium/grey
cast iron wear system, the Cr,0, wear systems are shown in Fig. 1b,
which suggests that the ceramic system offers most advantage at lower
temperatures. In fact, the difference in activation energies between Cr
and Cr,0, is Tess than the statistical error in measuring these values.
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Table 1. Wear rates and friction coefficients for Air Plasma
Sprayed Chromium Oxide ring coatings (Metco powder).
Cameron Plint tests: load = 225 N; frequency = 20 Hz;
stroke = 5 mm; test duration = 360 min (lubricated),

60 min (unlubricated).

Ring Liner Lubricant | Temp- Rir%g Wear | Liner Wear | Friction
Material Material er(atu)re (mm3/mm/N)| (mm3/mm/N)| Coeff
oC
Metco Grey Iron Fresh 262 4.59x10-12 7.94x10-10 | 0.196
Cr,04 CE/SF
15W40
Metco SCA Fresh 275 2.35x10-10 6.30x10-11 | 0.108
CI'203 CE/ SF
15W40
Metco SCA Fresh 344 7.70x10-11 6.42x10-11 0.109
CI'203 CE / SF
15W40
Metco SCA Fresh 353 4.49x10-11 1.71x10-10 | 0.110
CI'203 CE / SF
15W40
Metco SCA Engine- 259 1.03x10-10 1.23x10-10 0.223
Cry03 tested
CE/SF
15W40
Metco SCA None 436 2.60x109 7.53x10-10 | >0.75
Cl'203

For APS Cr,0, sliding against SCA (Fig. 2), the wear coefficients
displayed little if any temperature sensitivity. Compared to the
baseline system, SCA liner wear coefficients were lower, but this was at
the expense of higher ring (Cr,0;) wear. The low temperature
sensitivity suggests a predominantly stress-activated (as opposed to
thermally activated) wear process with this system. As a practical in-
cylinder tribology system, this materials combination is probably not
viable, due to the high ring wear coefficients, but the concept of a low
activation energy wear system may be useful if this behavior is typical
of other ceramic-on-ceramic wear systems.

Figure 3 illustrates a significant advantage of the Cr,0,/SCA
system over the baseline materials when using an engine-tested lubricant
for the wear tests. The baseline system showed a large (approximately
one order of magnitude) increase in wear coefficients compared to tests
run with fresh oil, while the Cr,0,/SCA combination showed essentially
no change in wear. Thus, it is important to test candidate coating
systems in used oil in order to gain a true picture of the performance
benefits which would be obtained in engine tests.
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Wear rates and friction coefficients for Air Plasma

g coatings (Metco powder).
Toad = 225 N; frequency = 20 Hz;

stroke = 5 mm; test duration = 360 min (Tubricated),
60 min (unlubricated).
Ring Liner Lubricant | Temp- Ruég Wear | Liner Wear | Friction
Material Material erature | (mm3/mm/N)| (mm3/mm/N){ Coeff
(0

Metco Grey Iron Fresh 262 4.59x10-12 7.94x10°10 | 0.196
Cr 203 CE / SF

15W40
Metco SCA Fresh 275 2.35x10-10 6.30x10-11 0108
Cr 203 CE / SF '

15W40
Metco SCA Fresh 344 7.70x10-11 6.42x10-11 0.109
Cr 203 CE / SF

15W40
Metco SCA Fresh 353 4.49x10-11 1.71x10-10 0.110
Cr203 CE / SF

15W40
Metco SCA Engine- 259 1.03x10-10 1.23x10-10 0.223
Cr,05 tested

CE/SF

15W40
Metco SCA None 436 2.60x10-9 7.53x10-10 | >0.75
Cr 203

For APS Cr,0, sliding against SCA (Fig. 2), the wear coefficients
displayed 1ittle if any temperature sensitivity. Compared to the
baseline system, SCA liner wear coefficients were lower, but this was at
the expense of higher ring (Cr,0;) wear. The Tow temperature
sensitivity suggests a predominantly stress-activated (as opposed to
thermally activated) wear process with this system. As a practical in-
cylinder tribology system, this materials combination is probably not
viable, due to the high ring wear coefficients, but the concept of a low
activation energy wear system may be useful if this behavior is typical
of other ceramic-on-ceramic wear systems.

Figure 3 illustrates a significant advantage of the Cr,0,/SCA
system over the baseline materials when using an engine-tested lubricant
for the wear tests. The baseline system showed a large (approximately
one order of magnitude) increase in wear coefficients compared to tests
run with fresh 0il, while the Cr,0;/SCA combination showed essentially
no change in wear. Thus, it is important to test candidate coating
systems in used oil in order to gain a true picture of the performance
benefits which would be obtained in engine tests.
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Wear rates and friction coefficients for Air Plasma
Sprayed Chromium Oxide ring coatings (U-Car powder).
load = 225 N; frequency =

Cameron Plint tests:

20 Hz; stroke

= 5 mm; test duration =

(Tubricated), 60 min (unlubricated).

360 min

Ring Liner Lubricant | Temp- | Ring Wear Liner Wear | Friction
Material Material erature | (mm3/mm/N)| (mm3/mm/N)| Coeff
(°C)

UCAR | GreyIron Fresh 196 2.48x10°12 0.318
Cr 203 CE / SF
15W40
UCAR Grey Iron Fresh 200 3.34x10-12 0.251
Cr,03 CE/SF
15W40
UCAR | GreylIron Fresh 276 1.66x10-11 0.174
Cl‘203 CE / SF
15W40
UCAR Grey Iron Fresh 287 2.05x10-11 0.223
CI'203 CE / SF
15W40
UCAR Grey Iron Fresh 358 2.25x10-11 0.132
Cry04 CE/SF
15W40
UCAR | GreyIron Fresh 361 4.17x10-11 0.177
Cr 203 CE / SF
15W40
UCAR Grey Iron Super- 200 6.20x10-12 0.227
Cr 203 Retined
Mineral
Oil
UCAR | GreylIron Super- 348 1.59x10-11 0.357
Cr,03 Retined
Mineral
0il
UCAR SCA Fresh 197 2.32x10-10 0.248
Cr203 CE / SF
15W40
UCAR scA Fresh | 332 | 244x10°10 0.130
Cr203 CE / SF
15W40
UCAR Polished Fresh 197 7.87x10-11 0.227
Cr,04 SCA CE/SF
15W40
UCAR SCA None 351 2.77x10-9 0.884
Cr 203
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Wear rates and friction coefficients for high
velocity thermal spray 88% WC-12% Co ring coating.

Cameron Plint tests:

load = 225 N; frequency =

20 Hz; stroke = 5 mm; test duration = 360 min.
Ring Liner Lubricant | Temp- Rigg Wear | Liner Wear | Friction
Material Material eliz(i)tcu;'e (mm3/mm/N)| (mm3/mm/N)| Coeff
WC-Co | Grey Iron Fresh 151 6.04x10-13 8.22x1012 | 0.210
CE/SF
15W40

WC-Co | Greylron Fresh 146 4.08x10-13 1.15x10-11 | 0.204
CE/SF
15W40

WC-Co | GreyIron Fresh 257 3.17x1012 7.88x10-10 | 0.171
CE/SF
15W40

WC-Co | GreyIron Fresh 256 1.44x10-12 9.53x10-10 | 0.169
CE/SF
15W40

WC-Co | Greylron | Engine- 149 1.84x10-12 1.24x10'10 | 0.196
tested
CE/SF
15W40

WC-Co | High Phos- Fresh 151 4.62x10-13 6.84x10-12 0.208
phorus Grey] CE/SF
Iron 15W40

WC-Co | High Phos- Fresh 257 2.06x10-12 3.87x10-10 0.172
phorus Grey| CE/SF
Iron 15W40

WC-Co SCA Fresh 148 9.12x10-12 7.42x10-11 0.216
CE/SF
15W40

WC-Co SCA Fresh 255 2.95x10-11 1.63x10-10 | 0.180
CE/SF
15W40
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Wear rates and friction coefficients for high

velocity thermal spray Cr,C,-WC-Ni-Cr ring coating.

Cameron Plint tests:

load = 225 N; frequency =

20 Hz; stroke = 5 mm; test duration = 360 min.
Ring Liner Lubricant | Temp- Ri%g Wear | Liner Wear | Friction
Material Material er(at(ljlie (mm3/mm/N)| (mm3/mm/N)| Coeff
(o]

CryC,-WC-| Grey Iron Fresh 149 4.78x10-12 1.33x10-11 | 0.223
i-Cr CE/SF
15W40

Cr3Cy-WC-| Grey Iron Fresh 148 3.98x10-12 147x10-11 | 0228
i-Cr CE/SF
15W40

Cr3Cy-WC-| Grey Iron Fresh 359 2.03x10-10 0.129
i-Cr CE/SF
15wW40

Cr3C,-WC-| GreyIron | Engine- 148 3.76x10°11 4.06x10-10 | 0.121
i-Cr tested
CE/SF
15W40

Cr3C,-WC-| High Phos- Fresh 148 2.49x10°12 1.61x10-11 | 0213
i-Cr | phorus Grey| CE/SF
Iron 15W40

Cr3C,-WC-| High Phos- Fresh 150 2.72x10-12 1.59x10-11 | 0.230
i-Cr  |phorus Grey] CE/SF
Iron 15W40

Cr3C,-WC- Ion- Fresh 153 1.41x10-11 4.80x10-11 | 0.213
i-Cr nitrided CE/SF
Type 1 15W40

Niresist

Cr3Cy-WC- SCA Fresh 149 6.16x10-12 1.08x10-10 0.219
Nicr CE/SF
15W40
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WEAR OF APS Cr,0, vs GREY IRON
Fresh CE/SF 15W40 Mineral Oil

Wear Coeff (mm~3/mm/N)
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1.0E-12 U = UCAR Powder
M = Metco Powder
1.0E-13 L L . L
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TEMPERATURE (C)
— Basellne CrRIng = - Basellne Iron Liner
(a) - APS Cr203 Ring + iron Liner

WEAR OF APS Cr,O, vs GREY IRON
Fresh CE/SF 15W40 Mineral Oil

Wear Coeff (mm~3/mm/N)
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Fig. 1. Wear rate of lubricated APS Cr,0, vs grey
cast iron as a function of temperature (data points).
The solid Tine represents the wear rate of electroplated
chroimum sliding against grey cast iron, and the broken line
represents wear rates of grey iron against electroplated
chromium. Cameron Plint data. (a) Log (wear coefficient)
vs temperature; (b) log (wear coefficient) vs the reciprocal
of absolute temperature (activation energy plot).
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Wear Coeff (mm~3/mm/N)

Ul ----—--v’--— -------------
- M U+
---- + 'F.M
U = UCAR Powder
M = Motco Powder
P « Polished SCA
{ 1 | |
0 100 200 300 400 500

TEMPERATURE (C)

— Baseline Cr Ring Baseline lron Liner

APS Cr203 Ring SCA Liner

Fig. 2. Wear rate of lubricated APS Cr,0, vs
ca-chroma-alumina as a function of temperature
a points). The solid line represents the wear

of electroplated chromium piston rings sliding
nst grey cast iron, and the broken line represents

wear rates of grey iron against electroplated
chromium. Cameron Plint data.
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Fig. 3. Wear rate of lubricated APS Cr,0, vs

silica-chromia-alumina as a function of temperature
(data points) in fresh and engine-tested lubricants.
Cameron Plint data.
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High velocity WC-Co coatings - Very low ring and liner wear
coefficients were obtained for the HV WC-Co/grey iron wear couple
(Table 3, Fig. 4). Two types of grey iron were used for this study, a
standard low alloy pearlitic grey iron and a low alloy, high phosphorus
pearlitic iron. Wear coefficients were approximately the same for both
materials. At 150°C test temperature, Tiner wear rates were much lower
than for the baseline system, while at 250°C, liner wear rates were
comparable for the two systems. The activation energy plot (Fig. 4b)
thus shows a much higher liner wear activation energy for the WC-Co/grey
iron combination than for EP Cr/grey iron. Ring wear activation
energies were similar for both systems. The Targe increase in liner
wear with increasing temperature for the WC-Co/grey iron system is
thought to have resulted from increased abrasive action due to cracking
of the WC-Co coating at the higher test temperatures. This cracking is
thought to be due to high thermal expansion mismatch with the HK40
stainless steel substrate and poor coating adherence. The coating
thickness was relatively large (250 um).

Wear performance for the WC-Co/grey iron system was degraded in
engine-tested Tubricant (Fig. 5), although wear rates were still lower
than for the baseline system in fresh oil.

With a SCA wear counterface, behavior similar to the CR,0,/SCA
system was obtained (Fig. 6), with Tiner wear rates being improved at
the expense of higher ring wear (compared to WC-Co/grey iron). The wear
rate of the SCA was higher than that of the HV WC-Co.

High velocity Cr.C,-WC-Ni-Cr coatings - Wear data for tests with
‘the HV Cr,C,-WC-Ni-Cr ring coating are listed in Table 4. The Cr,C,-
WC-Ni-Cr/grey iron wear couple showed lower liner wear coefficients than
the baseline system, with comparable ring wear rates (Fig. 7). The wear
performance was severely degraded in engine-tested lubricant (Fig. 8),
offering 1ittle advantage over the baseline system. The Cr,C,-WC-Ni-Cr
coating cracked at the higher test temperatures (250°C), as did the HV
WC-Co coating. Coating thickness for the Cr,C,-WC-Ni-Cr material was
also around 250 um.

The Cr,C,-WC-Ni-Cr/SCA wear couple showed slightly higher ring
wear and slightly Tower liner wear than the baseline system (Fig. 9).
The wear rate of the SCA was higher than that of the Cr,C,-WC-Ni-Cr
coating, as for the WC-Co/SCA wear couple. It is interesting to note
that the Cr,C,-WC-Ni-Cr/grey iron system had lower ring and liner wear
rates than the Cr,C,-WC-Ni-Cr/SCA wear couple.

T
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Wear Coeff (mm~3/mm/N)
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Fig. 4. Wear rates of Tubricated HV WC-Co vs
grey cast iron as a function of temperature (data
points). The solid Tine represents the wear rate of
electroplated chromium sliding against grey cast iron,
and the broken line represents wear rates of grey iron
against electroplated chromium. Cameron Plint data.
(a) Wear (wear coefficient) vs temperature;

(b) log (wear coefficient) vs the reciprocal of
absolute temperature (activation energy plot).
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Wear Coeff (mm~3/mm/N)
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Fig. 5. Wear rate of lubricated HV WC-Co vs
grey cast iron as a function of temperature (data
points) in fresh and engine-tested lubricants.
Cameron Plint data.
Wear Coeff (mm*3/mm/N)
1.0E-08
1o0E-09¢ -
1.0E-10 .- LT *
1.0E-11
1.0E-12
1.0E-13 !
0 100 200 300 400 500
TEMPERATURE (C)
— Baseline CrRing = ---- Baseline Iron Liner
: HV WC-Co Ring + SCA Liner
Fig. 6. Wear rate of lubricated HV WC-Co vs

silica-chromia-alumina as a function of temperature
(data points). The solid Tine represents the wear
rate of electroplated chromium piston rings sliding
against grey cast iron, and the broken Tine represents
wear rates of grey iron against electroplated
chromium. Cameron Plint data.
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Wear Coeff (mm~3/mm/N)
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Fig. 7. Wear rates of lubricated HV
Cr,C,-WC-Ni-Cr vs grey cast iron as a function
of temperature (data points). The solid line
represents the wear rate of electroplated
chromium piston rings sliding against grey
cast iron, and the broken line represents wear
rates of grey iron against electroplated
chromium. Cameron Plint data.
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Fig. 8. Wear rate of Tubricated HV
Cr,C,-WC-Ni-Cr vs grey cast iron as a function
of temperature (data points) in fresh and
engine-tested lubricants. Cameron Plint data.
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Wear Coeff (mm~3/mm/N)
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Fig. 9. Wear rates of Tubricated HV
Cr3C,-WC-Ni-Cr vs silica-chromia-alumina as a
function of temperature (data points). The
solid line represents the wear rate of
electroplated chromium piston rings sliding
against grey cast iron, and the broken line
represents wear rates of grey iron against
electroplated chromium. Cameron Plint data.

Microstructural characterization and adherence testing

APS chromium oxide - Figures 10 and 11 show the microstructures of
the APS Cr,0, coatings tested in this program. The initial tests were
performed with a coating sprayed from Metco 136 powder, having a
thickness of approximately 100 um. The second coating to be tested was
sprayed using a Union Carbide Cr,0, powder with no additives. The spray
parameters for this second coating are listed below (test 3).

A study of the effect of plasma spray process variables on coating
adhesion and microstructure has been conducted for APS chromium oxide
(Cr,0,). Two powders were used: a commercial Cr,0,-Ti0,-Si0, (Metco
136) and a pure Cr, material (U-Car). In all cases, a Metco 447 bond
coat was used. The test parameters are listed in Table 5, key variables
being powder composition, powder feed gas (argon or oxygen), powder feed
rate and spray velocity (arc gas flow rate). Two guns were used: an
Avco gun for lower velocities, and a Plasmadyne SG-100 gun with various
nozzles for higher velocities (tests 9, 10, 13 and 14 produced Mach 1
spray velocities). In addition, test 15 used an inert argon shroud
around the plasma spray.

The bond strengths of the coatings were measured by tensile pull
tests (using fixtures bonded to the coating with epoxy cement). Bond
strength data are presented in Table 6 and Fig. 12. Light microscopy
was used to determine the relative porosity levels of the coatings
(listed in Table 7).
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Fig. 10. Light micrograph of Metco
Cr,0, coating.

Fig. 11. Light micrograph of U-Car
Cr,0, coating.
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Table 5. Chromium oxide spray conditions.

Amps Volts Arc Gas Mix Gas Pwdr Gas Hopper Gun Nozzle Powder

649 49 12-He 40% Avco #85 M-138
500 40 12-He 10% Avco 965 M-136
500 69 3-Hyd 19 30% Avco 315 M-136
569 68 3-Hyd 10 30% Avco 315 U-Car
609 49 12-He 20-Oxy 1% Avco 315 M-136
600 49 12-He  208-Oxy 1% Avco 315 U-Car
968 35 50 69-He 12 1% SG-168 165 M-136
968 35 50 68-He 12 1% SG-188 165 U-Car
99 34 50 64-He 15 1% SG-108 165 U-Car
780 34 50 668-He 15 1% SG-164 165 M-136
7608 52 279 45-AR,N 18 3 RPM SG-148 360 M-136
708 52 270 45-AR,N 18 3 RPM SG-164 360 U-Car
799 34 50 68-He 15 1% SG-166 165 M-136
708 34 56 68-He 15 1% SG-168 165 U-Car
1966 45 115 45-AR,N 19 1.4 RPM SG-1648 369 M-136
1666 45 115 45-AR,N 19 1.4 RPM SG-160 360 U-Car
998 51 116 83-He 6 1.4 RPM SG-184 165 M-136

Note: Test 15 used an inert argon shroud with nitrogen coolers

Average Values and Standard Deviation
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Fig. 12. Tensile bond strength data for APS chromium
oxide coatings produced by various spray conditions (1isted
in Table 5).
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Table 6. Tensile bond test results for chromium oxide
coatings (see Table 5 for spray conditions).

Test Force PSI Ave Deviation Powder Mode

1 6609 8463 8403 832 Metco 136  Bnd/25%Cer
5860 7385 Bond
1400 9422 Ceramic

2 7249 2021 9146 682 Metco 136 Bnd/Epo
7144 90440 Bnd/Epo
6659 8467 Epoxy

3 8800 11205 166106 591 Metco 136 Epoxy
8500 16823 Epoxy
1708 9804 Epoxy

5 4000 5693 6239 825 Metco 136 Bnd/Cer Int
5500 7603 Bnd/Cer Int
5200 6621 Bnd/Cer Int

6 5250 6685 7321 548 U-Car Bnd/Cer Int
5700 7257 Bnd/Cer Int
6309 8621 Int/Cer

9 29540 3756 3883 325 Metco 136 Bnd/Cer Int
3400 4329 Bnd/Cer Int
28648 3565 Int/Bnd

19 3659 4647 4329 227 U-Car Bnd/Cer Int
3340 4202 Bnd/Cer Int
3259 4138 Int/Bnd

11 8009 16186 9846 489 Metco 136 Epoxy
7200 9167 Epoxy
80040 19186 Epoxy
7900 10059 9815 619 Metco 136 Epoxy
7858 8976 Epoxy
8175 18469 Epoxy

12 7400 9422 9433 299 U-Car Epoxy
7769 9864 Epoxy
7125 9472 Epoxy

13 5175 6589 7841 339 Metco 136 Ceramic
6359 8685 Ceramic
6950 8849 Ceramic

14 5650 7194 7692 1369 U-Car Epoxy
5825 6398 Epoxy
7459 9486 Epoxy

15 3350 4265 4244 338 Metco 136 Bnd/Cer Int
3000 38240 Bnd/Cer Int

3650 4647 Bnd/Cer Int
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Table 7. Relative levels of porosity/microcracking of
chromium oxide coatings assessed by 1ight microscopy.
1 = LOWEST; 5 = HIGHEST.

Test 112 |3 |4 |5 |6 |7 |8 [8A|8B|9 (10|11 |12 |13 |14 [15
Porosity (2 [3 12 [2 |1 1 3 {1 |3 [3 |5 |4 |1 2

The following conclusions were drawn from the above study:

1. The pure Cr,0, had slightly greater adherence than the Metco 136
(disregarding failures in the epoxy), but there was no significant
effect on density.

2. The oxygen powder feed gas produced higher densities but lower bond
strengths than with argon. The lower bond strength may have
resulted from oxidation of the bond coat.

3. Reducing the powder feed rate resulted in slightly higher bond
strength, but had no effect on density.

Ca

4. Higher velocity coatings generally had lower bond strengths. There
was no consistent effect of velocity on density for these
conditions.

5. The argon shroud with inert cooling produced a coating with fairly
low bond strength and average density.

Wear test samples have been prepared using the conditions of test 3
(the optimum combination of bond strength and density), for both types
of powder. The coatings were applied to an HK40 austenitic stainless
steel substrate (4 in. diam). Results for the U-Car coating are
described above.

High velocity WC-Co - Although the wear rates for the HV WC-Co
material were extremely Tow, the coating was found to crack during the
250°C wear tests. Light micrographs of the pre-test coating showed
almost continuous cracking at the substrate interface, indicating poor
adherence (Fig. 13a). The microstructure was comprised of 5 um WC
particles in a Co matrix with low levels of porosity (<10%). The
coating hardness was 1050 (+ 60) kgfmm2 (Knoop, 100 gf). SEM
examination revealed little solutionizing of the carbide particles
(Fig. 13b).

High velocity Cr,C,-WC-Ni-Cr - The microstructure of the HV Cr,C,-
WC-Ni-Cr was comprised of 10 um particles of WC and mixed Cr/W carbides
in a Cr-Ni matrix (Fig. 14). Porosity was approximately 10-15%. The
coating hardness was 1000 (+ 45) kgfmm? (Knoop, 100 gf).
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Fig. 13. Micrographs of high velocity
thermal spray 88% WC-12% Co. (a) Light
micrograph; (b) SEM micrograph (backscattered
electron image).
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Fig. 14. Micrographs of high velocity

thermal spray Cr,C,-WC-Ni-Cr.

(a) Light

micrograph; (b) SEM micrograph (backscattered

electron image).
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Analysis of worn surfaces - Analysis of the Cr,0, wear surfaces was
presented in the previous semiannual report. SEM micrographs of wear
surfaces for the two HV coatings are shown in Figs. 15 and 16, for a
grey cast iron counterface. In both cases, the carbide particles were
polished smooth and protruded slightly from the softer metallic binder
phase. The HV Cr,0,-WC-Ni-Cr surface revealed more porosity or inter-
splat fracture, and also showed possible evidence of fracture within the
ceramic phases (Fig. 16). It is difficult to determine the
microstructural features responsible for the difference in wear behavior
of the two HV materials investigated, but factors may include grain
size, inter-splat adhesion, porosity and hardness/toughness of the
ceramic phases.

Status of milestones

Task 1 - Experimental plan and coating deposition
Task 2 - Characterization

Task 3 - Selection of coating

Task 4 - Fabricate components

Task 5 - Reporting

Task 6 - Quality assurance

Tasks 1 (duration 18 months) and 2 (duration 16 months) are in
progress and on schedule.

Publications

None
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Fig. 15. Wear surface of HV WC-Co

Counterface: grey cast iron

Lubricant: CE/SF 15W40

Temperature: 150°C

Cameron Plint, 225 N, 20 Hz, 5 mm stroke, 360 min.

 50G0E

Fig. 16. Wear surface of HV Cr,C,-WC-Ni-Cr
Counterface: grey cast iron

Lubricant: CE/SF 15W40

Temperature: 150°C

Cameron Plint, 250 N, 20 Hz, 5 mm stroke, 360 min.
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1.4 JOINING
1.4.1 Ceramic-Metal Joints

Joining of Ceramics for Heat Engine Applications
M. L. Santella (0Oak Ridge National Laboratory)

Objective/scope

The objective of this task is to develop strong reliable joints
containing ceramic components for applications in advanced heat engines.
Presently, this work is focused on the joining of partially stabilized
zirconia and silticon nitride by brazing. The technique of vapor coating
ceramics to circumvent wetting problems that was developed for brazing
zirconia at low temperatures will also be applied to brazing silicon
nitride. The emphasis of this activity during FY 1989 will be on:

(1) completing the initial assessment of zirconia joint strength,

(2) high-temperature brazing of titanium-vapor-coated silicon nitride,
(3) correlating braze joint microstructures with strength data to
identify factors controlling joint strength, and (4) developing a method
of calibrating the indentation fracture technique to determine the
accuracy of residual stresses measurements in ceramic-to-metal joints.

Technical progress

Areas in which there was significant technical activity are
outlined in the following sections.

Brazing of zirconia

Microstructure of Ti-vapor-coated Zr0, braze joints - The results
of initial microstructure analysis and strength testing of Zr0, braze
joints were discussed in previous reports. A more thorough micro-
analysis is continuing, and some general observations obtained for
Ti-vapor-coated Zr0, braze joints, as well as the results obtained from
examination of Zr0,-7r0,, Zr0,-cast iron, and Zr0,-Ti joint strength test
specimens, are detailed in this report.

A detailed view of a braze joint microstructure, Fig. 1, shows that
two layers were found at the Ti-vapor-coated Zr0, surface after brazing.
Microchemical analysis by scanning electron microscopy (SEM) indicated
that the dark layer directly in contact with the Zr0, was the remnant of
the original Ti vapor coating. The second Tayer, which formed between
the Ti vapor coating and the braze filler metal, had a composition of
22Ag-30Cu-25Sn-19Ti-4Zr, wt %. The microstructure shown in Fig. 1
indicates that the Ti vapor coating isolated the Zr0, from direct
contact with the liquid filler metal, and that wetting resulted from
reaction of the braze filler metal with the Ti coating to form a
metallic or intermetallic reaction layer. The combined thickness of the
two reaction layers was approximately the same as the thickness of the
Ti vapor coating before brazing, nominally 0.6 um. These reaction
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layers were so thin that accurate chemical analysis was not possible
because the volume of material activated by electron probe microanalysis
is typically of the same width or larger that the width of the layers.

Visual examination of the braze joints showed that the Zr0, within
about 1 mm of the brazed surfaces became black due to the depletion of
oxygen. This discoloration indicates that some reaction between the
Ir0, and the Ti vapor coating occurred during brazing. One possible
reaction is the reduction of Zr0, by the solid Ti vapor coating to form
Ti0. However, standard free energy data indicate that the reduction of
Ir0, by Ti is not favorable at the brazing temperature of 735°C:

Ir0,(s) + 2 Ti(s) = 2 Ti0(s) + Zr(s) AG® = +6.4 kcal/mol.

In other words, Zr0, is be more stable because of its lower free energy
of formation.

A second possible reaction between the Zr0, and the Ti vapor coating
is diffusion of oxygen out of the Zr0, into the Ti. Oxygen is rela-
tively mobile in Zr0, and interstitially soluble in a-Ti up to 34 at. %.
The thermodynamic property that governs the oxidation-reduction behavior
of Ti-0 solutions is the partial molar free energy of the oxygen. When
pure Ti is placed in contact with Zr0, at constant temperature, the Ti
will extract oxygen until a concentration is reached where the partial
molar free energy of oxygen in the solution equals the free energy of
formation of Zr0,. Figure 2 shows the partial molar free energy of
oxygen in Ti-0 interstitial solutions and the free energies of formation
of some stoichiometric titanium oxides at 735°C. The solid horizontal
Tine indicates the free energy of formation of Zr0, at the same
temperature. As shown in this free energy diagram, oxygen will diffuse
out of the Zr0, until the oxygen concentration in the Ti reaches about
45 at. %.

This analysis indicates that Ti and Zr0, will react at the brazing
temperature, and suggests that a possible reaction product might be
substoichiometric Ti0O. However, the reaction predicted relies on oxygen
diffusion out of the Zr0, and in situ transformation of the Ti vapor
coating rather than on the formation of a new phase at the ZrJ,-Ti vapor
coating interface due to chemical reaction. This difference in reaction
details is subtle but may be important because interface phases formed
by chemical reaction are generally thought to promote better adhesion of
vapor coatings compared to those formed by diffusion alone. Partial
oxidation of the Ti vapor coating may also explain why it did not react
completely with the braze filler metal.

The other features in Fig. 1 are the Ag-rich and Cu-rich braze
filler metal phases which appear as light and dark regions, respec-
tively, and the Zr0,. The dark particles in the Zr0, are actually
pores which were not eliminated during sintering of the oxide. The
microstructure at the brazed Zr0, surface was the same for joints of
Zr0,-1r0,, 1r0,-Fe, and Zr0,-Ti.
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Flexure testing of zirconia active substrate braze joints - The
results of initial flexure testing of the Ti-vapor-coated Zr0,-Zr0,,

Ir0,-Fe, and Zr0,-Ti braze joints have been discussed previously, and
are summarized in Table 1 for reference. Optical examination of the
broken test bars indicated that most of them fractured near one of the
brazed surfaces regardless of materials and testing temperature. This
not surprising because the greater strength and stiffness of the Zr0,,
cast iron, and Ti compared to those of the Ag-30Cu-10Sn braze filler
metal would cause strain to be concentrated in the braze filler metal
Tayer during flexure testing. This observation also suggested that
adhesion of the Ti vapor coating to the Zr0,, and bond zone micro-
structure were important factors for determining joint strength.

The fracture characteristics of selected test bars were examined in
more detail by SEM. The overall fracture surface of one of the high
strength (o, = 571 MPa) Zr0,-Zr0, joints tested at room temperature is
shown in Fig. 3(a). The fracture surface was relatively planar. Also,
large fragments of the braze filler metal adhered to the surface after
testing and indicate that failure occurred simultaneously along both of
the brazed Zr0, surfaces. Examination at higher magnification, Fig. 3(b),
showed that the appearance of much of the surface was similar to the
fracture appearance of monolithic Zr0,, and confirmed that a substantial
amount of fracturing in this joint specimen occurred in the Zr0, just
below the Zr0,-Ti vapor coating interface. The fracture appearance
of this specimen is compared in Fig. 4 to that of a lower strength
(or = 269 MPa) Zr0,-Zr0, joint tested at room temperature. Some
fracturing occurred in the Zr0, in the lower strength joint, but the
relatively smooth areas shown in Fig. 4(b) indicate that failure in this
Joint was accompanied by a large amount of debonding between the Zro0,
and the Ti vapor coating.

The general fracture pattern of the Zr0,-Zr0, joints tested at
200°C was similar to that of the joints tested at 25°C. An example of
the fracture appearance from a test done at 400°C is shown in Fig. 5.
The fracture surfaces at this test temperature were typically smooth and
contained only isolated fragments of metallic phases. Essentially no
fracturing of the Zr0, was found for the 400°C tests, but failure was
mainly associated with debonding at the Zr0,-Ti vapor coating interface.
For the tests done at 575°C fracture occurred exclusively through the
metallic phases.

The fracture surface shown in Fig. 6(a) is typical of the higher
strength (354-399 MPa) Zr0,-Fe joints tested at 25°C. These test speci-
mens were characterized by regions that were relatively flat and other
areas where large fragments of the Zr0, was pulled out of the base
material. This behavior indicates that the joints failed by a combi-
nation of debonding at the Zr0,-Ti vapor coating interfaces and
fracturing of the Zr0, near the brazed surfaces. A more detailed
examination of the surface shown in Fig. 6(a) indicated that fracture
initiated near the Zr0,-Ti vapor coating interface and eventually led
to the pullout of a large piece of the Zr0, adjacent to the brazed
surface. Examination of the fracture surface near the tensile face of
the specimen at higher magnification, Fig. 6(b), showed that areas of
the Ti coating were still adhering to the zirconia after fracture.




224

The Tower strength (25, 36, 102, and 149 MPa) Zr0,-Fe joints tested
at 25°C behaved in a completely different manner. In this case, the
braze filler metal did not adhere to the Ti-vapor-coated Zr0,; and while
it bonded to the Cu plating, the Cu plating did not adhere to the Fe.
When the joints were tested, the layer composed of the resolidified
braze filler metal and the Cu piating simply fell away from the joint.
Microchemical analysis in the SEM indicated that the filler metal
fragments, remnants of the Cu plating, and the surface of the cast iron
all contained high levels of phosphorus and potassium. These contami-
nants apparently were introduced by improper process control or cleaning
procedures during the Cu-plating operation and were responsible for the
very low Zr0,-Fe joint strengths recorded at all four test temperatures.

The uncontaminated Zr0,-Fe joints tested at 200°C and 400°C failed
in much the same manner as those tested at 25°C, but also had indica-
tions of ductile failure in the metallic phases. The Zr0, half of a
Ir0,-Fe joint tested at 400°C, shown in Fig. 7(a), indicates that
fracture may have initiated near the Zr0,-Ti vapor coating interface,
but that its path was mainly through the metallic bond zone layer.
Failure occurred by ductile void coalesence in the metal Tayer as shown
in Fig. 7(b). Microchemical analysis showed that the surface in
Fig. 7(b) was entirely Cu, and confirmed that failure was associated
primarily with the Cu plating on the cast iron. Joint strength at 575°C
was also limited by the strength of the Cu plating.

The Zr0, surface of a Zr0,-Ti joint tested at 25°C is shown in
Fig. 8. The tension face of this bend bar is at the top of Fig. 8 and a
large portion of surface is covered by the metallic bond zone layer.
Further examination and microchemical analysis indicated that failure
initiated near the interface between the Ti half of the joint and a
Ti-Cu intermetallic layer formed by reaction of the Ag-30Cu-10Sn, wt %,
filler metal with the Ti metal. Figure 8 also shows that the fracture
path eventually diverted to the Zr0, just below the Zr0,-Ti vapor
coating interface. The strength of this joint was 470 MPa, and the
fracture characteristics of several of the higher strength joints were
identical to this one. In the lower strength Zr0,-Ti joints tested at
25°C, failure initiation occurred near the Zr0,-Ti vapor coating
interface, and the fracture paths were along this interface and in the
Zr0, near the interface.

The behavior of the Zr0,-Ti joints tested at 200°C was similiar to
that of the Tower strength joints tested at 25°C, but with slightly more
debonding at the Zr0,-Ti vapor coating interface and some fracture
through the Ti-Cu intermetallic phases near the bulk Ti surface.

Failure in the Zr0,-Ti joints tested at 400°C and 575°C was associated
with intermetallic and metallic phases in the bond zones of the joints.

The SEM observations of joints tested at 25°C indicate that for all
three joint types the highest joint strengths were associated with
partial or complete fracturing of the Zr0, beneath the Ti-vapor-coated
surfaces. The high strength Zr0,-Zr0, joints failed almost entirely
through the Zr0,. Considerable fracture through the Zr0, was also
observed for the higher strength Zr0,-Fe and Zr0,-Ti joints. Similarly,
the trend for the lower strength joints was that fracture was character-
ized by a noticeable fraction of debonding at the Zr0,-Ti vapor coating
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interfaces as illustrated by Fig. 4. Overall, the good strength of the
joints indicates that the adhesion of the Ti vapor coating was excellent
and was a critical factor in determining joint strength. The 25°C data
also indicate that the strength of all three types of joints decreased
as debonding of the Ti vapor coating from the Zr0, surfaces became more
prevalent. These observations imply that room-temperature joint
strength can be increased by improving the strength and uniformity of
bonding of the Ti vapor coating to the oxide surfaces.

Even in the Zr0,-Zr0, joints that fractured entirely through the
Ir0,, the joint strength at 25°C was below that of the monolithic Zr0,.
This fact along with the observation that fractures in the Zr0, always
occurred near the brazed surfaces indicates that near-surface micro-
cracking in the Zr0, may have controlled joint strength in cases where
adhesion of the Ti vapor coating was complete. A1l Zr0, coupons were
ground to a relatively fine finish (180-220 grit diamond) and carefully
cleaned before vapor coating with Ti and brazing, but no special attempt
was made to remove surface damage that may have resulted from grinding
operations. No microcracks were observed on unstrained metallograph-
ically prepared surfaces, but it is known that preexisting surface
damage can reduce joint strength. In addition, the difference in
thermal expansion coefficients between the Zr0, and the braze filler
metal (Ac = 9 um/m/°C) will produce residual stresses near the brazed
Ir0, surface which will contribute to the Zr0,-Zr0, joints having Tower
strength than the monolithic Zr0,.

The difference in thermal expansion coefficients between the Zr0,
and the cast iron (Ac =~ 4 pm/m/°C) undoubtedly was responsible for the
lower room-temperature strength of the Zr0,-Fe joints compared to the
Ir0,-72r0, joints. The residual stresses produced in the ceramic-metal
joint would be much larger than those produced by the metallic braze
filler metal layer of a ceramic-ceramic joint. Furthermore, a tensile
component of residual stress would exist normal to the brazed Zr0,
surface and it would reduce the level of applied stress necessary to
cause failure.

Titanium was also selected for making Zr0,-metal joints because its
thermal expansion coefficient is approximately the same as that of the
Ir0, (a = 10 pm/m/°C). The higher average and maximum room-temperature
strengths of the Zr0,-Ti joints compared to the Zr0,-Fe joints are an
indication that residual stresses were minimized in the Zr0,-Ti joints.
However, the room temperature strength of the Zr0,-Ti appeared to be
limited by the strength of a Ti-Cu intermetallic layer that formed on
the Ti surface during brazing, rather than adhesion of the Ti vapor
coating on the Zro0,.

The strength of the Zr0,-Zr0, joints decreased progressively at
200°C and 400°C. At 200°C, debonding at the Zr0,-Ti vapor coating
interface appeared to increase, and at 400°C it was the predominate
failure mode. The SEM examination of fracture surfaces indicated that
joint strength at the higher temperatures was roughly an inverse
function of the debonded area on the Zr0, surfaces. Adhesion of
coatings is promoted by strong atom-atom bonding within the interfacial
region, low local stress levels, and the absence of time-dependent
degradation phenomena, but the factors that may limit adhesion are many
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and they are not all well understood. The observation that debonding at
the Zr0,-Ti vapor coating interface became more prevalent at temperatures
above 25°C may be an indication that chemical bonding or chemical
reaction between the Zr0, and the Ti coating were never achieved. This
conclusion is consistent with the thermodynamic analysis presented
earlier, and it suggests that adhesion of the Ti vapor coating to the
Zr0, surfaces was due to a mechanical interlocking mechanism or weak
chemical bonding at an abrupt type of interface. The reduced adhesion
at higher test temperatures that is implied by lower joint strengths,

and the increase in debonded area on the fracture surfaces could both be
the result of a relaxation of bonding at the interface between the Zr0,
and the Ti coating by either of these mechanisms, and could be compounded
by stresses induced by differential thermal expansion.

Loss of strength due to relaxation of mechanical interlocking at
the Ti-vapor-coated Zr0, surface could also explain the lower strength
of the Zr0,-Fe and Zr0,-Ti joints tested at 200°C. Fracture in the
Ir0,-Fe joints tested at 200°C was complicated by a component of ductile
failure through the Cu plating in many specimens which contributed to
lower joint strengths. A mixed failure mode combined with some debonding
at the Zr0,-Ti vapor coating interface observed in the Zr0,-Ti joints
tested at 200°C undoubtedly contributed to the lower strength of these
Jjoints as well.

The strength of the Zr0,-Fe joints tested at 400°C was dominated by
failure through the Cu plating applied to the cast iron. The Cu plating
was used to prevent reaction of the braze filler metal with graphite in
the cast iron. However, carbon has limited solubility in Cu and no
apparent solubility in Ag. Therefore, it is possible that Cu plating of
the cast iron may be unnecessary for obtaining acceptable braze joints
with the Ag-30Cu-10Sn, wt %, filler metal. Eliminating the Cu plating
may also result in improved joint strengths and reduced data scatter at
400°C.

Fracture through intermetallic layers at the bulk Ti surface was
the main failure mode of the Zr0,-Ti joints tested at 400°C. Titanium
and copper react vigorously to form several brittle intermetallic phases
which appeared to limit the strength of the Zr0,-Ti joints at all test
temperatures. Reduction or elimination of these phases by brazing with
a lower-Cu braze filler metal may be one way of improving the strength
of these joints.

The strengths of all three types of joints converge to relatively
Tow values for testing at 575°C, and in each case failure was associated
with fracture through the metaliic phases. This is not surprising; the
solidus temperature of the braze filler metal is near 620°C, so 575°C
represents a very high temperature for joint strength testing. The
test data presented indicate that the practical limit for obtaining
reasonably strong joints with Ag-30Cu-10Sn filler metal is in the range
of 400°C to 575°C.

This study confirmed that vapor coating with Ti is an effective
way of promoting the brazing of Zr0, with a Ag-30Cu-10Sn alloy
(AWS BVAg-18). Analysis of braze joint test specimens indicated that
adhesion of the Ti vapor coating to the brazed Zr0, surfaces was
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generally very good. The data further suggested that obtaining good
coating adherence is a prerequisite to obtaining high strength braze
joints, and that improvements in adhesion would improve joint strength
at all test temperatures.

Brazing of silicon nitride

The metallographically prepared specimens of Ti-vapor-coated Si;N,
braze joints were examined for the presence of cracks that may have been
present before brazing or that may have resulted from brazing. No cracks
were found for the joint made with the 72Ag-28Cu braze filler metal.
Cracks which intersected the brazed Si;N, surface were found in both of
the other joints. For the 82Au-18Ni braze filler metal, cracks up to 95
um in length that extended 40 um below the brazed surface were observed.
For the 50Au-25Ni-25Pd braze filler metal, cracks up to 50 um long
extending 15 um below the joint surface were found. The Si;N, surfaces
of these joints were left in the as-fired condition prior to vapor
coating with Ti. They were not examined for cracks prior to brazing so
these data do not demonstrate whether the cracks were actually produced
by brazing. The data do, however, indicate a possible correlation
between cracking and the behavior of the Ti vapor coating because the
coating remained intact after brazing only for the 72Ag-28Cu alloy.

In the previous report it was noted that flexure strength data for
joints made with the 72Ag-28Cu filler metal had higher average strength
(326 + 38 MPa) and lower scatter (m = 7.7) than joints made with the
50Au-25Ni-25Pd filler metal (o, = 264 + 102 MPa, m = 2.4). Also, all of
the flexure bars broke through the Si;N,, and with only a few exceptions
the crack paths were within about 50 pm of the Si;N,-metal interfaces.
The joint surfaces of these specimens were diamond ground to a 30 um
finish before being coated with Ti. These specimens also were not
examined for cracking before the braze joints were made, or before
flexure testing. However, all of this data together suggests that
preexisting surface flaws or flaws induced at the Si;N, joint surfaces
during brazing may have controlled joint strength. Experiments to
examine this problem in more detail are progressing.

Status of milestones

141106 Complete microstructural analysis of initial zirconia-to-
zirconia and zirconia-to-metal braze joint flexure test
specimens.

Results of this work are complete and are detailed in a publication
draft entitled "Brazing Titanium-Vapor-Coated Zirconia." This
manuscript is currently being cleared for journal publication. Draft
copies of the manuscript are available on request.
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Publications

The paper entitled "Strength and Microstructure of Titanium-Vapor-
Coated Silicon Nitride Braze Joints" was presented at the 3rd
International Symposium on Ceramic Materials and Components for Engines,
November 28, 1988, in Las Vegas, and was accepted for publication in the
conference proceedings.

Unpublished work

A talk entitled "Ceramic Joining for High Performance Applications”
was presented at the Sixteenth Annual WATTec Interdisciplinary Technical
Conference and Exhibition, February 16, 1989, in Knoxville, TN.
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Table 1. Fracture strength of Ti-vapor-coated
Ir0, braze joint flexure test bars

Joint Test No. of Range of Average
Temperature specimens strength strength
(°C) (MPa) (MPa)
Zr0,-1r0, 25 14 269-571 421 + 95
200 7 239-459 356 + 74
400 9 199-370 292 + 55
575 9 48-149 101 + 32
Ir0,-Cast Fe 25 9 25-399 241 + 150
200 4 58-363 246 + 118
400 6 53-364 203 + 128
575 7 16-101 51 + 28
Zr0,-Ti 25 9 307-470 370 £ 52
200 8 106-353 266 + 85
400 9 137-212 178 + 20

575 7 49-128 102 23

=+
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(a)

M27076

Fig. 3. SEM micrographs of high strength
Ir0,-7r0, specimen tested at 25°C: (a) overall
appearance, (b) Zr0, appearance beneath Ti-vapor-
coated surface.




M27074

M27082

“,‘)’,'\ ~y 7

Fig. 4. SEM micrographs of Zr0,-7r0,
specimens tested at 25°C: (a) o, = 571 MPa,
and (b) o, = 269 MPa.
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Fig. 5. Fracture surface of Zr0,-Zr0,
specimen tested at 400°C showed evidence of
debonding at Zr0,-Ti vapor coating interface.




Fig. 6. SEM micrographs of high strength
Ir0,-Fe specimen tested at 25°C: (a) overall
appearance, and (b) Zr0, surface near tensile
face of bend test bar.
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77 M26889

M26888

Fig. 7. SEM micrographs of Zr0, half of
Ir0,-Fe specimen tested at 400°C: (a) overall
appearance, and (b) fracture appearance in
Cu plating.
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M27230

Fig. 8. Overall fracture appearance of
Ir0, half of Zr0,-Ti specimen tested at 25°C.
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Analytical and Experimental Evaluation of Joining Siiicon Nitride
to Metal and Silicon Carbide to Metal for Advanced Heat Engine
Applications - GTE Laboratories Incorporated

Objective/scope

The goal of this work is to demonstrate analytical tools for use in designing
ceramic-to-metal joints including the strain response of joints as a function of the
mechanical and physical properties of the ceramic and metal, the materials used in
producing the joint, the geometry of the joint, externally imposed stresses both of a
mechanical and thermal nature, temperature, and the effects of joints exposed for
long times at high temperature in an oxidizing (heat engine) atmosphere. The maxi-
mum temperature of interest for application of silicon carbide to metal and silicon
nitride to metal containing joints is 950°C. The initial joint fabrication work shall in-
clude “experimental” joints whose interfacial area is not less than two square centi-
meters. The work shall also include demonstration of the potential for scale-up of
the joint size to interfacial areas of commercial significance, applicability of the ana-
lytical joint modeling tools and the ability to use these tools to design and predict
the mechanical and thermal stability of the larger joints. These joints, referred to as

“scale-up” joints, shall have an interfacial area of at least twenty square centime-
ters.

Technical progress

Finite Element Analysis (FEM) addressed the relative effectiveness of Mo vs Ni
interlayers. Results showed that low yield stress Ni was more effective than low ex-
pansion coefficient Mo. Experimental results with coupon shear tests confirm this
prediction.

The effects of temperature on the mechanical properties of the joint materials
have been included in the finite element analysis (FEA) of the Task 2 joints. FEA
has shown that the low yield stress Ni interlayer is better at reducing residual stress
in the joint than is the low expansion coefficient Mo interlayer.

Good wetting was observed for the 950°C braze alloys, Palni, Palniro 1, Palniro
4, and Palniro 7, on Zr- and Ti-coated SNW1000.

An induction furnace was designed, installed, and calibrated for the elevated
temperature mechanical testing.

The high temperature strength of brazed joints prepared with Palni and Palniro
series alloys was measured. Hot shear testing at 500°C in an argon atmosphere in-
dicated that the performance of the braze joint at 500°C is at least equivalent or bet-
ter than the room temperature strength.

FEM analyses of proposed joint designs were conducted to determine the opti-
mum interlayer thickness. In addition, the effect of peripheral groove radius and ta-
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pering the end of the structural alloy were examined. The optimal interlayer thick-
ness for Ni in the proposed configuration was found to be 1 mm. Grooves were de-
termined to be beneficial but insensitive to radius. Tapering the structural alloy
joint end was also beneficial.

An analytical framework for the evaluation of torsion tests has been proposed.
in addition, the thermal and mechanical waveforms needed for cyclic testing have
been generated.

Braze alloy design work resulted in qualification of Au-Ni-Ti and Au-Pd-Ni-Ti for
650°C. The Pd-Au system was previously reported as the choice for 950°C.

The nature of braze-ceramic interaction has been the subject of continued
evaluation. TEM was used to document the reaction in the glassy phase.

Design/Criteria/Stress Analysis

Finite element analysis was performed on a Task |l type specimen configura-
tion utilizing an interlayer. The material properties are summarized in Table 1. Of
particular interest is the use of Nioro braze properties of 62 ksi yield based on re-
cent tests and a pure nickel interlayer with a yield stress of 8.5 ksi. Results of the
FEM analysis yielded relative stress values of 2 compared with 9 and 10 in earlier
cases without interlayers. Additional runs were made to determine the relative ef-
fect of Mo vs Ni as an interlayer. it was shown that Ni alone is significantly more ef-
fective than Mo alone. Slight improvements can be had by combining Ni and Mo if
the NI is in contact with the ceramic. This arrangement is particularly effective,
since the outer Mo layer reduces the contraction stresses on the ceramic because
of its low coefficient of expansion. The Ni adjacent to the ceramic deforms to ac-
commodate any remaining contraction. The constitutive equations used for this
analysis were based on the room temperature stress-strain curves of each compo-
nent in the joint.

Table 1: Materials Properties for FEM

Ceramic Structural Alloy Braze Interlayers
Properties PY6 Incoloy 909 Nioro Mo Ni
Young’s Modulus 43,000 ksi 23,000 ksi 8,150 ksi 46,000 ksi 29,500 ksi
Poisson’s Ratio 0.23 0.24 0.36 03 0.31
Yield Stress 121 ksi 150 ski 62.0 ksi 80 ksi 8.5 ksi
Coeff. of Linear 3.4 E-6/C 9.0 E-6/C 17.5 E-6/C 6.4 E-6/C 13.4 E-6/C
Thermal Expan. -18.3 E-6/C

Rm. T-800°C
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A new FEA of the joint was conducted with modified constitutive equations de-
rived as a function of temperature; however, the mechanical properties of the braze
were assumed to be temperature independent. Also, the number of elements was
increased to highlight the stress distribution around critical crack initiation sites.
The number of elements used was 166, 56, 140, and 192 for the ceramic, braze, in-
terlayer, and structural alloy, respectively. While the predictions of the model were
unchanged from those reported earlier, the accuracy of those predictions has been
improved.

Temperature-dependent power law equations were used for the plastic defor-
mation of the metal joint components. The following assumptions were made:

1. The strain hardening exponent, n, is independent of temperature
2. The strength coefficient, f(T), is a linear function of temperature

3. The young’s modulus E(T), is a linear function of temperature

o = E(T)e in elastic range Eq. 1
o = f(T) " in plastic range Eq. 2
E(T) = Ex(1-a T/T ) Eqg. 3

where 0o, €, E(T), n, and f(T), are true stress, true strain, Young’s modulus, strain
hardening exponent, a strength coefficient, respectively. a is a constant that equals
0.33 and 0.47 for the ceramic and braze, respectively. The ceramic was treated as a
perfect elastic material, while the braze alloy was treated as an elastic-perfect plas-
tic material.

The materials’ properties as a function of temperature were used to calculate
E(T), n, and f(T) for the components in the ceramic-metal joint system (Table 2). An
improved FEA of the joint was performed using these modified constitutive equa-
tions, Equations 1-3. ABAQUS, version 4-5-138 was used for the FEA.
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Table 2: The Temperature Dependence of the Elastic Modulus, E(T),
Strain Hardening Exponent, n, and Strength Coefficient, f(T)

Material E(T) ‘ n f(T)
Ni -0.052T + 215.04 0.235 0.23T + 390.96
Mo -0.060T + 329.37 0.099 -4.33T + 1136.51

(20°C < T < 200°)

1.57T + 238.53
(200°C < T < 300°)

-0.54T + 588.71
(300°C < T < 800°)

-0.158T + 277.53
(800°C = T < 1000°)

Incoloy 909 -0.0054T + 158.69 0.0575 -0.35T + 1387.98
Ceramic -0.049T + 279.52 1.00 N/A
Braze (Au-28% Ni) -0.035T + 58.88 0.00 99.5 ksi

Mises equivalent stress determines the deformation of the metal components,
while the maximum principal stress will determine cracking of the ceramic compo-
nents. Therefore, contours of Mises equivalent stress in the metal and of the maxi-
mum principal stress in the ceramic were used to judge the joint’s materials and
design. For all of the analyses, 8 node biquadratic elements were used for the
metal components. A fine mesh spacing was used for the interlayer to show the
nonlinear plastic behavior of that layer.

The data shows that the Ni interlayer results in a lower principal stress in ce-
ramic compared to the Mo interlayer. Therefore, Ni will reduce the chance of crack-
ing in the ceramic. Mises equivalent stress in the Mo interlayer exceeds 2.00E8 Pa,
whereas in the Ni interlayer this level of stress only occurs in the vicinity of the in-
terface between the Ni and Incoloy 909.
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Temperature Dependent Constitutive Equations for Joining Materials

Constitutive Equations for Ni and Incoloy 909 and PY6

The materials used in the ceramic-metal braze joint with a low a interlayer or
1 low yield stress o, interlayer are:

v
Ceramic PY6

Interlayer Ni (low yield stress, cy)
Braze Nioro

Structural Alloy Incoloy 909

The constitutive equations for Ni, Incoloy 909 and PY6 were derived above.
The constitutive equations for Ni and Incoloy 909 are given by equation 1 and a
modified form of equation 2, given as equation 4.

o = (AT + B)e" in the plastic range (4)
where for Ni E(T) = -0.05197T + 215.0395
A = -0.2282
B = 390.9629
n = 0.235
and where for Incoloy 909 E(T) = -0.005415T + 158.6933
A = -0.34775
B = 1387.9768
n = 0.0575

The constitutive equation for PY6 is:
o = 279.518(1-0.33T/1900)¢ (9)

Constitutive Equation for Nioro

A simple tension test on Nioro foil was carried out at room temperature. Ex-
perimental data are:

Elastic Modulus 5,568.00 ksi
Ultimate tensile strength 103.65 ksi
Yield strength 84.39 ksi

Elongation 0.048
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These data are close to the data in “Data Compilation for Ceramic-Metal Join-
ing."1 Because the testing machine was not extremely accurate, the data in “Data
Compilation for Ceramic-Metal Joining” were used to derive the temperature depen-
dent constitutive equation for Nioro.

Basic assumptions are:

1. Strain hardening coefficient n is independent of temperature.
2. f(T) is a linear function or piecewise linear function of temperature.
3. Young’s modulus (E(T) is a linear function of temperature.

4. Ultimate tensile strength and yield strength are linear functions of tempera-
ture, and they are equal to zero at the melting temperature.

The equations for Nioro utilized the following coefficients:

where  E(T) = 58.875(1-0.47T/950) (GPa)
A = -1.2558526
B = 1235.9366
n = 0.1289285

The constitutive equations are shown in Figure 1.
Optimization of Ceramic-Metal Brazing Joint Geometry
Finite Element Analysis

Using the constitutive equations derived in the February Report for Ni, Incoloy
909 and PYS, the constitute equation derived in the previous section for Nioro, finite
element analyses were carried out to optimize the geometry of the ceramic-metal
brazing joint with Ni as the interlayer. The temperature change used was from the
melting temperature of Nioro (950°C) to room temperature (20°C). This work was
done at the University of lllinois by using ABAQUS Version 4-6-170 on a Covax com-
puter.

The three basic geometries and finite element meshes of the ceramic-metal
joint are shown in Figures 2 to 4.
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Thickness of Ni Interlayer

For the basic geometry shown in Figure 2a, the thickness of the Ni interlayer
was varied from 0.7 mm to 1.1 mm. Contours of the Mises equivalent stress (Figure
2b) and the largest principal stress of the ceramic-metal brazing joint after brazing
were generated. The Mises equivalent stress and the largest principal stress for in-
terlayer thicknesses equal to 0.7, 0.8, 0.9, 1.0 and 1.1 mm are shown in Figure 5.
From the data on Ni in this figure, it can be noted that the joint with a Ni interlayer
thickness of 1.0 mm seemed to be superior.

Effect of Groove

The geometry of the ceramic-metal brazing joint with a groove is shown in Fig-
ure 3a. The radius of the groove was varied from 0.3 mm to 1.0 mm. Contours of
the Mises equivalent stress (Figure 3b) and the largest principal stress were gener-
ated. Comparing these data, it can be noted that the effect of the size of the groove
is small. However, it is apparent that the von Mises equivalent and the largest prin-
cipal stresses are reduced by introducing a groove.

Effect of Tapered End of the Structural Alioy

The geometry of a ceramic-metal brazing joint with a tapered end is shown in
Figure 4a. The parameter a of the conic shape was varied from 0.2 mm to 1.0 mm.
Contours of the Mises equivalent stress (Figure 4b) and the largest principal stress
were calculated. Comparing these data, it can be noted that the effect of the size of
the groove is small. However, comparing Mises equivalent stress and the largest
principal stress for various configurations, it is obvious that these two stresses are
reduced by tapering the end of the structural alloy.

Brazing Alloy Development

Alloys were considered for brazing Incoloy 909 to molybdenum because of the
close thermal expansion match of the latter to silicon nitride. The gold alloys con-
taining higher gold content than the lowest congruent melting composition will react
with nickel or iron-based alloys resulting in an eroded braze joint. The resulting
higher nickel-gold alloy will be much harder and will be a less forgiving joint be-
tween two dissimilar materials.
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Four (4) gold alloy systems were studied:

Gold-Copper-Nickel-Titanium
Gold-Nickel-Titanium
Gold-Palladium-Nickel-Titanium
Gold-Nickel-Silicon-Titanium

The most promising alloy of the 4 gold alloy systems studied were gold-nickel-
titanium system with nominal composition of:

Ni 3%

Ti 0.6%

Au Balance
Liquidus 1020°C
Solidus 1000°C
Brazing Temperature 1020°C-1040°C

The alloy is very ductile, with a Knoop hardness of about 130.
An alloy with slightly higher melting temperature had a composition of:

Gold 91.5%
Nickel 2.0%
Palladium 5.0%
Titanium 1.5%

The liquidus/solidus of 1133°C/1077°C makes this alloy stronger at 650°C use
temperature. This alloy with knoop hardness of 170 is less forgiving to plastic flow
at elevated temperature than the gold-nickel-titanium alloy.

Gold-Based Alloy

Gold 87 -97%
Nickel 1 -12%
Titanium 5 -1.5%
32 alloy compositions evaluated

Liquidus 975 - 1030°C
Solidus 961 - 1010°C

Excellent system for Molybdenum.
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Gold-Nickel-Silicon Alloy
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Gold 9 -98%
Nickel 1 -9%
Silicon A -2%
Titanium 1 2%
Liquidus 980 - 1070°C
Solidus 940 - 1000°C
47 alloy compositions studied.
Excellent wetting alloy.
Hard alloy.
Very ductile alloy.

Gold-Based Alloy
Gold 85 -94%
Nickel 2.5 -4.5%
Copper 2.5 -6.5%
Liquidus 950 - 1050°C
Solidus 900 - 950°C

22 alloy compositions investigated.
Wetting obtained, but melting temperature is too low. While
the alloy is ductile, the “good alloys” were too hard.

Gold-Based Alloy

Gold 89 -94.5%
Palladium 5 -10%
Nickel 0 -3%
Titanium 0.5 2%
Liquidus 1109 - 1232°C
Solidus ' 1054 - 1185°C

17 alloy compositions studied.
Excellent wetting alloy systems.
Excellent ductility and low hardness.

Only a few structural alloys are available that can be heated to 950°C in oxidiz-
ing atmosphere for long periods of time. Recommended precious metals such as
palladium or platinum can be heated in air and are ductile and soft. These should
be the principal materials for joining to silicon nitride.

950°C + 273°C _ 1223K _

1450°C + 273°C 1723K
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950°C Brazing Alloy

Wetting tests of possible 950°C braze alloys were conducted on Ti-coated
SNW1000. The detailed procedure was described in previous reports. Table 3 lists
the compositions and test temperatures for each of the four brazes studied. The
test temperatures were 110% of the alloy’s liquidus in °K. All of the braze alloys
wet the substrate very well. Figure 6 shows the wetting angle as a function of time
for all four braze alloys.

Table 3: Braze Compositions and Test Temperatures Used in the Wetting
Experiments for the 950°C Braze Alloy. All of the Braze Alloys
are Manufactured by GTE Wesgo.

Composition (wt. pct.) Test
Braze Au Ni Pd Temperature (°C)
Palni -- 40 60 1389
Palniro 1 50 25 25 1260
Palniro 4 30 36 34 1272
Palniro 7 70 22 8 1168

During wetting tests between Palni braze and Zr-coated SNW1000, a large
amount of outgassing occurred. Wetting tests were carried out in a mass spectrom-
eter/vacuum system to determine the nature and source of this gas. Mass spectros-
copy showed that a large amount of N2 gas was given off as the Palni braze wet the
Zr-coated SNW1000. The data suggest that the Pd in the Palni braze reacts with
SisN4 to form Pd.Si or PdSi and Na.
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Table 4 shows the results of other wetting tests of various brazes on Zr-coated
and uncoated SNW1000.

Table 4: Outgassing Results - Braze Material on SNW1000

Total Major
Sample Gas Pressure* Gas Species

SNW1000 193 microns N2z, Ha
1300°C
Palni/Zr Film 800"~ N2
1300°C
Palni w/o Zr 75 N2
1300°C
(Au-Pd-Ni-Ti)/Zr Film 131 Hz, N2
1180°C
(Au-Pd-Ni-Ti)} w/o Zr 158 Hz, N2
1180°C
Nioro w/o Zr 70 N2
980°C

*Pressure normalized for values w/o the 3 liter volume,

“*There is an initial pressure increase in the first 10 seconds for
all of the samples, but this specimen showed, in addition, a burst of
gas some time later.

Cylindrical Specimen NDE

When the Task |l specimens wiill be brazed, it will be useful to have informa-
tion concerning the extent of bonding in addition to mechanical test results. With
that goal in mind, some preliminary experiments were performed brazing a 1/16-in.
thick molybdenum ring to a 0.5-in. diameter SNW1000 (GTE Wesgo silicon nitride -2
w/o Al203-13 w/o Y:03). The 0.2-in. length of the Mo ring yields a braze area of 2
cm? as called for in Task II. Two braze alloys were used: Cusil ABA GTE Wesgo 63
w/o Ag-35.25 w/o Cu-1.75 w/o Ti and an experimental alloy 91.75 w/o Au-5 w/o Pd-2
w/o Ni-1.25 w/o Ti. The brazed cylinders were evaluated using microfocus x-ray ra-
diography. The samples were oriented at a slant with respect to the beam so that
both the front and the back of the ring braze joint were exposed.
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The results of this procedure are given in Figure 7. Large unbonded areas are
seen with the Au-Pd-Ni-Ti sample in the radiograph given in Figure 7a. The exterior
portion of the braze shown in Figure 7b at the right has a nonuniform fillet with sig-
nificant bare patches between beads of braze. In contrast, the Cusil ABA sample
shows no unbonded area in the radiograph and a continuous, uniform fillet in the
optical photograph.

Transmission Electron Microscopy of Brazed Joints

Two pieces of Ti-coated Al.Os were brazed with Nioro at 980°C for 10 minutes.
The Al20s grain boundaries near the Ti-coated surface had a high density of precipi-
tates (Figure 8). Figure 9 shows a triple point in the Al20s away from the Ti-coated
surface. This triple point has a pocket of glass which is precipitate free. These two
micrographs indicate that the titanium reacts with the glass phase at the grain
boundaries to produce a precipitate. This reaction between the titanium and the
grain boundary glass phase may produce tensile stresses which would lower the
strength of the Al:Os.

Silicon Nitride-Metal Joint Development

Interlayers

The study of ceramic-metal pairs indicated that additional layers of materials
are needed to accommodate the residual stress resulting from differential expan-
sion. Interlayer materials were screened using rectangular coupon samples and
shear tests in a fashion analogous to the work already reported. Figure 10 shows a
brazed coupon sample containing an interlayer. Two general groups of interlayer
candidates were identified. One set includes relatively low yield strength materials
such as copper or nickel. The other consists of low coefficient of expansion materi-
als such as Mo. Table 5 provides a summary of both nitride and silicon carbide
shear tests data for samples containing interlayers. The results of shear strength
measurements are the average of 3 and 6 tests. Results to date indicate that ma-
terials such as Mo and W are useful for their intermediate thermal expansion coeffi-
cients. it is believed that the low oxidation resistance of these materials can be ad-
dressed by utilizing designs which do not expose them to oxygen. Cu and Ni were
also shown to be promising. Additional study is in progress in this area to finalize
material selection and optimize thickness. This experimental data is consistent with
the modeling predictions that Ni would outperform Mo.
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Table 5:
Shear
Thickness Strength
Materials System (in.) (ksi)

SNW1000-Zr coating-Nioro-Nb-incoloy 0.04 6.9
SNW1000-Zr coating-Nioro-W-Incoloy 0.04 17.4
SNW1000-Zr coating-Nioro-Ni-Incoloy 0.005-0.02 15.0
SNW1000-Zr coating-Nioro-Mo-Incoloy 0.01, 0.04 10.2
SNW1000-Zr coating-Nioro-Cu-Incoloy 0.02, 0.04 19.2
SiC-Ta coating-Nioro-Cu-Incoloy 0.01, 0.04 0.4
SiC-Zr coating-Nioro-Cu-Incoloy 0.04 2.6
SiC-Zr coating-Nioro-Mo-Incoloy 0.04 0.3

Mechanical Testing of Brazed Joints

Furnace Construction

An induction furnace was designed and installed on an MTS machine for tor-
sion testing of brazed joints at 650 and 950°C. The temperature difference between
the surface of the sample and the brazed joint was measured. This temperature dif-
ference is significant because, when testing the actual brazed joint, only the surface
temperature of the sample can be measured. One thermocouple recorded the sur-
face temperature of the sample, while another thermocouple was placed in the loca-
tion of the brazed joint (Figure 11). Equation 6 describes the relationship between
the surface temperature, TS, and the joint temperature, TJ-, both in degrees Celsius.

Tg = 60.66 + 0.97 Tj Eq. 6

The plot of surface temperature versus joint temperature is shown in Figure
12. The sample temperature was held within 5°C of the desired temperature with lit-
tie difficulty. ;

Shear Testing

The high temperature joint strength of Palni and Palniro series brazes was
measured with coupon lap joint samples. The substrate materials chosen for 950°C
were Zr- (or Ti-) coated SNW1000, Mo, W, Nb and Ni. The Mo, W, Nb or Ni will serve
as interlayer in the final joint design.
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Palni and Palniro 4 braze alloys on Nb and Mo substrates were used for the
preliminary tests. The selection of these brazes was based on their relatively high
solidus temperatures, 1238°C and 1135°C, respectively.

Hot shear testing was performed in an argon atmosphere. The test tempera-
ture, 500°C, was selected due to the temperature limit of fixture. The samples were
equilibrated at 500°C for 30 min. before being tested at 0.01 inch/min. crosshead
speed. Ti was substituted for Zr as a coating for the Nb-SNW1000 coupons. This
substitution was made because a strong interaction between the Zr coating and
braze alloys at 1200°C prevented the Nb-SNW1000 system from bonding.

Table 6 shows the results of hot shear tests. The braze alloys studied did not
show significant weakening at 500°C. For SNW (Zr coated)-Mo system, Palniro 4 re-
sulted in a high shear strength. However, Palni provided strength equivalent to the
room temperature strength of the SNW-Nioro-Mo system. Fracture always occurred
in the braze. This implies that the thermal stresses developed at the ceramic-metal
interface were not high enough to cause cracking of the ceramic. Overall, results
from this limited number of tests indicate that the performance of the brazed joints
at 500°C is better than or equivalent to strength levels seen at 20°C. This is prima-
rily due to the reduction of the thermal mismatch between the ceramic and metal
substrates.

Table 6: Results of the Hot Shear Tests

Bond Shear
Area Testing Strength
System (cm?) Temp(°C)  (ksi) Comments
SNW1000 (Zr)-Palni-Nb 0.96 - - No bonding
after brazing
SNW100 (Zr)-Palniro 4-Nb 0.96 - - T
SNW1000 (Ti)-Palni-Nb 0.96 525 12.3 -
SNW1000 (Ti)-Palniro 4-Nb 0.95 525 7.4 -
SNW1000 (Zr)-Palni-Mo 0.96 525 6.2 -
SNW1000 {Zr-Palni-Mo 0.96 525 4.8 -
SNW1000 (Zr)-Palniro 4-Mo 1.10 525 >15.2 No failure
at 156.2 ksi
SNW1000 (Zr)-Palniro 4-Mo 1.10 526 - Failed during

Preloading
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Torsion Testing

In order to establish baseline information for the torsion tests of ceramic-metal
braze joints, Incoloy 909 and !nconel 718 specimens without braze joints were
tested at room temperature with the rctational strain rate of 0.00087 rad/inch/sec.
The torsion tests were conducted with zero axial load. These curves were con-
verted to (maximum) shear stress vs shear strain, using equations shown below for
the elastic and plastic regions. This analysis was taken from Dieter?,

T=2 I\/It/nr° in the elastic region
t=1/2 nir® (8°dM/d®" +3 My) in the plastic region
Y=r8"=6/L, or =6/L

where Mt' r, 8, and L are the applied torque, the radius of the specimen gauge sec-
tion, rotational angle and the gauge length, respectively. The maximum shear
stress occurred at the surface of the specimens, which will eventually cause the
fracture of the material.

Further, these shear stress vs shear strain curves were changed into effective
stress vs effective strain in uniaxial tensile mode using stress and strain invariant
functions.

T=01'=-O'3', 02':0
Y=261'; e1'=-63’, 62'=0
Therefore,
Ocffective = VV‘3 oy
€effective ~ 2/v/3 €1
since Oeffective = 1/+/2 [(04-09)* + (05-04)* + (03“01)2]1/2
and €offoctive = 2//3 [(€1-€)" + (€x-€5)* + (63-61)2]1/2_
The resulting curves of T vs y and Oaffective VS €effective are shown in Figures 13

and 14.

At high temperature, the residual stress in the ceramic component of the
brazed structure can be reduced significantly. Therefore, it is highly possible to
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have a failure at the brazed region due to t:e temperature limit of the braze alloys.
Since von Mises equivalent stress, i.e. effective stress governs the deformation of
the braze alloys and interlayer materials, this simple approach given below can be
used to link the experimental results with the finite element analysis (FEA) which
can predict the location and level of maximum von Mises equivalent stress. At
room temperature, the maximum principal stress in the ceramic will control the fail-
ure of the joint structure. Also, the direction of maximum principal stress (o4) at the
ceramic surface is paralle! to axial line of the ceramics due to its cylindrical geom-
etry. Based on this approximation, the equation as below is true for the ceramic
and metal components:

Ofracture ™ Uapplied + Oresidual

where oapp!ied and Ofracture €an be measured from the ceramics with and without
brazed joints, while 0 ogiqual =S4, Which is from the prediction of FEA.

Thermal Fatigue Evaluation

The thermal fatigue experimental cycle has been developed. The maximum
temperatures were based on contractual requirements. Both of these temperatures
were taken to be for engines running at maximum power under steady state condi-
tions. The lower temperatures of each thermal cycle were selected to simulate the
temperatures experienced at steady state, idle speed.

Geometry and mass of the rotor play a large part in determining the internal
temperatures of the rotor/shaft system; therefore, one system was chosen as a
model. Thermal maps of the ceramic turbine rotor and structural alloy shaft cross
section of the chosen model were based on work done at General Motors on their
gas turbine engine.3

A temperature of 650°C is the lower of the two braze joint service tempera-
tures for both the SisN4 and the SiC, and this corresponds well to work being done
at this time. The location of the 650°C isotherm was marked on the thermal map for
steady state, maximum conditions for both materials. This same area was then ex-
amined on the thermal maps for steady state, idle conditions. The idle tempera-
tures were found to be 335°C and 465°C for the SisN4 and SiC, respectively. The SiC
required approximately 66 seconds to reach 650°C from 465°C and return again,4
while the SisNa4 cycle was approximately twice as long. A graphical representation
of the cycle can be seen in Figure 15.

The same method was used to develop the thermal cycle for the 950°C cycle.
The idle temperature is raised as the entire operating temperature of the hot section
is raised in the gas turbine engine.5 This is the most efficient way of operating the
engine because of increased response time when the temperature differences be-
tween maximum speed temperature and idle speed temperature are small. The cy-
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cle time was therefore left the same as in the previous cycle. Figure 16 summa-
rizes the cycle for a 950°C maximum temperature.

Mechanical Fatigue Evaluation

The ceramic joining program requires demonstration of the ability of the joint
to withstand 1000 cycles of mechanical fatigue. The state of stress and loading cy-
cle have been determined. As with the thermal fatigue evaluation, the mechanical
cycle was developed with the idea of simulating the stresses developed in a gas
turbine engine, and the model used was the engine currently being tested by Gen-
eral Motors.

The braze joint area of a rotor/shaft assembly experiences many stresses, one
of them being torsional. The torque experienced at maximum and idle speeds is
185 in-Ib and 35 in-lb, respectively. The cycle time was 1/3 seconds from low to
high. A graph of the proposed cycle is seen in Figure 17.

Status of Milestones

Finite Element Analysis (FEA) of Mo and Ni interlayers was completed. The
low yield stress Ni interlayer produced lower residual stress levels in the joint than
did the Mo interlayer. Shear testing of coupon lap joints supported this conclusion.

Assembly of Task 2 specimen for the performance test has been postponed
(7/1/89) due to vacuum pump repairs.

Communications/Visits/Travel

Meeting on 11/30/88 at GTE Laboratories with Professor K.-S. Kim, University
of llinois, to discuss Task 2 and Task 3 geometries. Meeting on 1/11/89 with H.
Mizuhara of GTE Wesgo about high temperature braze design.

Frequent phone consultations occurred with H. Mizuhara of GTE Wesgo and
Professor K.-S. Kim of the University of lllinois.

Problems Encountered

None.

Publications

E.M. Dunn, S. Kang, H. Mizuhara, K.-S. Kim, “Analytical and Experimental Eval-
uation of Joining Silicon Nitride to Metal and Silicon Carbide to Metal,” Proceedings
of the 26th Automotive Technology Development Contractors’ Coordination Meeting,
Dearborn, MI, Oct. 24-27, 1988, Society of Automotive Engineers, Inc., Warrendale,
PA, submitted for publication.
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Figure 6: Plot of contact angle versus time for Palni, Palniro 1,
Palniro 4 and Palniro 7 on Ti-coated SNW1000
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(a)

(b)

Figure 7. SNW 1000 silicon nitride cylinders brazed to molybdenum rings.
Microfocus x-ray radiograph is at upper right of each figure.
(a) Cusil ABA braze and (b) Au-Pd-Ni-Ti braze.
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Figure 8. Grain boundary near the Ti3Al layer showing many precipitates in the
glassy phase.

g0 %

Figure | 9. Glass phase at a triple-point in Al,O3.
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Schematic illustrating shear test samples of ceramic-
metal joints containing an interlayer
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Analytical and Experimental Evaluation of Joining
Ceramic Oxides to Ceramic Oxides and Ceramic

Oxides to Metal for Advanced Heat Engine Applications
A. T. Hopper, J. Ahmad, and A. Rosenfield

(Battelle Columbus Division)

Objective/scope

The objective of this project is the development of procedures
necessary for the design of reliable, high strength ceramic oxide-to-
ceramic oxide and ceramic oxide-to-metal joints. The research program
consists of analytical and experimental tasks employing Zirconia as the
ceramic. The experimental work dealing with ceramic oxide-to-metal
joints is being done by Dr. James Cawley and Mr. Eunsung Park of The
Ohio State University and by Dr. Daniel Hauser of The Edison Welding
Institute. The experimental work dealing with ceramic-oxide to ceramic-
oxide joints is being done by B. S. Majumdar and S. L. Swartz.

The goal of the analytical work is a predictive model that can be
used in engineering design of ceramic joints. This work consists of
several subtasks involving residual stress modeling, deterministic
stress and fracture mechanics modeling, engineering design modeling,
probabilistic modeling, and model validation. Inputs to these models
come from the experimental efforts.

The experimental work involves the fabrication and testing of small
scale and scaled up joints to determine the mechanical behavior of these
ceramic joints. Experiments include measurement of elastic constants
and of stress-strain curves as a function of temperature, tensile
strength, shear strength, Mode I and Mode II fracture toughness, creep
deformation, time dependent strength, and strength degradation from hot
oxidizing gases and from thermomechanical cycles.

Technical progress

1.0 Analytical Efforts

In the present reporting period, Finite Element Analyses of the
Zirconia-Zirconia disk specimen geometry shown in Figure 1 were per-
formed. This is one of the specimen types to be used in the fracture
mechanics experiments. Analyses were performed for four different a/R
ratios and four different crack angles (6) with respect to the loading
line. The purpose of these analyses was to provide accurate Mode I and
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l Mode II stress intensity factor solutions for toughness determination
and to develop crack length (a) versus compliance solutions for infer-
ring crack length during tests.

The results for © = 0 are summarized in Table 1. For this case,
the Mode IT stress intensity factor (K;;) is zero. The quantities given
in Table 1 are defined below:

~ RB
Fropp = Kpqppo 7 7a

where a, R, B and P are as shown in Figure 1. The symbols &M and &L
denote nondimensionalized crack mouth and load-point displacements
defined as:

- _EB

m,L = p Om,L

where E is the Young's Modulus of the material. The analyses were
performed assuming the plane stress condition.

The results show that the load point displacement (§,) is relative-
ly insensitive to crack length. Therefore, the crack mouth opening(&y)
at the center of the crack may be a better parameter to use in crack
length determination. Figure 2 shows the crack opening profile corre-
sponding to each a/R ratio. In the Figure 2, V denotes the
nondimensional crack opening displacement and r is the distance measured
from the center of the disk.

TABLE 1. Finite element analysis results for e = 0

0.1 0.9731 5.3706 0.1289
0.2 1.0165 5.3822 0.2697
0.4 1.1925 5.6499 0.6434
0.667 1.6829 6.3924 1.6145

Table 2 contains results corresponding the various @ values consid-
ered in the analyses. Currently, work is underway to generate similar
solutions for ceramic-cast iron specimens of both the disk and the bend
bar types.
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2.0 Experimental Efforts

2.1 Ceramic-Ceramic Joints

At the start of this reporting period a large zirconia/zirconia
bond had been fabricated by hot pressing using a calcia-titania-silica
(CTS) interlayer that contained approximately 30 weight percent of
zirconia powder. Neither the strength of the joints nor the repro-
ducibility of the process were known.

2.1.1 CTS + Zirconia Interlayer. Four-point bend tests of the
large bond at room-temperature resulted in an average strength of 65.6
MPa, which yields a joint efficiency of 11 %. based on an as-produced
strength of 620 MPa for zirconia. However, the heating cycles necessary
to join zirconia to itself can reduce the strength of the ceramic by as
much as a factor of two, so that a joint efficiency greater than 50 % is
unlikely to be achieved. The scatter in bond strength is represented by
a Weibull modulus of 6.1, which is comparable to reported values for
ceramic-metal joints.

Fracture surface examination showed that the crack propagated
through the CTS interlayer, which appeared to be porous, possibly due to
shrinkage during solidification. Uneve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>