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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL
PROGRESS REPORT FOR PERIOD APRIL—-SEPTEMBER 1985

SUMMARY

The Ceramic Technology For Advanced Heat Engines Project was devel-
oped 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 O0TS's automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE), National Aeronautics and Space Administration
(NASA), and Department of Defense (DOD) advanced heat engine programs have
provided evidence that the operation of ceramic parts in high-temperature
engine environments is feasible. However, these programs have also demon-
strated that additional research is needed in materials and processing
development, design methodology, and data base and life 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, de-
veloping new materials with increased reliability, and testing these mate-
rials in simulated engine environments to confirm reliability. Although
this is a generic materials project, the focus is on structural ceramics
for advanced gas turbine and diesel engines, ceramic bearings and attach-
ments, and ceramic coatings for thermal barrier and wear applications in
these engines. This advanced 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 technoclogical suppart from
government laboratories, other industrial laboratories, and universities.

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



0.0 Management and Coordination
1.0 Materials and Processing

.1 Monolithics

.2 Ceramic Composites

.3 Thermal and Wear Coatings
.4 Joining

et =

2.0 Materials Design Methodology

2.1 Modeling
2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Base and Life Prediction

1 Structural Qualification
2 Time-Dependent Behavior
.3 Environmental Effects

4 Fracture Mechanics

5 NDE Development

4.0 Technology Transfer

This report includes contributions from all currently active project
participants. The contributions are arranged according to the WBS outline.



0.0 PROJECT MANAGEMENT AND COORDINATION

D. R. dJohnson
Qak Ridge National lLaboratory

Objective/scope

This task includes the technical management of the project in accor-
dance with the project plans and management plan approved by the Department
of Energy (DOE) Oak Ridge Operations O0ffice (ORO) and the 0ffice of Trans-
portation Systems. This task includes preparation of annual field task
proposals, initiation and management of subcontracts and interagency
agreements, and management of ORNL technical tasks. Monthly management
reports and bimonthly reports are provided to DOE; highlights and semi-
annual technical reports are provided to DOE and program participants. 1In
addition, the program is coordinated with interfacing programs sponsored
by other DOE offices and federal agencies, including the National Aero-
nautics and Space Administration (NASA) and the Department of Defense (DOD}.
This coordination is accomplished by participation in bimonthly DOE and
NASA joint management meetings, annual interagency heat engine ceramics
coordination meetings, DOE contractor coordination meetings, and DOE Energy
Materials Coordinating Committee (EMaCC) meetings, as well as special
coordination meetings.

Technical progress

During this reporting period seven research contracts were signed. In
addition, formal coordination and/or review meetings were held as listed
in Table 1.



Table 1. Formal coordination or review meetings involving the
Ceramic Technology Project

Agency Dates of meetings
Department of Energy (sponsor) 4/24; 5/30; 6/18; 7/23; 8/22; 9/23
Department of Energy (other 4/23 & 24
programs )
National Aeronautics and Space 4/17; 4/18; 5/20 & 21; 6/27; 8/20;
Administration 9/18
Defense Advanced Research 5/21
Projects Agency
Department of Commerce 7/10 & 11
Office of Technology Assessment 4/23 & 24
International groups
DFVLRA 4/29; 7/22
Japanese study mission 5/1
IEA working group? 5/7

apeutsche Forschungs- und Versuchsanstalt fuer Luft- und
Raumfahrte, V.

biorking group for the International Energy Agency's Annex II —
Cooperative Programme On Ceramics For Advanced Engines and Other
Conservation Applications.



1.0 MATERIALS AND PROCESSING

INTRODUCTION

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS). It contains four subelements:
(1) Monolithics, (2) Ceramic Composites, (3) Thermal and Wear Coatings,
and (4) Joining. Ceramic research conducted within the Monolithics sub-
element currently includes work activities on green state ceramic fabrica-
tion, characterization, and densification and on structural, mechanical,
and physical properties of these ceramics. Research conducted within the
Ceramic Composites subelement currently includes silicon carbide and oxide-
based composites, which, in addition to the work activities cited for
Monolithics, include fiber synthesis and characterization. Research con-
ducted in the Thermal and Wear Coatings subelement is currently limited to
oxide-base coatings and involves coating synthesis, characterization, and
determination of the mechanical and physical properties of the coatings.
Research conducted in the Joining subelement currently includes studies of
processes to produce strong stable joints between zirconia ceramics and
iron-base alloys.

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






1.1 MONOLITHICS

1.1.1 Silicon Carbide

Synthesis of High-Purity Sinterable Silicon Carbide (SiC) Powders
J. M, Halstead and V. Venkateswaren [50HI0 Engineered Materials
Company {(Carborundum)] and B. L. Mehosky (SOHIO Research and
Development )

Objective/Scope

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

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

. Verify the technical feasibility of the gas phase synthesis route.
Tdentify the best silicon feedstock on the basis of performance
and cost.

. Optimize the production process at the bench scale.

. Fully characterize the powders produced and compare with commer-
cially available alternatives.

. Develop a theoretical model to assist in understanding the
synthesis process, optimization of operating conditions and
scale-up.

Phase I1, when authorized will scale the process to 5 ~ 10 times the

bench scale quantities in order to perform confirmatory experiments,
oroduce process flowsheets and to perform economic analysis.

Technical Highlights

Background - The Gas Phase Synthesis Route

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

1) Sol-Gel
Z2) Polymer Pyrolysis
3) Gas Phase Reactions

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

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

1 Research sponsored by the Advanced Materials Development Program,
O0ffice of Transportation Systems, U.S. Department of Energy under
Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.



Workplan

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

SOHTO-Carborundum S1C Powder Synthesis Contract

Milestone Chart

ooobasa o L 1985 o o . . 186
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Figure 1. Milestone Chart



Task 1. Design, Construct and Test Laboratory Scale Equipment.

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

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

The conceptual design is shown in Figure 2.

/ Power Supply |
. & ]

g - y T ConnoiConsmé

_CAUSTIC
Gas Storage & Mixing SiCl, Metering Plasma Torch, Particle Venturi Scrubber &
Reactor & Collection Tail Gas Scrubber

& Vaporizer
P ‘ Aftercooler

Figure 2. Conceptual Design and Simplified Process Flow Chart
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Figure 3. Photographic Overview of lLaboratory Scale System

Plasma Torch Subsystem

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

The DC power supply has a 75KW effective rating. A simple thimble
type collector with an isolation valve is affixed to the lower end of the
reactor. Alternative powder collection techniques will be evaluated in
preparation for Phase Il scale~up.
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Figure 4. Plasma Torch Atop
Water Cooled Reactor

Figure 5. Exit End of Reactor
with Simple Thimble
Collector and
Isolation Valve
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Task 2. Development of a Theoretical Model

The development of a theoretical model is intended to correlate
particle surface area with major operational parameters. An expansion of
previous Carborundum sponsored work, this will develop a fundamental
understanding of process reactions and assist in the extended parametric
studies and scale-up tasks.

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

The model is being developed in stages:

1) Development of a model to describe the flow and temperature
field in the reactor.

2) The calculation of thermodynamic equilibrium for the
H,~Ar-CH,-SiC1, system and the study of the chemical kinetics
of possible homogenous reactions occuring in the plasma
process.

3) A literature review of nucieation and growth in an aerosol
system which could be of relevance to this work.

4) Incorporation of all the above features in a comprehensive
model.

The development of the model for calculating the velocity and
temperature profile is compiete. The standard k-c model was used in
describing the turbulent flow in conjunction with wall functions in the
region close to solid boundaries. Preliminary calculations have been
carried out with a pure Argon system and the model results seem to be
consistent. The model will now be used for making calculations with the
Ar/H, blend and for flows corresponding to what is presently used in the
reactor.

Calcutlation of equilibrium composition for the H, Ar, C, C1, Si
system has been performed for temperatures ranging from 300°-6400°K. The
method used consists of finding the values of N, (the numerical density
of each species) that satisfies the constraints of minimal Gibbs free
energy while satisfying mass and electrical charge conservation. A total
of 44 possible elements/compounds has been considered in making this
calculation. The results of this study will be incorporated in the final
comprehensive model for predicting conversion to silicon carbide.
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Task 3. Baseline Characterization and Analytical Method Development

The objectives for this task include:

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

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

Initially, two commercially produced SiC powders were to be
characterized: H.C. Starck, Inc. (West Germany), Al0 Grade; and Sohio-
Carborundum submicron alpha SiC.

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

The parameters characterized and the methodologies used include the
following:

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

achieved with and without
sintering aids.

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

. .Degree of agglomeration --Tap density.

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

..Phase distribution --X-ray diffraction.

The results of the baseline characterization of the three
powders is as follows:

Starck Starck
AlQ B10O Sohio~Carborundum

Pressureless Sinterability
(percentage of theoretical
density)

- without sintering aids 63.6% N/A 51.01%

- with sintering aids 96.2% 94.3% 99.88%
Surface Area 14.3m%/g 15.35m? /g 9.47m?/g

Degree of Agglomeration
- Tap density 0.847 g/cm® 0.926 g/cm? 0.962 g/cm?
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Particle Size Distribution

Cumulative Percentage greater than
the indicated particle size

Size Sohio-
um Starck Al1Q0 Starck B1l0 Carborundum
>7 4] 4.2 0
7-6 2.4 4.7 0.4
6-5 11.4 5.8 3.8
5-4 23.4 8.7 7.0
4-3 29.8 11.8 9.8
3~2 38.2 21.0 24.3
2.1.8 41.4 24.6 27.3

1.8-1.6 45,7 29.0 32.2
1.6-1.4 50.9 36.1 39.1
1.4-1.2 58.0 43.2 49 .9
1.2-1.0 56.4 49.2 65.4
1.0-0.8 68.2 61.5 67.1
0.8-0.6 76.7 69.9 76.2
0.6-0.4 85.7 84.0 87.9
0.4-0.2 97.2 97.4 97.7

0.2-0 100.0 100.0 100.0

-Mean Particle Size (d.,) 1.4um 1.0um 1.2um
Schio-

B8ulk Composition Starck Al1Q0 Starck Bl0 Carborundum

Chemical Analysis (wt %)
Tatal Carbon 30.3 30.49 29.95
Free Carbon {corrected for

oxidation) 1.54 1.83 0.36
Total Oxygen 0.76 6.90 0.27
Free Silicon 0.29 0.40 0.09
Si + Si0, 1.73 1.71 0.60
S10, (calculated from 0,) 1.44 1.31 0.51
SiC (calculated) 96.10 95.70 98.80

Emission Spectroscopy (wt %)

Aluminum .01 Aluminum .07 Aluminum<.01
Calcium<.01 Caltcium<.01 Calcium<.01
Iron 0.03 Iron .04 Iron<.01
Magnesium<.0l Magnesium<.0l Magnesium<.01l
Titanium .01 Titanium<.01 Titanium<.0l
Vanadium<.01 Vanadium<.01

Boron .02
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Starck Al0

Sohio/

Starck B10 Carborundum

Boron
Chromium
Copper
Manganese
Nickel
Zirconium
Cobalt
Molybdenum
Vanadium

Elements less than .005%

Phase Distribution

Major 6H
Low Trace 15R/4H

Chromium
Manganese

Zirconium

3C
6H

Boron
Chromium
Copper
Manganese
Nickel
Zirconium

Molybdenum

6H
15R
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Task 4. Screening Experiments

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

Task 4. Screening Experiments
Subtask Scheduie

Sub-Tasks

4.1 Characterize Torch
Operation under Ar/H,
Blend

4.2 Define Individual . A
Variables

4.3 Initial Synthesis .
Runs — Feedstock 1

4.4 Matrix Variable
Screening Experiments
4.4.1 Feedstock 1 IR 4
4.4.2 Feedstock 2 o 4
4.4.3 Feedstock 3 I A J

4.5 Characterize Powders i

4.6 Select Feedstock for .
Extended Parametric
Studies

5/1 6/1 7/1 81 9/1

Figure 6. Subtask Schedule for Screening Experiments

The first subtask was to characterize the operating of the plasma torch
using a Hydrogen/Argon blend. It should be noted that the original
workscope included a short series of experiments to investigate the
feasibility of using a hydrogen plasma in lieu of Argon. This could be
advantageous as hydrogen is a reactant (to scavenge chlorine from the
silicon source) and the argon (necessary only as a carrier of energy)
could potentially be reduced or eliminated.
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As both Sohio-Carborundum and the torch vendor, Plasma Materials,
Inc. were confident that the torch would operate with a very rich
Hydrogen to Argon blend, it was decided to accomplish this subtask first.

Concurrent with that subtask, careful consideration was given to the
choice of the individual variables for the screening experiments. The
candidate feedstocks were described in the statement of work, but the
values (or range of values) for temperature, carbon/silicon ratio and
reactant concentvration had to be established.

A matrix of screening experiments depicted in Figure 7 was then
developed. The candidate feedstocks are as follows:

Reactant I: silicon tetrachloride (SiCl,)

Reactant 2: dimethyl dichlorosilane [(CH,),SiC1,]
Reactant 3: methyl trichlorosilane (CH,SiCl1;)

Proposed Test Matrix: Screening Experiments

. . — —
Reactant Temperaiure Carbon/ Sihcon Ratlo Reactant Concentration

Reactant 1 T A e - HT T

Reactant 2 L --------------------------------------- Lo - kﬁ
I M R P e
- _H _
- e e ] o Lo
Hi o
I Hi ko
Hi | I tﬂ -
Reactant 3 e CLC SNSRI SHS— H? ~~~~~~~~~~
S Lo
Lo Hi
R e I O LO ........ _J,__,, ’LO_— __________________ A

Figure 7. Screening Experiment Test Matrix
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Once the plasma torch had been stabilized on a very rich H,/Ar
blend, silicon feedstock (SiCl,)} and methane wers added to the system.
Several short runs were made and powder was produced. Analysis later
proved the powder to be beta silicon carbide.

Several debugging problems occurred which aborted many of the
initial runs. Some of these problems included the silicon feed pump, the
tail gas scrubber level transducer and a cooling water leak into the
plasma torch. All items were satisfactorily resolved. The cocling water
leak resulted in seavere damage to the delrin housing, but prompt response
by Sohio's plasma torch vendor {(Plasma Materials, Inc.) resulted in very
minimal downtime.

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

At this point, the workplan called for the initiation of screening
experiments; a matrix of 24 variations of temperature, carbon to silicon
ratio and reactant concentration (defined as hydrogen to chlorine ratio).
However, a priority was placed upon establishing the consistency and re-
producibility of the process. The workplan was modified to first run
four pre-screening experiments to establish a consistent baseline; then
to prioritize the screening experiments (focusing primarily on feedstock
one). Eight experiments (six of Feedstock 1 and two of Feedstock 2) will
be run and the results analyzed. If there is any inconsistent data,
those runs will be repeated.

A total of 24-28 screening experiment runs will be made in order to
firmly identify the most promising feedstock for further evaluation in
Task 5 Extended Parametric Studies.

The four pre-screening runs (two at 30 minutes and two at 60
minutes) were made with constant operating conditions and powder was
collected from various points in the system. Each of tnese samples is
peing analyzed to check reproducibility and to cobtain a rough material
balance closure.

The screening experiments are now underway and should be concluded
about November 15, 1985.
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Analysis of Results

- Initial Synthesis Runs

Powder produced during the initial synthesis runs has been
analyzed. Six samgles, collected from either the reactor or the powder
hopper at the base of the reactor, had 5iC content ranging from 83.0% to
§6.6% and surface areas from 11.3 to 28.4m%/g.

As these were the very first runs of the reactor system with a
5ilicon feedstock, the resulis are very encouraging. A typical shoto-
micrograph appears below:

Figure 8. Photomicrograph of powder produced
during one of the initial synthesis runs ~ 30,000x
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Task 5. Extended Parametric Studies Status of Milestones

This task is intended to further evaluate the process parameters of
the feedstock selected at the conclusion of the screening experiments.
Among other parameters, gas flow rate will be varied in order to evaluate
the effect of residence time and the best conditions for scaling up the

selected process.

The structure of this task and the specific experiments will be

developed at the conclusion of the screening
anticipated that this task will get underway

Status of Milestones

Milestones

Task 1. Design, Construct and Test
Laboratory Scale Equipment

Task 2. Develop Theoretical Model
Task 3. Baseline Characterization and
Analytical Model Development

Task 4. Screening Experiments

..Selection of Feedstock
Task 5. Extended Parametric Studies

..Provide 200-500g Sample
to ORNL

Task 6. Reporting Requirements

Task 7. Quality Assurance

experiments. It is
about December 1, 1985.

Status

- Complete

- Initiated March 1; on
schedule.

- Complete

- Initiated April 1; about
two months behind schedule

- Scheduled for November 15

- To be initiated December 1

- Scheduled for -
April 30, 1985

- On schedule.

- Ongoing.



21

1.1.2 Silicon Nitride

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

Objective/Scope

The in~house program is concentrating on sintering compositions ia the
§13N ~Y,0,810, System using a two-step sintering method where the W gas
préssure 1& raised from 1-2 MPa during the densification process. During
the sintering under high pressure nitrogen, the environment is extremely
reducing and the oxygen content of the starting materials is significantly
reduced by the formation of Si0. The use of cover powder over the samples
reduces the oxygen loss. Milling time also influences “green” density and
resultant sintered density by changling the particle size distribution of
starting powders, reducing agglomeration and producing a more equiaxed
particle morphology. Milling studies are being conducted with three
different sources of starting SigNd powder .

Technical Highlights

A matrix of compositions In the 3i,N, - S51,N,0 - Y Si O and §13N4 -
Y. /Sl 04 YS(SiO ),N compatibility triangles have been dcnstled by’

two sgep, hlgh gas pressure sintering. Temperatures in the range of
1900-2000°C are generally used. Nitrogen gas pressure in the first step is
approximatly 1.5 MPa and is increased to either 5.5 MPa or 8.0 MPa in the
gecond step. Higher sintered densities usually occur when 8.0 MPa pressure
is used In the second step. Specimens are contained in a closed RBSN
crucible when belng sintered. Additionally, they are covered with Si_N
powder containing appropriate additives and BN to restrict oxygen loss from
the specimen via S1i0. When the proper cover powder and sintering cycle is
used, weight changes observed with specimens after densification are less
than 1%Z. Of partigular {nterest were specimens ranging in Lompcsition from
81 ,N, ~ 3.5m/0Y.0,.(5.7w/0) - 11.9m/0 SiO (5.4 w/o) to Si3 4 4.7m/o0

¥, 8 ?7 8w/o) - 3 %m/o 5i0 (4 2w/0).

3 These are compos1tlons which approach the 81N, ~ Y,80i.0, join from
the $i0, rich side. Also, for our sintering conditions, at least 10 vclume
percent of combined additive (Y,0, + $10,), appears to be requived to
produce high sintered densities; {.e., >87%. X-ray diffraction analyses on
these sintered specimens indicated that primarily two crystalline phases
are present, {9 . and F Y251207. As the compositons became more Si0
rich, some r981duaf glassy phase remained in the specimen. Microstructural
analysis by SEM revealed the presence of a duplex type microstructure with
some elongated grains at least 15-20M long in a finer grain matrix. This
suggests the need for finer, uniform starting materials, developing a
packing density with a fine, uniform pore distribution, lower sintering
temperatures or the addition of grain growth inhibitors. Nevertheless, the
room temperature MOR of specimens machined from the sintered bodies ranged
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between 585 MPa and 655 MPa. Preliminary oxidation studieg,with these
spec%mens produced oxidatioglgate constants,okp, in the 10 range at

1200 C for 125 hours and 10 Tange at 1000 for 150 hours. Stress
rupture data was obtalned on a limited nuwber of specimens with a
compositional range as previously indicated. Specimens with compositions
near the Si N, - Y_5i,0 joig lasted 170 hours without failure

under 300 MPa stress at 1200 C. Retained room temperature MOR on survivors
was 480-550 MPa. More 510, rich compositliong lasted greater than 150 hours
without failure under 300 ﬁPa stress at 1000°C and 1100°C but failed in 1-2
hours at 1200°C.

Milestones:

Further sintering of specimens near the Si N, ~ Y 81207 join will
continue with generation of MOR, oxidation and stress-rupture data.
Crystallization treatments are also being studied to reduce residual glassy
phase.

Other Si.N, powders being studied as starting materials include UBE
(SN-E-10), TS (TS—7), and Siconide {(P95).

A vibratory screening procedure is being used Lo produce powders with
more uniformity.
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Synthesis of High Purity Sinterable Siz N, Powders
G. M. Crosbie (Ford Motor Company)

Objective/scope

The goal of this task is to achieve-major improvements in the quanti-
tative understanding of how to produce sinterable Si3Ng 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.

Technical progress

This task was initiated February 1985, This is the first semiannual
report for this task,

This process study for synthesis of alpha silicon nitride powder
is directed towards a modification of the low temperature reaction of
$5iC14 with Tiquid NH3. The modification is characterized 1) by absence
of organics (a source of carbon contamination) and 2) by pressurization
(for improved by-product extraction).

The pressurized apparatus for synthesis of silicon nitride has been
designed and construction is underway.

In the first months of this task, the use of another liquid precursor
for silicon, tetraethyl orthosilicate (TEO0S), was investigated. Experimental
results for this precursor are presented in the following paragraphs
and Figure. Based on these results and discussions of the desirability
of use of carbon-free reactants, technical emphasis was placed on the
silicon tetrachloride-liquid ammonia process reported above.

Although equi-axed, alpha silicon nitride has been identified (by
electron microprobe and x-ray diffraction) in powders formed from TEOS,

a batch nitriding step is apparently required to convert the pyrolysis
products. Assay of pyrolysis products from TEOS has shown that Si3Ng

is not directly produced under a variety of conditions (Fig. 1). The
pyrolysis product is primarily an intimate solid state mixture of amorphous
silica and carbon black.

In view of interest in circumventing entrapped silica and carbon
residuals (which are typical for carbothermal nitriding syntheses from
powdered precursors), experimental emphasis was placed on tests of nitride-
forming conditions in a single step pyrolysis. Actions included increased
residence time and increased Hy/N»> ratios in feed gases. These experiments
typically yielded 0.1 to 0.2 wt% nitrogen (by Leco analysis) in the collected
powders.

The highest value (1.03 wt%) for pyrolysis product nitrogen content
(Fig. 1) was obtained with NH3 as a carrier gas to sweep vaporizing TEOS
fine droplets into a 14500C zone. Other constituents of solid products
were 39.1% oxygen and 25.3% total carbon, by Leco analysis.
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Fig. 1. Chemical analyses of powders formed by single step pyrolysis
of tetraethyl orthosilicate.

Status of Milestones

There were no major milestones in this first contract period. York
is proceeding to meet the December 1985 milestone of construction and
commissioning of the apparatus.

Publications

G. M. Crosbie, "Seeded Silicon Nitride Synthesis: A Progress Report,"
Paper No. 35-FII1-85, presented at the Am. Ceram. Soc. Annual Meeting,
Cincinnati, Ohio, May 8, 1985.
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1.2 CERAMIC COMPOSITES

1.2.2 Silicon Nitride Matrix

Trans formation Joughened Silicon Nitride
H. W. Tarpenter {Rocketdyne Division, Rockwell International} and

F. F. Lange {Rockwell Science Center)

Objective/Scope

The objective of this program is to develop high toughness, high strength
refractory ceramic matrix composites that can be made at low cost and to near
net shape for heat engine applications. The composite system selected for

development is based on a silicon nitride matrix toughened by dispersions of
Ir0y, HfOp, or (Hf,Ir)0p modified with suitable additions of other
refractory ceramics to control the physical behavior. The desired

microstructure and optimum mechanical properties will be developed by
expeditious laboratory methods including colloidal suspension, press forming,

and sintering. Once the best composition and microstructure have been
demonstrated, parameters will be optimized for producing samples by the
injection molding process.

Technical Progress

Background - The intent of this initial study is to retain a transformable

form of tetragonal Zr0» in the SizNg matrix that will significantly
toughen the composite material by a martensitic transformation mechanism
without decreasing strength The. problem experienced in the past is that
SigNg and Zr0, react to form Zr—oxyn1tr1de an undesirable compound as
1t dep]etes t%e Zr0, content without increasing toughness and it oxidizes at
intermediate temperatures to monoclinic Zr0,. The monoclinic Zr0y, in
turn, results in serious surface cracking. F. F. Lange {Ref. 1) has shown
evidence that the formation of Zr-oxynitride can be prevented or retarded and
that a transformable tetragonal Zr02 phase can be obtained by using Zr0p
alloyed with Y

Four Y,0 §r82 alloys have been investigated, 13.7%, 12.0%, 8.0% and
4.5% {by wt.) Y The basic composite composition seiected for
evaluation was EO% by vol. Zr0y alloy plus 70% Sigly. Two or 4% (by
wt. ) Al,0; was also added as a sintering aid. Submicron powders were
obtaineg gy multiple sedimentation processes and they were mixed with
ultrasonic energy while still suspended in water. Disc-shaped samples (3.8 ¢m
dia.) were formed by pressure filtration, and the dried green density of these
samples was 40% of theoretical. Severe crack1ng was experienced early in the
program but this problem was eliminated by adding 2% (based on dry wt.) PVA to
the s]urry Sintering was initially conducted in air at 1700C, but sintering
in No is now preferred because higher sintering temperatures can be eas11y
obtained and because the MoSi, heating elements used for sintering in air
often failed.
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Results - Initial results {Table 1) of this program show that 70%
SigNg-30% Zr0y composites (1) can be sintered to near theoretical
density using a small amount of sintering aid, (2) can be made to exhibit a
fine, homogeneous microstructure (grain size is about 2 ?icrons), and (3)
exhibit a relatively high fracture toughness, 7.5 MPa ml/e, Although these
resuits are highly encouraging, the Y,03 alloying content has not yet been
optimized to obtain a transformable tetragonal phase of Zr0, in the
SigNy matrix. The first compositions studied were 70% SigNg plus 30%

Zr0- alloyed with 13.7% and 12% Yp03. Although the Zr0; alloy was

fu]?y stabilized before sintering an appreciable amount of Y,03 diffuses
into the glassy grain boundaries during sintering. The Zr0, particles in
the SigNy matrix retained the cubic structure after sintering in these
samples and subsequent heat treatments, of 13.7% Y,03 samples only, to
2200C did not initiate the formation of the tetragonal phase. Compositions
containing 8.0% and 4.5% Y703 were evaluated next. These samples retained
the tetragonal phase but examination of the microstructure of sintered samples
showed poor mixin% and the presence of Zr(02 agg]omerates (as large as 40
microns). Thus, the results of the 4.5% and 8.0% V,07 alloys reported in
Tdbie 1 are questionable and these experiments will be repeated. There may
also be a compositional error in the 8.0% Y203 composite. This

composition sintered to higher densities than any other composition, with
either more or less V903, and it sintered to densities higher than the
calculated theoretical density. Chemical analyses are being performed to
de;ermine whether the composite contains the correct amount of Zr0z and
Y203.

2 3A parametric study showed that the Zr0O, agglomerates and the poor mixing
was due to the use of a small ultrasonic mixing chamber. Specimens without
agglomerates and exhibiting good dispersion of 7r0p and SigNg particies
were mixed manually with of an ultrasonic horn. Neither the use of PVA or the
PYA burn out operation (800C, Th) had any effect on the microstructure or on
the high sintered densities.

According to theory, a divalent cation &lloying agent in Zr0p, such as
Mgl or Ca0, may be more conducive to the formation of a transformable
tetragonal phase than a trivalent cation, such as Yp03. Compositions of
70% (by vol.) SizN4 plus 30% Zr0, alloyed with MgC will be evaluated
along with the Y,03-7Zr0; alloys éuring the next reporting period.

Status of Milestones

The first milestone was met on schedule and the next two, due 31 December
1985 and 30 June 1986, are on schedule.

References
1. F.F.Lange, L. K. L. Falk, and B.I. Davis, “Structural Ceramics

Composites Based on Si3gNg-Zr0z(+Y203) Compositions”, unpublished,
October 1985.
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TABLE 1
SUMMARY OF RESULTS -
SLIP rdy Y20 A1203 SINTERING AVERAGE % OF ir0; FRACTURE
NO CONTENT CON'?ENT* SI&TER TEMP {C) BULK CALC'D PHASE  TOUGHNESS
(Vol.. %) (WT. %) AID AND ATM, DENSITY . THEO. {MPa ml/2)
(WT %) 1 HOUR (g/cc)  DENSITY**
$9 30 4.5 2 1800, N 3.69 (3) 91.3 ND ND
S10 30 4.5 4 1800, N 4,00 (6) 99.0 Tetra 7.7 (1)
$14 30 8.0 2 1800, N 4,19 {6) (103.7} Tetra £.3%x* (1)
S15 30 8.0 4 1800, N 4.16 (5) {103.0} Tetra
516 30 8.0 4 1800, N 4.23 (8) {(104.7) Tetra 6.3%% (1)
S5 30 13.7 0 1800, N 2.46 (1) 60.9 Cubic ND
$6 30 13.7 2 1800, N 3.82 (1) 85.6 Cubic ND
87 30 13.7 4 1800, N 3.92 (3) 97.0 Cudbic 7.5 (&)
$10 30 4.5 4 1750, N 3.90 {2) 96.5 ND ND
S14 30 8.0 2 1750, N 4.04 {2) {100.0) Tetra ND
$15 30 8.0 4 1750, N 4.17 (2) (103.2) ND 6.0 (1)
si6 30 8.0 4 1750, H 4.28 (1) (105.9) Tetra ND
$6 30 13.7 2 1700, § 3.47 (V) 85.9 Cubic ND
s7 30 13.7 4 1700, N 3.78 (1) 85.6 Cubic 7.5 (4)
S9 30 4.5 2 1700, Air 3.59 (5) 88.9 ND ND
S10 30 4.5 4 1700, Air 3.93 (3) 97.3 Mono + ND
Tetra
BD 30 12.0 4 1700, Air 3.91 (2) 96.9 Cubic
85 30 13.7 0 1700, Air 3.07 (1) 76.0 ND ND
S6 30 13.7 2 1700, Air 3.87 (2) 95.8 Cubic 6.4 (1)
57 30 13.7 4 1700, Air 3.88 {2) 96.0 Cubic 5.9 (1)
S1 18 13.7 0 1700, Air 2.53 (1} 68.4 Cubic ND
Y4 18 13.7 2 1700, Air 3.18 (1} 85.9 Cubic ND
53 18 13.7 4 1700, Air 3.45 (1) 93.2 Cubic 7.2 (1)
s1 18 13.7 0 1700, Air (3h) 2.63 (1) FADS! Cubic ND
s2 18 13.7 2 1700, Air (3h) 3.43 (1) 92.7 Cubic ND
s3 18 13.7 4 1700, Air {3h} 3.53 (1) 95.4 Cubic 6.9 (1)
53 18 13.7 4 1750, Np 3.32 (1) 89.1 Cubic ND
s2 18 13.7 2 1800, N2 3.15 {1)  85.1 Cubic  ND
S3 18 13.7 4 1800, Nj 3.54 (1) 95.7 Cubic ND
* = A1] Compositions are 30% (by vol.) partially stabilized Zr0; + 70% SizNg. The
Y03 content is the amount of stabilizing agent in the ZIrUp.
** = Based on 4.04 g/cc for 30% Zr0z and 3.70 g/cc for 18% Ir0p.
{) = MNumber of samples
ND = Not determined
*okdk o

Poor sample for diamond indention method because the surfaces were not parallel.
However, the value is probably representative.
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Silicon Nitride-Metal Carbide Composites
S. 1. BuTjan (GTE ULaboratories Inc.)

Objective/scope

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

Technical progress

To date, most of the work has focussed on characterization of the
raw materials used for this study and development of processing routes
for incorporation of the whisker dispersoid into the SiaNus matrix
material. While Tateho SiC whiskers were not proposed for this study,
they have been included and are considered a second source should the
availability of the ARCO material become more limited. This material
will also be used for process development and comparison with the ARCO
whiskers.

Raw Materials Characterization

Previous work!®? has shown the importance of maintaining low im-
purity levels for control of interfacial reactions between the matrix
material and dispersoid in SisNy,-TiC composites. The dispersoid
material was identified as a major source of impurities.

The silicon nitride powder™ used for current studies has an oxygen
content of 1.5 wt. % with less than 700 ppm of other impurities. The
powder consists of 94.1 wt. % a-SiaNy, 5.8 wt. % 8-SisNy and 0.1 wt. %
Si. The surface area of this powder™* was determined to be 4.0 m?/gm.
Impurity Tevels, oxygen and carbon contents for the SiC and TiC dis-
persoid materials are given in Table 1. To determine if the impurities
were surface contaminants or contained in the crystal structure,
Secondary Ion Mass Spectrometry (SIMS) analysis was used. Surface
layers of ARCO SiC whiskers were found to contain major concentrations
of F, Al, and Mg, while the Tateho whiskers contain Mg and Al. The
major impurities observed on the Cerac SiC particulate surfaces were F,
Al, and Mg, while only Al was detected on the Lonza SiC particle
surfaces. Reduction of some of the surface impurities, including oxygen,
may be accomplished by acid leaching of the materials as observed by
Tiegs, Becher and Wei at ORNL for ARCO whiskers., Basad on the measured
total carbon content,*™™* all potential dispersoids are between 95% and
100% of the stoichiometric compositions.

*GTE SN502
**Determined by BET

*** eco Technique



Table 1. Impurity levels detected in SiC and TiC raw materials

3 C
Impurities® (PPM) 0 Total
Al B Ca Cr Fe Mg Mn Na M Ty v Ir (Wt %) (Wt %)
SiC Silar SC-9b 2000- 1000-
Whiskers 80C - 1000 - 500 3000 2000 20 - - - - 1.78 28.9
SiC SCW-1¢
Whiskers 2000 -~ 1900 - 200 800 400 - - - - - 1.70 -
SiC UF-15d
Particulate 900 20 - - 200 20 10 10 - 100 - - 0.8 29.6
SiC L-3636€ 2000- 2000~
Particulate 3000 10 - - 3000 100 80 20 600 900 1000 600  0.31 28.7
Ticf ,
Whiskers - - - 100-  100- 50~
1000 1000 - - - 500 Major - - - 19.7
Tic9
Particulate 100 - - - 100 10 20 - 100 Major - - 0.58 19.3

Measured by optical emission spectrography and inductively coupled plasma spectroscopy.
baRco Chemical Co., Greer, SC

“Tateho Chemical Ind. Co. Ltd., Hyogo-pre, dJapan

dLonza AG, CH-4002, Basel, Switzerland

®Cerac, Milwaukee, WI

fGTE Laborateries, Inc., Waltham, MA

SHermann C. Starck, Inc. GmbH, Berlin

6¢
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The average aspect ratio (1/d) of the ARCO SiC whiskers was cal-
culated to be 33 with an average length of 17.5 um and an average
diameter of 0.53 um. The aspect ratio of the GTE Labs' TiC whiskers
was determined to be 53 with an average length of 275 um and average
diameter of 5.1 um. Since a portion of these whiskers has extreme
lengths (up to 1000 um), development of a method to shorten these
whiskers and separate them into narrower size fractions will be con-
sidered.

Crystal structure characterization of the TiC whiskers in the STEM
(Figure 1) determined that the faceted whiskers were single crystals
elongated in <110>, sometimes with polycrystalline terminal globes. To
reduce the impurity level of the whiskers, leaching in a hot 1:1
HC1:water solution was implemented. Microprobe analysis of the whiskers
after leaching indicated removal of iron and nickel with only a slight
reduction in the chromium content. A second leaching of the same
whiskers showed essentially no further removal of impurities. Exam-
ination of other leaching solutions to further reduce the impurity
levels of the whiskers will be continued.

Powder Processing

Initial powder preparation was accomplished by simple dry mixing
of pre-processed SisNy+6 w/0o Y,0:+1.5 w/o Al,0; with the as-received
SiC whiskers (ARCO and Tateho). Microstructural observation of
polished sections from hot pressed samples showed poor dispersion of
the whiskers. To obtain better whisker dispersion, a processing route
using wet dispersion of the whiskers and mixing with the powders was
developed. A flow chart for the wet processing procedure is given in
Figure 2. The combined sonification and homogenization of the whiskers
disperses greater than 98% of the whisker agglomerates as observed in
the hot pressed composite (Figure 3).

Densification

Initial attempts to densify the Si3N,-SiC whisker composite
materials used material processed by dry mixing the as-received
whiskers with a previously prepared SisN4-Y>03-A1,05 composition.
Prepared powder mixtures were hot pressed at 1725°C and 34.5 MPa in an
inert atmosphere. Table 2 shows the results for some of the hot
pressing runs carried out with the two whisker materials and two pro-
cessing techniques. Initially densification of the dry processed
material using the ARCO whiskers showed that the poor whisker dis-
persion reguired increased time for densification and yielded a micro-
structure which contains voids associated with whisker agglomerates.
For the Tateho whiskers processed in the same manner, a faster densi-
fication rate was achieved for both the 10 and 20 volume percent
whisker loadings. The observed phases after hot pressing were g8-SiaN,
and SiC. The material containing better whisker dispersion prepared
by the wet processing route densified more rapidly than the dry
processed material. These materials after hot pressing contained
B-Si3Ny, SiC and an additional phase Si,0N, not previously observed in
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e

Fig. 1. Characterization of TiC whiskers: a) SEM photomicrograph
of TiC whiskers with, b) single crystal electron diffraction pattern,
and c¢) backscatter electron channeling pattern; d) illustrates poly-
crystalline globe sometimes observed at whisker tip and e) the associated
diffraction pattern.
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Fig. 2. Flow chart for wet processing of silicon nitride-silicon
carbide whisker composites.

Fig. 3. Dispersion of silicon carbide whiskers in the silicon
nitride matrix after hot pressing.



Table 2.

34.5 MPa at 1725°C)

Hot pressing results of SiC-whisker reinforced silicon nitride composites
{pressing conditions:

Whisker

Densification

Content Time Density Observed Phases
Type (Vo1 %) Processing (min) (gm/cm3) (% Th ) XRD
ARCO 10 Bry 240 3.22 98.6 S-Si3N4, SicC
20 Dry 90 2.86 88.0
20 Dry 310 3.17 96.4
20 Dry 480 3.20 98.3
20 Wet 200 3.21 98.8 B-Si3N4,SiC, S'izON2
20 Wet 200 3.21 98.8
20 Wet 140 3.20 98.3 l
Tateho 10 Dry 130 3.21 98.6 8—513N4, SiC
20 Dry 240 3.20 98.3
20 Wet 100 3.13 86.0 B~513N4, Sig, SiZONZ
20 Wet 160 3.20 98.3
20 Wet 160 3.21 G8.8
20 Wet 180 3.21 98.8

€€
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the dry processed materials. The higher density materials have been
fabricated into MOR bars for determination of mechanical properties.

A series of composites containing 10 v/o, 20 v/o0 and 30 v/o of
fine (2 um) particulate TiC in SisNy, (6 w/0 Y203 + 2 w/o Al1,03) matrix
have been prepared and evaluated for their room temperature toughness
using the indentation technique. Obtained Kyc values have been found
to be statistically invariant with increased TiC content, and equivalent
to that of matrix material. The absence of toughening may be attributed
to antagonistic effects produced by the chemical interaction of the
matrix and dispersoid as well as the textural complexity of the matrix
phase, which may require considerably coarser dispersoids to obtain
more effective crack-particle interaction. Preparation of initial
specimens of the composites is expected to be completed by November,
1985, at which time work will focus on mechanical property determination
and further microstructural tailoring.

References

1. G. Zilberstein and S.T. Buljan, "Characterization of Matrix-
Dispersoid Reactions in SisN4-TiC Composites," presented at Second
Conference on Advances in Materials Characterization, Alfred Univ.,
Alfred, NY (1984).

2. S.T. Buljan and G. Zilberstein, "Effect of Impurities on
Microstructure and Mechanical Properties of Si3;N,-TiC Composites,"
presented at 21st University Conference on Ceramic Science, Penn. State
Univ., University Park, PA (1985).

Status of milestones

No activity.

Publications

None.
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SiC-Whisker -Toughened Silicon Nitride
K. Haynes, M, Martin and H. Yeh (AiResearch Casting Company)

Objective/Scope

The objective of this twenty-four month program is
to develop the technology base for fabricating a ceramic
composite consisting of silicon carbide whiskers dis-
persed in a dense silicon nitride matrix. This is to be
accomplished by slip casting as the green shape forming
method, and sintering or sinter/HIP as the densification
method.

The recommended starting matrix composition is
Si,N, + 6% Y.O, + 2% Al O, and four types of SiC whiskers
aré to be evdliiated. FéasSibility, as gauged by doubling
the fracture toughness compared to the matrix Si.,N, con-
taining no whiskers, will be demonstrated in Tas% %.
Once the feasibility has been demonstrated, systematic
optimization studies will be conducted in Task 2 to de-
velop optimum process parameters, microstructure, and
mechanical properties. A full characterization of the
optimized material will be carried out in Task 3.

Technical Highlights

Materials and Procedures

In Iteration 1, 10 volume percent loading of ARCO
SC~9 SiC whiskers was used to determine suitable methods
of incorporating the SiC whiskers into the Si,N, matrix
material as well as define HIP parameters. Ufiform
whisker dispersion was accomplished by milling followed
with slip aging.

Iteration 2 was carried out using whisker incorpo-
ration and HIP parameters developed in Iteration 1.
Three $iC whiskers were incorporated at 20 volume per-
cent loading. The SiC whiskers used were ARCO 8C-9,
ARCO SC-9 coated by Naval Research Center, and Tateho
SCW~1. Difficulty was experienced in preparing slips in
this iteration due to the unexpected variation in GTE
SN-502 Si3N4 powder which was used as the baseline as
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well as the matrix material. Solid contents had to be
reduced and stronger defloculants used. In addition to
this problem, the coated ARCO SC-9 (NRC) caused gelling
problems not encountered with the standard ARCO SC-9.

The solid content of this slip had to be reduced further.
The slips were then cast into billets. A cracking
problem developed which was attributed to the GTE powder
variation. The billets in this case were 4" X 6" x %"
plates.

A new lot of GTE SN 502 Si3N4 powder was subsequent-
ly received which had improved properties. Iteration 2
samples were remade (identified as Iteration 2A) using
this new powder, and crack free castings were obtained.
Sample preparations for all other iterations continued
with this new GTE powder.

The casting billet geometry, starting with Itera-
tion 2A, was changed from the original plates (approxi-
mately 6" X 4" X %”) to cylinders (approximately 2" dia
X 4" long). A cylindrical billet fits into a cylindrical
quartz capsule with minimum gaps between the billet and
the capsule. This was in an attempt to minimize capsule
failure during HIP'ing. The cylindrical billets required
longer casting time (7 days) versus the rectangular
plates (2 days) because of the reduced casting surface.

An alumina free composition was investigated in
Iteration 3. This composition was to minimize potential
liquid phase reaction with SiC whiskers during densifi-
cation. Four SiC whiskers have been incorporated, these
being ARCO SC-9, ARCO SC-9 coated, Tateho SCW~1, and
Tokai "Tokamax". Gelling problems with the coated ARCO
whiskers were again encountered in this iteration. Even
after solid content reduction, a usuable slip could not
be prepared for casting. Castings were prepared from
the three remaining slips.

In general, the Si3N slips containing SiC whiskers
had a tendancy to gell, "especially slips containing
coated ARCO SC-9 SiC whiskers. Due to the problems
associated with the coated ARCO SiC whiskers, further

evaluation in Task 1 involving the coated ARCO SiC was

discontinued. Although to a lesser degree, slips con-
taining Tateho SCW #1 SiC whiskers and Tokai Carbon
"Tokamax" SiC whiskers also showed gelling. This re-
sulted in defective castings occasionally. The Si_N

baseline material slips, and the S5i N4/SiC composi%e4
slips containing ARCO SC-9 SicC whis%ers yielded good
castings more consistently.
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It was found that Tateho SCW #1 SiC whiskers ex-
hibited the highest tendency to absorb moisture, ARCO
SCW #1 SiC whisker second, and GTE Si.N, the least.
This was reflected in the weight loss values upon
heating as shown in Table 1. ' This finding and the
gelling phenomenon observed in slip containing Tateho
SCW #1 versus SC-9 suggests that the Tateho SCW #1 SicC
whiskers have undesirable whisker surface characteris-
tics which resulted in difficulty of sample fabrication.
Tokai Carbon SiC whiskers were not analysed due to
exhausting the supply of these SiC whiskers. However,
slip behavior using Tokai SiC is similar to Tateho SCW
#1 SiC whisker behavior.

Specimens were prepared in Iteration 4 using ARCO
5C-9 and Tateho $iC whiskers ‘as well as baseline Si3N4.
These cylindrical billets were pre-sintered and are
awalting encapsulation.

Powders were milled for Iteration 5 cold pressing
evaluations. Again baseline, ARCO SC-9 and Tateho con-
taining powders were prepared. Cold isostatic pressing
at 60 ksi pressure was carried out using rubber cylin-

drical molds. The baseline material pressed very well.
The composite materials containing SiC whiskers did not.
Wafering was experienced as seen in Figure 2. Additional

powders were prepared to which a 1 percent PVA binder
addition was made. Pressings were made but the wafering
problem remained.

Encapsulation and HIP

During the intial HIP studies with samples contain-
ing ARCO whiskers, specimens processed at 1750-1800°C
without encapsulation showed severe whisker degradation.
Quartz encapsulation and lower process temperatures were
investigated. Composite samples up to 92% theoretical
density were obtained. '

Iterations 1, 2 and 3 samples were all encapsulated
in quartz. HIP run conditions and results for the above
iterations are summarized in Table 2. Most runs did not
yield densified samples due to capsule failure during
HIP'ing cycles. Based on observations after each HIP
run, the failures were judged by one or a combination of
more than one of the following reasons: 1) poor vacuum
in the capsule, 2) gas formation between whiskers and the
matrix material, 3) poor capsule seal and 4) variations
in HIP cycle temperature and pressure profiles. 1In HIP
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run number 421 (Table 2) all billets except for billet 3B
{ ARCO SiC whisker) exhibited evidence suggesting explo-
sion resulting from gaseous phase formation within the
billets during HIP'ing. Fracture origins near the center
of the billets were clearly visible in the exploded
billets. These results and the gelling results discussed
earlier indicate that ARCO SC-9 SiC whiskers seem to be
the most stable and easiest to process among the four SicC
whiskers evaluated in this program.

Due to the low success rate, quartz encapsulation
was abandoned and the use of refractory metal cans was
initiated. In the first attempts, molybdenum was used in
preparing the cans. During the fabrication of the cans,
problems developed in Electron Beam Welding causing
brittle fracture of the can. The second droup was formed
trom tantalum to avoid the problems encountered with the
Mo cans.

Five specimens from Table 2 were encapsulated in
the tantalum cans. In run 451, a single can containing
a billet of Si,N,/ARCO SC-2 was processed to 1700°C and
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27 ksi pressuré argon. The collapsed can and specimen
can be seen in Figures 3 and 4. Little if any densifi-
cation occurred indicating a can failure. The can was
very brittle.

To minimize the deformation during the brittle
phase transformation, the remaining four cans were cold
isostatically pressed at 60 ksi. This allowed the can
to conform to the specimen while in a more ductile
state.

Two specimens were processed in run 453. A base-
line billet and a billet containing Tateho SiC whiskers
were HIP'ed at 1700°C and 28 ksi. After HIP'ing the
cans were again very brittle and can be seen in Figure
5. The baseline material densified very well but the
Tateho sample did not. Examination of the can that
contained the Tateho Sic whiskers revealed discoloration
indicating some form of contamination and reaction. It
appears from the yellow/bronze discoloration that a
tantalum nitride compound might be formed. The processed
specimens can be seen in Figure 6.

Further encapsulation studies will be carried out
using niobium cans or tantalum cans. The one remaining
tantalum encapsulated specimen is an ARCO sample and
will be processed in the near future.
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Evaluations

Three of the test bars that have been densified to
92% theoretical (3.03 g/cc, HIP run # 396, Table 2) were
MOR tested in the as processed state. These test bars
have rough surfaces and were slightly warped during
HIP*ing. The MOR test results are 61.0, 53.3 and 38.9
ksi. Considering the conditions of the bars and the
densities achieved, the maximum MOR value of 61 ksi
suggests a high potential in property improvements.

Many whiskers were visible on the fracture surfaces
of the MOR bars under SEM, indicating the whiskers were
not severely degraded. These can be seen in Figure 7.

No obvious whisker degradation was detected and whisker
pullouts are evident. Additional test bars from run 396
were machined for fracture toughness testing. These bars
(approximately 92% dense) were tested using single-notch
techniques. These tyo bars yielded toughness values of
5.60 and 5.86 ksi-in?’ respectively. Two similiarly pre-
pared baseline bars yielded values of 4.38 and 4.74 ksi-
in“. A comparison of the two would give an approximately
26 percent increase in fracture toughness. The composite
specimens contained 10 percent loading of ARCO SC-9 SiC
whiskers. Potentially higher values could be achieved
with the current 20 percent loadings of SiC.

Status of Milestones

A revised milestone schedule has been submitted to
ORNL for approval.

Publications

None.
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TABLE 1

WEIGHT CHANGE OF MATERIALS UPON HEATING

AS RECEIVED
MATERIALS WEIGHT @ 25°C WEIGHT @ 300°C WE IGHT CHANGE
(g) (g) (%)

GTE SN-502 0.159 0.156 -1.,89
(Lot SN-165)

ARCO SC-9 0.144 0,137 -4.,86
SiC whiskers

Tateho SCW #1 0,095 0.089 -6.32

S$iC whiskers




TABLE 2

SUMMARY OF HIP EXPERIMENTS WITH QUARTZ ENCAPSULATION

PEAK PEAK RESULTS DENSITY
HIP TEMP PRESSURE SAMPLE SAMPLE ENCAPSULATION SAMPLE DENSITY INCRE ASE
DATE RUN ¢ (°C) {ksi) ITERATION SHAPE MATERIAL CONDITION CONDITION (g/cc) %) REMARK S
3/28/85 380 1750 13 1 8 * Baseline - L] 2,88 37 Ses Note
1 8 Baseline/ --- w 2.45 15.0 "
108 ARCO
1 B Beseline/ --- ¥ 2,47 16.0 "
108 ARCO
1 B Basaline/ - w 2,3 9,2 "
108 ARCO
4729785 396 1700 15 1 8 Baseline/ CR/N ® 2.26 6.1
108 ARCO
H 8 Baseline/ cL G 3.03 43,3
10% ARCO
5/2/8% 398 1750 25 1 B Baseline CR/N W 2,54 21.0
1 B Baseline/ CR/N W 2,35 10.3
10% ARCO
5/21/85 401 1700 15 2 R Baseline/ N CR/W 2,24 6.2
20% ARCO
2 R Baseline/ N CRM 1.72 14,7
20% Coated ARCO
2 R Baseline/ N CR/M 2,15 6.7
20% Tateho
2 R Basaline N CR/M 2.41 13.9
5/28/85 405 1700 15 2 R Beseline/ CR W NA NA
20% ARCO
2 R Baseline/ CR » NA HA
208 Tateho
2 R Baseline CR w NA NA

¥



TABLE 2

SUMMARY OF HIP EXPERIMENTS WITH QUARTZ ENCAPSULATION

(CONTINUED)
PEAK PEAK RESULTS DENSITY
HIP TeEMP PRESSURE SAMPLE SAMPLE ENCAPSULATION SAMPLE DENSITY IMCREASE
DATE RUN # (*C) {xsi} ITERATION SHAPE MATERIAL CONDITION CONDITION {g/cc) {8) REMARKS
1/9/85% 417 2 R Baseline/ N N NA NA Avorted
20% ARCO run;
2 R 8aseline/ N N NA NA rerun as
20% Tateho ¥ 418
2 R Baseline/ N NC NA HA
20% Tokai
17i10/85 418 1700 28 2 R Baseline/ <R NA NA
20% ARCD
2 R Baseline/ R NA MA
20% Tateho
2 R Baseline/ CR NA NA
20% Tokai
3 CyYL Baseline/ S BR NA NA
203 Yateho
7/11/8% 419 3700 28,7 3 cyL Baseline/ s 3R 2,07 8.9
20% ARCO
3 YL Baseline/ CL NC 2,92 6.9
20¢ Tokai
7/12/85 420 1300 3 CyL Baseline/ N NC MA MA Abor ted
20% ARCO run;
3 cYL Baseline/ W M NA MA rerun as
20% Toksi 3421
3 cYL Baseline/ [ [tel MA NA
20% Tateho
3 CcrL Baseline/ B NC NA NA
20% Tateho
7/15/85 421 1750 29 38 CYL Basaline/ s NC 2.07 3.9
20% ARCOD
30 (% (N Baseline/ S £ 1.98 4.8
20% Tokai
3€ cYL Baseline/ S £ 1,87 1.t
20% Tateho
3E cre 8aselina/ S E 1.99 7.6

20% Tateho
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* EXPLANATION OF TABLE 2

BR - Broken
B - Test Bars (about 2”7 X 1/4" X 1/8")
R - Rectangular Plates {about 2° X 6" X 1/2)

CYL - Cylinders {about 2" dia. X 4" long)

CL -~ Collapsed

CR - Cracked

E - Exploded

G - Good - Mo Warpage/Distortion

N - No Collapse of Encapsulation Materials

NA -~ Not Available

NC - No Change

S - Shattered

U - Unencapsulated

W - Warpage

NOTE 1: Test bars wera not encapsulated in an attempt to evaluate

sinter/HIP possibilities.
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il w H =
Ji-3 4048 20 160 S63

Figure 1: SEM micrograph showing fiber
dispersion in a green compact
(baseline + 20% ARCO SC-9 Sij)



Figure 2: Results of cold pressing evaluations.
ARCO 8C-9 Tateho SCW#l GTE Baseline

Gy
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Figure 3: Collapsed can containing ARCO specimen,
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Figure 4: ARCO specimen from run 451.



Figure 5: Collapsed cans from run 453.
Left: Tateho sample Right: Baseline sample
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Figure 6: Specimens from run 453.
Left: Tateho Right: Baseline
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1.72.3 QOxide Matrix

Si0-Whisker~Reinforeed Ceramic Composites
T. N.7T7eqs and P. F. Becher (Oak Ridge National Laboratory)

Objective/scope

This work involves development and characterization of SiC-whisker-
reinforced oxide 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 an initial study. However, optimization
of matrix materials is also being explored. The approach to fabrication
is to first use hot pressing to identify compositions for toughening and
then to develop pressureless sintering for fabrication of near-net-shape
pieces. Initial work has been described in previous semiannual reports.

Technical progress

$iC whiskers

To date, essentially all composite work and process development have
used 3iC whiskers obtained from ARCO Chemical Company. Because alternate
whisker sources are now available from both domestic and foreign sources,
we made a series of Al,0;-20 vol % 5iC whisker composites to determine the
properties of composites using these alternate whiskers. The composites
were hot pressed under conditions typically used for samples containing
ARCO whiskers and subsequently machined into mechanical test specimens.
The results of the mechanical property testing are summarized in Table 1.
As shown, the mechanical properties were significantly lower for the com-
posites containing the whiskers from other sources.

Under ceramographic examination of the composites made with the
Tateho and Tokai Carbon whiskers, the SiC whiskers appeared to be intact.
However, examination with a scanning electron microscope of a fracture
surface revealed no SiC whiskers. This is in direct contrast to Al,0;5-SiC
whisker composites made with ARCO material, where the whiskers are easily
visible on the fracture surface. Further examination with an electron
microprobe suggests that at the hot-pressing temperature a reaction be-
tween the Al,0; and the SiC whiskers occurred. This is also indicated by
the high weight Tosses observed for the composites made with the Tateho
and Tokai Carbon whiskers (Table 1). Although the composites made with
the Versar whiskers have not been examined to date, similar degradation
reactions are believed to be the cause of the poor mechanical properties.

To determine any possible cause for reactions between the alumina and
the SiC whiskers, the various whiskers were analyzed for impurity levels
{Table 2). As shown, the Tateho, Tokai Carbon, and Versar SiC whiskers
had impurity levels not very much different from those of the ARCO pro-
duct. Further examination of the whiskers to determine any differences
is proceeding.

The composite made with the Los Alamos National Laboratory whiskers
was examined further to determine the reason for the low flexural
strength but good fracture toughness. Examination of fracture surfaces
showed that the SiC whiskers were intact with no evidence of any



52

Table 1, Summary of mechanical testing of
A1,03;—20 vol % SiC whisker composites
from various whisker sources

. . . Flexural Fracture Weight loss during
SiC whisker Dens1§y strength toughness hot pressing
souree (Mg/m") (MPa)a (MPa-m!/2)b (%)
ARCOC 3.82 650 8.3 0.8
Tokai Carbon 3.79 270 7.2 5.17
Tateho 3.74 370 4.2 1.53
Versar 3.72 340 d 2.32
I.ANLE 3.83 430 2.1 4,85

AFour-point bend test.

bMu]tip]e indent method.
CTypical values.

dNot determined.

€ios Alamos National laboratory.

Table 2. Impurities in SiC whiskers

Whisker 3 Impurities {ppm)

source Na Mg Al K Ca Cr Man Fe Co Ni
ARCO 30 300 200 20 100 50 100 100 1 30
Tateho 5 30 30 30 300 30 50 50 110

Tokai Carbon 50 3 10 3 20 50 5 50 1000 10
Versar 5 50 30 30 300 30 50 50 >1 10
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reactions. However, large flaws were observed that were rich in nickel
and iron. Apparently, these resuit from some of the catalyst balls that
were not removed during whisker cieaning procedures and caused the low
observed flexural strengths.

Pressureless sintering

Several specimens of Al,03-SiC whisker composites were fabricated by
pressureless sintering and then machined into bars for flexural strength
testing. Additional samples were subsequently hot isostatically pressed
(HIP) to higher densities and their flexural strengths determined. The
results are summarized in Table 3. As shown, strength reduction after the
HIP processing was apparent although increases in density were observed.
Examination of the tensile fracture surfaces with a scanning electron
microscope showed degradation of the SiC whiskers within 0 to 50 um of the
specimen surfaces. The HIP procedures are being reexamined to determine
the causes of the problems and means to alleviate them.

Thermal shock of alumina—SiC whisker composites

Another important consideration in the use of these SiC-whisker-
reinforced alumina composites for structural applications is their thermal
shock resistance. Because of the high fracture strength and toughness of
these composites they would be expected to have good thermal shock
resistance, but since this property is a complex function of several
material properties, tests were conducted to determine if indeed these
composites had good thermal shock resistance. An alumina—20 vol % SiC
whisker composite hot pressed to full density was compared with a commer-
cial alumina with no SiC whisker reinforcement.

The changes in flexural strength as a function of the temperature
drop from the furnace to the boiling water bath are shown in Table 4. As
shown the alumina—20 vol % SiC whisker composite shows virtually no
decrease in flexural strength with temperature differences up to 3900°C.
Alumina, on the other hand, shows a significant decrease in flexural
strength with a temperature change of 700°C. Other researchers have shown
similar results from thermal shock tests on alumina.ls2 Plans are to
increase the temperature difference up to 1400°C to determine if any
strength degradation occurs.

Because the thermal shock resistance was excellent for the single
quench, some specimens were subjected to 10 quench cycles from 800°C into
the boiling water bath. As shown in Table 4, some strength degradation
was observed: an average strength of 540 MPa versus more than 610 MPa for
the unshocked and singly shocked composites. While this indicated some
fatique effects, the thermal shock resistance of the alumina—20 vol % SiC
whisker composite is considered to be excellent.

Oxidation of alumina—SiC whisker composites

A hot-pressed alumina—20 vol % SiC whisker composite was machined
into bend bars, which were subjected to isothermal oxidation at elevated
temperatures. The results are summarized in Table 5. As shown con-
siderable oxidation of the composite material occurred. The oxidation
rates up to 1000 h at 800 and 1000°C appear to be relatively linear, indi-
cating oxygen transport through the alumina with no formation of a
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Table 3. Summary of results for flexural strength of
pressureless-sintered and hot-isostatically-
pressed alumina—SiC whisker composites

Pre-HIP properties Post-HIP properties

Whisker ~

Sample content Density Flexural Density Flexural

(vol %) (% 7.D.) strength (% T.D.) strength
(MPa) (MPa)
SCW-51-4 5 97.7 280 99.9 250
SCW-68-1 10 92.5 280 93.3 255
SCH-68-2 10 92.5 280 93.7 320
SCW-69-5 10 93.0 260 94.0 200
SCW-83-1A 10 92.6 275 94.2 245
SCW-83-60 10 96.0 310 97.5 285
SCW-90-60 10 94.8 310 96.5 230

Table 4. Results from thermal shock testing of
alumina and alumina—20 vol % SiC
whisker composite

Alumina—20 vol % SiC whiskers Alumina
Temperature  Flexural Temperature  Flexural
change strength change strength
(°C) (MPa)a (°C) (MPa )
0 620 0 305
300 630
500 685
700 610 700 120
7000 540
900 710

afFour~point bend test at room temperature.

bBend bars subjected to 10 quench cycles.
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Table 5. Results of isothermal oxidation of
alumina—~20 vol % SiC whisker composites

Oxidation Oxidation , . Room temperature
temperature time WET?hf g?‘“ flexural strength
(°C) (h) o/m (MPa)
5104
800 500 0.738 470
800 1000 1.772 410
1000 500 1.774 380
1000 1000 3.533 350

1200 100 3.933 460

dps fabricated.

protective layer at the surface. Although the oxidized sample had a
rather low flexural strength initially, with oxidation further decreases
in strength were observed. Longer-term oxidation studies are being
planned.

Weibull modulus of hot-pressed composites
A hot-pressed alumina—20 vol % SiC whisker composite was machined

into bend bars and mechanically tested to determine the Weibull modulus
(Fig. 1). As shown, the Weibull modulus for the 20 bars tested was 12.2
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Fig. 1. Alumina—SiC whisker composites exhibit a good Weibull modulus.
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with a mean flexural strength of 625 MPa. The fiexural strength was
slightly Tower than that of previous samples with comparable whisker con-
tents. Fractography of the specimens revealed numerous large defects
(>100 pm), which were evidently introduced from the SiC whiskers. What is
surprising is the relatively high mean strength and Weibull modulus in
spite of the numerous defects.

Status of milestones

A1l milestones were on schedule.
Publications

T. N. Tiegs and P. F. Becher, "Whisker Reinforced Ceramic Composites,”
to be published by Plenum Press in their Materials Science Research Series.

References

1. P. F. Becher, "Transient Thermal Stress Behavior in
2r0, -Toughened Al1,03," J. Am. Ceram. Soc. 64(1), 37-39 (1981).

2. M. P. Kirchner, Strengthening of Ceramics, Marcel Dekker, Inc.,
New York, 1979, pp. 63-65.
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Sol-Gel Oxide Powder
W. D. Bond, P. F. Becher, and T. N. Tiegs (0Oak Ridge MNational Laboratory)

Objective/scope

SoT1-gel processes have the potential for the synthesis of materials
that can be processed at modest temperatures while obtaining highly uni-
form composition in dense, fine-grain ceramics that incorporate dispersed
second phases to increase fracture toughness. This research emphasizes
the determination of the feasibility of sol-gel processes for (1) synthe-
sizing powders of phase-stabilized zirconia and alumina and (2?) coating
whiskers to control the properties of their interface with matrix phases.
Sol-gel processes take advantage of the high degree of homogeneity that
can be achieved by mixing on the colloidal scale and the surface properties
of the colloidal particles. The excellent bonding and sintering properties
of colloids are a result of their very high specific surface energy.

Work conducted on sol-gel oxide powder synthesis and processing within
this program is part of an integrated activity that is also supported by
the U.S. Department of Energy (DOE) Materials Sciences Program at Oak Ridge
National Laboratory (ORNL). The Materials Sciences Program supported
research on ceramic composites derived from the sol-gel powders resulting
from this work. The research on the coating of whiskers by sol-gel
methods is a collaborative effort with research on SiC-whisker-reinforced
composites under way at ORNL in the Ceramic Technology Project. The
Ceramic Technology research includes the necessary research on the
fabrication and properties of composites that are reinforced with the sol-
gel-coated whiskers,

Technical progress

Studies in sol-gel synthesis included: (1) development of a method for
preparing hoehmite alumina gels that are seeded with colloidal particles
of alpha alumina crystallites, (2) preparation of dispersible alumina
powders by the thermal decomposition of alkoxide compounds in air, and
(3) preparation of alumina powders reinforced with SiC whiskers., Studies
supported by the DOE Material Sciences program were concerned with the
sintering behavior of gel-derived powders and the properties of the
resultant composites.

Sol-gel synthesis

The presence of seed crystals of alpha alumina (1 to 2wt %) in
boehmite alumina gels is reported to significantly lower the sintering
temperature in the preparation of high-density alumina composites. Alpha
alumina is the stable high-temperature form (>800°C) for A1,03. We hope
to improve sintering even further by using colloidal mixtures of both the
aipha and boehmite crystal forms. A boehmite alumina gel powder seeded
with 2wt % alpha alumina was prepared by using the mixed sol approach. A
hydrosol of alpha alumina was prepared by dispersing a high-purity commer-
cial a-Al,0; powder in nitric acid at 90°C, using 0.05 mole of HNOj per
mole of Al,0;. Conductivity titrations indicated that this stoichiometry
was about optimum for a stable dispersion of the powder. The boehmite
alumina sol was prepared by the usual precipitation-peptization method.
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Colloidally dispersible alumina powders were prepared from aluminum
isopropoxide by using decomposition temperatures as high as 550°C.
Although the Al,03 powders are agglomerated, colloidal dispersions were
prepared by heating an aqueocus slurry of the powder in dilute nitric acid
(~0.2 mole HNO3/mole Al,03) at 85°C. The dispersion process is relatively
slow; about 24 h was reauired for complete dispersion. This preparation
method is an attractive route to the synthesis of sols and agels of gamma-
alumina. Conventional sol-gel methods produce aluminas that have the
boehmite structure.

A 100-g batch of 20 vol % SiC whiskers in Al1,03 was prepared for com-
posite evaluation studies. The SiC whiskers were dispersed into a boeh-
mite alumina sol (3 wt % Al,03) at a pH of 3.5 by using ultrasonic mixing,
and then gelation was rapidly effected by adjusting the pH to & with
dilute ammonium hydroxide. After drying at 110°C, a uniform dispersion of
SiC whiskers in alumina was obtained.

Sintering and composite property studies

Hot-pressing and sintering studies with gel-derived powders continued
to show that high densities are obtained with gel powders prepared by
mixed oxide sols and by the rapid and direct precipitation of gels
(Tabie 1). However, problems are still encountered with regard to
obtaining uniformity of Y,0;3 in the zirconia phase, which was determined
by electron microprobe analysis of two of the composites in Table 1. The
Y,0; content in the zirconia phase of the composite derived from the
Zr0, — 3 mol % Y,0; powder (Run 207) ranged from 2 to 5 mol %. The com-
pound from sintering the Al,0; — (20 vol % Zr0, « 1 mol % Y,03) powder
(Run 208) had somewhat less variability, 1.34 + 0.34 mol %. Because these
gel powders were prepared by a rapid transition from sol to gel (fiash
evaporation of sol droplets), the homogeneity of the mixed sols employed
is suspect. We plan to reexamine the mixing methods to determine if
significant variations in the ratios of yttrium to zirconium cccur in the
mixed sols,

Status of Milestones

The chemical synthesis parameter study of sol-gel-derived powders
(milestone 123301) is progressing well. The draft technical report on the
status of these studies was completed as scheduled by September 30, 1985.
In-house review of the draft is in progress.

Publications

None.



Table 1. Density of composites prepared by hot pressing gel powders
Sintering Density of
Powder Gel preparation conditions composite
preparation Composition
run number Gel Gelation Temp. Time
precursor method®  (°C) (min) (% theor.)
240 Al,03 — 14 vol % (Zr0; < 3 mol % Y,03) Metal salts RGP 1450 95 96
241 Al1503 — 19 vol % (Zr0; - 1 mol % Y,03) Metal oxide RGP 1450 120 g2
sols
207 IrQ; — 3 mol % Y,0, Mixed oxide FED 1500 55 95
sols
208 Al,03 — 20 vol % {Zr0; * 1 mol % Y,03) Metal oxide FED 1410 60 97
sols
230 ZrQ, — 10 mol % HfO, Metal salts RGP 1450 65 95
231 ZrQy — 10 vol % HfO, Metal oxide SEW 1450 30 95
sols
232 Ir0, — 5 mol % HfO, Metal salts RGP 1450 30 98
233 Zr0, — 5 mol % HfO, Mixed oxide SEW 1450 30 96
sols
RGP = rapid gel precipitation.
FED = flash evaporation of droplets.
SEW = slow evaporation of water.
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Advanced Transformation-Toughened Oxides
T. K. Brog, J. S. Wallace, and T. Y. Tien (University of Michigan)

ABSTRACT

The fracture toughness, strength, and modulus of A1203—
Cr203(matrix)/2r02~Hf02(dispersed phase) composites were
measured. The fracture toughness increased with increasing
volume fraction dispersed phase vwhereas the strength and
modulus remained nearly constant up to 10v/o dispersed phase
and then decreased for larger volume fractions. Multiple
toughening mechanisms are apparently active in this system,

with microcrack nucleation/growth dominating at high

monoclinic contents.
INTRODUCTION

Zirconia toughened alumina {(2ZTA) has received
considerable interest in recent years due to the enhancement
in fracture toughness (1~5). The improvement in fracture
toughness and strength of zirconia containing materials, as
well as the long-term stability, has made possible the
prospect of using some of these materials for high
temperature structural applications such as for adiabatic

engine components.
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A modification of ZTA was investigated here to evaluate
this material as a preliminary candidate material for engine
applicationgs. The matrix consists of an A1203—Cr203 solid
solution. Additions of Cr203 were made to both lower the
thermal conductivity and to modify the matrix properties,
fracture toughness and modulus. Previous work has shown
that Cr,0, additions lowers the thermal conductivity (6) and
increases the hardness (7). Slight increases in the bulk
modulus with Cr,0, additions (0-15m/0) have also been
reported (8).

The dispersed phase consists of a Zroz-HfO2 solid
solution. Hafnia additions were made to zirconia to
increase the tetragonal-to-monoclinic transformation
temperature, thus increasing the temperature at which the
transformation can be a viable toughening mechanism (9,10).
The critical particle size for the transformation, however,
decreases with increasing hafnia content. In order to
retain a reasonable fraction of the zirconia-hafnia
particles in the tetragonal symmetry using conventional
processing methods, the maximum hafnia concentration was
small, 1lO0m/o.

The present study was undertaken to try to
experimentally distinguish the various toughening mechanisms
in this system by measuring the fracture toughness,
strength, and modulus as a function of zirconia-hafnia

volume fraction.



EXPERIMENTAL PROCEDURE

A1203~5m/0Cr2O3 and Zr02~10m/onO2 solid solutions were
made by mixing appropriate amounts of the single oxides and
solution annealing at 1350°C for 24 hrs. These solid
solutions were attrition-milled in isopropanol for 4 and 8§ h
respectively. The solid solutions were mixed in a ball-
mill, dried, sieved and isostatically pressed (170 MPa).

The samples were then sintered at 1550°C for 2 h in a
graphite induction furnace (argon atmosphere) and nearly
theoretical density (>98%TD) was achieved.

Phase determination was performed on as-sintered
surfaces. Integrated intensities of the (111) monoclinic
peak (28.5°, Cu Ka) and the (111) tetragonal peak (30.5°)
were measured and the tetragonal phase content was
calculated using the method of Porter and Heuer (11). The
pellets were then prepared for microstructural examination
using standard metallographic techniques. The mean linear
intercept length was measured using a digitizing tablet and

encircling the Zr02~Hf02 particles on SEM micrographs.

Machined bars (50mm x 3mm x 2mm) were annealed at

1550°C (well above the A_ temperature) to relieve residual

F
stress from the machining process thus eliminating the
effect of machining on the fracture toughness measurement,
The fracture toughness was measured using the ISB (12)

technique using single indents (20, 40kg) and fracture
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toughness values were calculated using the equation from
Chantikul et al (12),

)'125(09‘33)’75

K. = n(E/H

Unindented bars (ground, annealed) were broken to measure
the strength. All measurements were performed in ¢ point
bending with spans of 9.5 and 19.0mm.

Modulus measurements were made by measuring the sample
thickness, density, and the propagation time for longitudnal
and shear waves. The sonic elastic modulus and Poissons'

ratio were calculated using

- 2 _ 2 -
E = 3plv, 4vg /31(1-2»)

v = (l—2x2)/(2~2x2),
wvhere x is the ratio of the longitudinal wave velocity, Vi
to the shear wave velocity, Vg-

RESULTS AND DISCUSSION

The dispersed phase mean linear intercept length
increased with increasing volume fraction dispersed phase,
as would be expected, due to particle coarsening (Fig. 1).
As would be expected for increasing mean particle size, the

tetragonal fraction, X decreases with increasing volume

&
fraction dispersed phase, A (Fig. 2). This, however, has
also been attributed to loss-of-matrix constraint (4) as v,
is increased.

Measurements of the fracture toughness (Fig. 3) show a

monotonic increase with increasing Vor similar to that
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reported by Swain and Claussen (13) and Hori et al (14) on
annealed ZTA samples. While this trend is similar to that
expected from crack deflection models (15} there may bhe
contributory mechanisms such as stress inducad
transformation (SIT) toughening (16,17) and/or microcrack
nucleation/growth toughening (3,4,18).

SIT toughening can only occur when tetragonal zirconia
particles transform to the monoclinic symmetry in the crack
tip stress field. Toughness enhancement has been proposed
to occur due to a crack shielding mechanism {(19) in which a
large compressive zone exists in the region surrounding the
crack tip, effectively shielding the crack tip from the
applied stress field.

The large volume increase associated with the t-m
transformation may cause nucleation and growth of
microcracks in the matrix surrounding monoclinic zirconia
particles either occurring spontaneocusly upon cooling from
the fabrication temperature or when an external stress field
is applied. The nucleation and propagation of these
microcracks increases the fracture surface, thus, absorbs
energy.

Crack deflection can increase the fracture toughness by
deflecting the crack out of the plane normal to the applied
stress, thereby reducing the stress intensity applied to the
crack tip. Crack deflection appears to be insensitive to
stress state and magnitude in a glass-alumina system (20).

The theoretical model proposed by Faber et al (15) suggests
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that the relative toughness enhancement is a function of the
volume fraction dispersed phase, the size distribution, and
morphology of the dispersed phase.

There is poor correlation between the fracture
toughness and the total tetragonal volume. The fracture
toughness does, however, increase with both increasing
monoclinic volume and volume fraction dispersed phase. For
low volume fractions of Zr02 the tetragonal fraction is high
and the toughness enhancement is small due tc the low
tetragonal volume. In this regime SIT toughening and crack
deflection are responsible for toughness improvement. For
high volume fractions of Zr0, the tetragonal fraction is
quite low, thus SIT contributions must be small, This
suggests that crack deflection and/or microcrack nucleation/
growth are the primary toughening mechanisms. As the volume
fraction dispersed phase is increased, the contributions via
SIT and microcrack nucleation/growth varies due to the
change in tetragonal fraction and volume, and these
contributions are superimposed on the enhancement due to
crack deflection,

It is difficult to evaluate the effectiveness of each
particular toughening mechanism on the basis of fracture
toughness measurements alone. Strength and modulus
measurements combined with fracture toughness data can be
used to identify or detect the presence of SIT and

microcrack nucleation/growth toughening.
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Measurements of the strength as a function of vy (Fig.
4) indicate that the strength remains approximately constant
with increasing vV, up to l0v/o dispersed phase, above which
the strength decreases slightly at 12.5v/o then
precipitously at 15v/o. This behavior can be attributed to
the existence of microcracks in the samples with high
monoclinic contents. These results are similar to those
reported by Claussen et al (3) but are not in good agreement
with those reported by Hori et al (14) and Becher (5). The
strength would be expected to decrease when microcrack
nucleation/growth occurs due to the presence of microcracked
domains, resulting in a larger critical flaw. Therefore,
the strength degradation and the toughness enhancement for
large zirconia contents can be attributed to microcrack
nucleation/growth. Any toughness enhancement at low
zirconia contents can in part be attributed to SIT
toughening. SIT toughening may increase the strength by the
creation of large compressive zones.

Elastic modulus measurements of composite materials
which deviate from the rule of mixtures of the components
are evidence for microcracking. Green (4) reported a large
deviation from the rule of mixtures for A1203~~Zr02
composites which contained high monoclinic fractions and
attributed this to microcracking.

Sonic modulus measurements were made on the annealed
bars (Fig. 5). The modulus shows a linear decrease with

increasing Vv up to 10v/o dispersed phase and a large
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decrease for the the 15v/o material. One shortcoming of
this technique (wave propagation as opposed to dynamic
modulus measurements) is that it is impossible to detect
microcracking in é sample which occurs when an external
stress field is applied.

The degradation in both the strength and modulus
pccurs at the same composition, such that a nearly linear
relationship exists between the strength and modulus in this
material (Fig. 6). Thus, the presence of microcracks in
this system contributes to a degradation in both the
strength and modulus and an enhancement in the fracture

toughness.
CONCLUSIONS

1. The dispersed phase particle size increases with
increasing volume fraction dispersed phase, resulting in a
decrease in the tetragonal phase content.

2. Multiple toughening mechanisms are apparently active in
the system.

3. Evidence of microcrack nucleation/growth as a toughening
mechanism is substantiated by a decrease in both the

strength and modulus at high monoclinic contents.
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Injection Molded Composites
M. A. Janney (Oak Ridge National Laboratory)

Objective/scope

The goals of this activity are twofold: (1) to evaluate the abhility
of advanced ceramic-ceramic composites to be injection molded and pro-
cessed by using standard wax- and/or polymer-based binder systems and
(2) to develop advanced complex-shape forming technologies that will
eliminate some of the problems associated with wax. and polymer-basad
binder systems such as long binder removal times, cracking, and low green
strength,

Technical progress

Work this period focused on two major efforts: (1) rheology of SiC
whisker-alumina slurries and (2) establishing the Ceramic Technology
Powder Characterization Laboratory.

The ability to make whisker-reinforced ceramics (such as SiC-whisker-
reinforced alumina) by wet forming methods (such as injection molding,
stip casting, or extrusion) depends critically on the flow properties of
the liquid-solid system. It has been demonstrated that slurries of SiC
whiskers and alumina in water, which have properties similar to conven-
tional ceramic slurries, can be made, However, it has also been shown
that the riheology of these slurries is highly sensitive to processing
conditions such as milling and pH. Our goal during this past reporting
period was to begin characterizing the alumina-SiC whisker slurries
currently in use at Oak Ridge National Laboratory and to document their
sensitivity to a variety of processing condition changes.

The following procedure was used to make the slurries. The starting
materials are listed in Table 1.

Two sets of alumina-SiC whisker slurries were prepared for rheologi-
cal analysis. Both sets were prepared according to the same procedure
except that Set 1 used whiskers in the as-received condition and Set 2
used whiskers after they were rod milled in water for 1 h. The basic com-
position of the mixes was:

Solid phase — 10 wt % whiskers
90 wt % Al6SG

Fluid phase — 0.2 wt % (dwb) Darvan 7
0.07 wt % {(dwb) citric acid
2.5 wt % (dwb) PEG 4000
NH,OH to adjust to pH 11
balance water to give solids
loadings of 25, 30, 35, and 40 vol %



77

Table 1. Raw materials for Al,0;-SiC whisker slurries

Designation

Material or product Role Supplier
code

Alumina A165G Ceramic matrix Alcoa,
Pittsburgh, Pa.

SiC whisker SC9 Reinforcing phase  ARCO Chem. (o.,
Greer, S.C.

Darvan No., 7 Dispersant RT Vanderbilt,
Norwalk, Conn,

Citric acid Dispersant Fisher,
Pittsburgh, Pa.

Polyethylene glycol PEG4000 Binder Union Carbide,
Danbury, Conn,

NH, OH solution pH adjustment Fisher,

Pittsburgh, Pa,

The solid and fluid phases were mixed together in a beaker and soni-
cated for about 3 min to effect homogeneous mixing. The slurries were
aged for 24 h {with continuous agitation to prevent segregation) prior to
rheological characterization. Flow curves were determined with a
Rheometrics RFS 8400 fluids spectrometer; a parallel-plate test geometry
was used with a gap between plates of about 1.5 mm.

The slurries made with the milled whiskers exhibited rheology con-
sistent with standard ceramic particulate slurries; an example for a
30 vol % slurry is shown in Fig, 1. The viscosities and yield points of
the slurries increased with increasing solids Toading, Table 2. The
general shapes of the curves are also consistent with standard particulate
slurries. Furthermore, the tendency toward thixotropic behavior, i.e.,
hysteresis in the flow curves between the UP {or accelerating) and the
DOWN (or decelerating) behavior, increases with solids loading, which is
typical of many standard ceramic materials. Such behavior is highly
encouraging as it suggests that these whisker-reinforced composite
materials might be processable according to procedures similar to standard
ceramic practice; i.e., they may be spray dried, slip cast, etc.

In contrast to the milled-whisker-containing slurries, the unmillied-
whisker-containing slurries exhibited anamolous rheological behavior as
compared with standard ceramic particulate slurries. Figure 2 shows the
behavior of a 30 vol % slurry for a standard thixotropic loop analysis in
which the sample is sheared from 0.0 sec~! strain rate to 10.0 sec~l strain
rate and back to 0.0 sec-l., Notice that the UP curve lies below the DOWN
curve, which is in marked contrast to the standard thixotropic behavior
exhibited by the milled-whisker slurries, Fig. 1. Such behavior is termed
anti-~thixotropic, or reverse-thixotropic. Also, notice that the shear
stresses generated in this material are approximately an order of magnitude
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A 30 vol % solids slurry made with milled ARCO SiC whiskers
ina (10/90 weight ratio) exhibited flow behavior consistent
ceramic slurries.

Table 2. Rheological summary of slurries

made with milled whiskers

Vol % Yield point Viscosity

solids  (dyne/cm?) @ 100 s-1 [N 1XOEropY
25 0.56 0.29 None
30 3.1 0.39 Weak
35 32 0.96 Strong
40 99 2.8 Strong

higher than th

solids loading.

significantly

ose generated in the milled-whisker slurry of the same
The shape of the flow curves for this sample can be
altered by reversing the thixotropic loop analysis, i.e., by

starting at 10.0 sec~l, decellerating to 0.0 sec~!, and accelerating back

to 10.0 sec-l.

Such a procedure brings the UP and DOWN curves more nearly

into coincidence; however, the UP curve still lies below the DOWN curve,

even though the hysteresis has been markedly decreased.

This behavior
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Fig. 2. A 30 vol % solids slurry made with unmillied ARCO whiskers and
A165G alumina (10/90 weight ratio) exhibited anomalous flow behavior,
which was anti-thixotropic.

suggests that a form of "phase separation" may be occurring in the slurry,
resulting in the formation of a thin, fluid Tayer between the bulk of the
slurry and the face of the rheometer test probes (i.e., the parallel
plates). Such phase separation has been observed in slurries made at
lower solids content (~10 vol % solids) in which the solids sedimented out
of the slurry. Experiments are under way to determine the nature of this
phase separation. They include rheometric evaluations and also compaction
and permeability tests, which will provide information concerning the
agglomerate and pore geometries of these slurries.

A Powder Characterization Laboratory is being established. When
finished, it will be one of the most complete ceramic powder characteri-
zation facilities in the United States. The following capabilities will
be included in the facility:

1. Particle electrophoresis (zeta potential).
A Pen Kem 3000 particle electrophoresis analyzer has been acquired.

Its measurement capabilities include electrophoretic mobility and
distribution, specific conductance, pH, and turbidity, determined
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sequentially on one sample. It will also meastre particle diffusion

constant (i.e., Brownian motion) from which a median particle size
can be determined.

Status: Operational.
Rheometry.

A Rheometrics RFS 8400 fluids spectrometer has been acquired. Its
capabilities are the most extensive of any viscometer for slurry and
polymer solution characterization. In the steady-state mode, the
instrument will perform step scan (i.e., hold at a series of given
rates), thixotropic Toop scan, time scan to examine shear degrada-
tion, and stress-relaxation analyses. 1In the dynamic (oscillatory)
mode, it will perform frequency, strain, and time sweeps. All of
these measurements are performed under full programmatic control,

Furthermore, the unit is equipped with an environmental chamber to
allow testing over the temperature range 5 to 90°C.

Status: Operational.
Gas adsorption (BET surface area).

A Quantachrome Quantasorb gas adsorption unit is included in the
laboratory (previously purchased with other programmatic funds). It
operates on the dynamic flow adsorption principle., Its capabilities
include single~ and multi-point BET surface area analysis, complete
adsorption and desorption isotherms, micropore analysis, and chemi-
sorptian studies.

Status: Operational.
Gas permeability.

A PMI, Inc., gas permeability amalyzer is included in the laboratory
(purchased with other programmatic funds). It is capable of measur-
ing powder and solid body permeabilities at pressure differentials
from 0.7 to 410 kPa (0.1-60 psi) and flow rates from 0.02 to 12,000
ml/min.

Status: Operational,

lLight scattering particle size analyzer.

A Microtrac particle size analyzer is included and is being upgraded
to increase its performance. After upgrading, the unit will have an
analysis range of 0.12 to 300 um, will require only about 0.01 g of
sample for analysis, and will be capable of running organic solvents,
in addition to water, as the dispersing medium.

Status: Ordered.
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Centrifugal sedimentation particle size analyzer.

A Horiba centrifugal sedimentation instrument will be included in the
laboratory. It is capable of determining particlie size and distribu-
tion between 0,02 and 200 um in both aqueous and nonaqueous sclvents
with a sample cell volume of 2 cm3.

Status: Ordered,
Mercury porosimeter.

A mercury porosimeter for determining pore size distribution in
powders, compacts, and sintered bodies is to be included in the lab-
oratory. Pore sizes from about 300 pm to 0.003 um can be analyzed.
The combination of data from the porosimeter, the BET gas adsorption
unit, and the gas permeability unit will give a good description of
the pore geometry in a porous material.

Status: Specification in preparation,
Fourier transform infrared spectrometer (FTIR).

An FTIR for examining the chemistry of powder surfaces and their
interactions with solvents, dispersants, binders, and other pro-
cessing aids is to be included in the laboratory.

Status: Specification in preparation.
Soil mechanics triaxial test cell.

A triaxial test cell, which can impose an arbitrary stress state or
stress history on a powder compact and measure the response of the
compact in terms of compaction/dilation, extension, and pore pressure,
is to be included in the laboratory. It will be useful in character-
izing both raw and prepared (e.g., spray dried) powders in terms of
compaction, shear strength, and internal friction. It will also be
useful in exploring powder forming processes such as die pressing and
extrusion because arbitrary stress histories can be imposed by it.

Status: Specification in preparation.

Status of milestones

No activity,

PubTlications

No activity.
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1.2.4 Silicate Matrix

Mullite SiC Whisker Composites
S. Musikant and S. Samanta (General Electric Company)

OBJECTIVE/SCOPE

The objective of this program is to develop high toughness, high strength,
refractory ceramic¢ matrix composites which are amenable to low cost,
near net shape forming for application to automotive engines.

In this program, the General Electric Company, Space Systems Division,

is pursuing the development of SiC whisker reinforced mullite (3 Al,03

2 510p) matrix ceramic composite. In addition, the enhancement of

the mullite matrix fracture toughness by the incorporation of transformation
toughening by additions of Zry gHfp 502 is proposed. This mullite
matrix composite can meet a very significant need in the ceramic heat
engine technology. That specific need is for a low thermal conductivity,
high strength, tough, hard and wear resistant ceramic with intrinsically
good thermal shock resistance. The intrinsically good thermal shock
resistance is due to mullite's moderately low modulus of elasticity,

~ 30 X 105 psi (207 GPa), and relatively low coefficient of thermal
expansion (CTE), 5 x 10“6/°C, as well as good levels of strength.

The thermal conductivity is low, being approximately equal to that

of Zr0p. Since the coefficient of thermal expansion (CTE} is about

half that of ZrOp, mullite experiences far lower thermal stresses than
Zr0p when exposed to the same thermal gradient.

Similarly, in comparison to alumina, mullite is inirinsically superior
with respect to thermal shock because of mullite's lower CTE and lower
modulus of elasticity. Any matrix with a high CTE tends to have lower
resistance to thermal shock.

The initial aim of the investigation is to prepare a composite with
fracture toughness of > 4.0 MPaJm .

In order to achieve this goal, we have initiated investigation of the
mullite-SiC whiskers compositions with varying parameters. The major
steps in this investigation are as follows:

1. Prepare mullite/SiC whisker compositions using fine particle size
mullite powder. Whisker compositions may range between 15 and
30 wt 4. Whiskers may be milled for size reduction before incorporat-
ing into a batch composition,

2. Investigate sintering aids which will assist in composite consolidation.
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Investigate the addition of a transformation toughening agent,
Iry gHfg 502, to mullite/SiC compositions to enhance the fracture
toughness of the matrix material.

Consolidation methods include:

(a) Cold isostatic pressing and sintering.

(b) Hot isostatic pressing (HIP).

(c} Cold isostatic pressing {CIP), sintering, and hot isostatic
pressing (HIP).

Explore the application of coating materials to whiskers to control
the bonding strength of whisker to matrix; incorporate diffusion
barriers at the whisker/matrix interface to minimize chemical
reactions between the matrix and whisker.

Characterize the composites for mechanical, physical, chemical
and thermal properties at room temperature and at elevated temperatures.
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TECHNICAL HIGHLIGHTS
MATERIALS AND PROCEDURES

During this initial phase of the investigation, experimental data on our hot
pressed mullite-SiC whisker composites from an earlier IR&D program were reviewed.
Table I lists the flexural strength or modulus of rapture (MOR), percent strain
at failure and density of a few of such not pressed composites. Based on these
data, it appeared that a hot pressed (1700°C, 6200 psi, 1 hour) mullite~SiC
whisker (SILAR SC-9 ARCO METALS) composite in 70/30 weight ratio yielded the
highest MOR of about 56,000 psi at room temperature in three point flexure.

The primary objective of the current program is to develop a high density (>95%)
composite without resorting to hot pressing. Thus, we have conducted a serijes
of sintering experiments with several mullite-SiC whisker compositions (Table
IT) with and without a sintering aids. Two high-Si0p glasses in the Si0»-A1503
system and niobium pentoxide, Nb»0g, were used as liquid phase sintering aids

in order to enhance further densification during sintering. The Si03/A1203
glasses contain 95/5 and 85/15 mole % ratios of Si0p2/A1203. They are shown

in the Si0,-A1203 phase diagram in Figure 1. In some compositions, reguisite
amounts of AT203 were added so that the S105/A1203 glasses would react with
A1203 and would be converted into mullite phase during the final stage ¢f sintering.
In case of Nb»0g, it acts as a good liquid phase sintering aid and also it has

a potential to form a carbide (NbC) diffusion barrier on the SiC whisker. A

few compositions were also prepared, where the mullite matrix contained 10 vol

% of Zrg gHfp 502 used as a toughening phase.

SiC whiskers (STLAR SC-9) from ARCO Metals Co. have been used as the reinforcing
phase. Initially, these whiskers were used in the as-received condition. Llater
on, they have been washed and cleaned by slurrying them in deionized water and
thus getting rid of the floatable organic matters and fine particulate impurities.
A series of experiments have also been performed using SC-9 whiskers, which

have been planetary ball milled, dry or wet, for various periods of time (10

mins to 2 hrs). Milling of SiC whiskers is to reduce the L/d ratio and thus
enhance ability to densify on sintering.

The baseline mullite (Baikowski mullite Ref. 193, planetary ball milled 1-%
hours), Bajkowski mullite ball milled for 48 hours, and a newly available,
deagglomerated, finer particle size variety of mullite (Ref. 193CR) also from
Baikowski Corp. were investigated as the starting matrix material. Table III
describes some characteristics of Baikowski Mullite 193CR and SC-9 whisker raw
materials.

Various mullite-SiC whisker mix compositions were prepared. Their processing
methods and densities (measured by water immersion-Archemedi's method) of the
sintered composites have been summarized in Table II. In general, SiC whiskers
and mullite matrix powder (with or without other powder additive materials)

are blended together in a planetary mill for 15 minutes in order to achieve

a homogeneous dispersion of whiskers in the matrix. Powder batches containing
the whiskers wers then pressed into a billet form (up to approx. 2.5" X 1" X
1") in a cold isostatic press (CIP) at 40,000 - 55,000 psi. Pressed billets
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were then sintered in air at 1650 - 1670°C for 3-3% hours. Sintered composite
billets exhibited a thin oxidized layer on the surface. A small piece (without
the skin) was saw cut from each billet and the density was determined by immersion
in water. Sintered composites have a greenish color, except those containing
Nb»0Og, which are blackish probably due to formation of a niobium carbide, NbC.

RESULTS AND DISCUSSIONS

Based on the data shown in Table II, it was observed that the use of slightly
milled SiC whiskers improves the composite density (compositions Nos. 14-16).
Milling the as-received whiskers (10-80 um) for about % hour, wet or dry, in

a planetary ball mill (PBM) broke down the major fraction of the fibers to <10-12
um in length. Figures 2 and 3 show scanning electron microscope (SEM) photomicrographs
of SiC whiskers in batch composition No. 14 (whiskers wet milled in PBM for

L hour, dried and then PBM dry, 15 minutes) and after % hour PBM dry (whiskers
used in compsitions Nos. 17 and 18). Figures 4 and 5 show fiber structures

in powder batches of compositions Nos. 15 and 16 (whiskers wet PBM for 1 hour

and 2 hours respectively). Figure 6 shows the presence of much longer whiskers
in a batch of composition No. 19 prepared by wet dispersion and with unmilled
whiskers.

Addition of Zr0s-Hf0» toughening agent (compositions Nos. 3, 4 6 and 13) did
not exhibit any retained tetragonal in the system, probably because of high
porosity in the sintered composites.

It was also observed that the new, finer, deagglomerated Baikowski mullite (Ref.
193CR) is superior to the earlier Baikowski mullite (Ref. 193) and thus the

new mullite powder has been used in the latest batch compositions and will be
used in future.

Also, as shown in Table II, density of the sintered composites ranged between
approx. 80-91% theoretical. The highest density of about 91.1% theoretical

was obtained with the composition No. 20 containing mullite/SiC whiskers/NboOg
in 70/30/10 weight ratio. The addition of two Si0,-A1,03 glasses as a sintering
aid in the same proportion (10 wt. ratio) produced about 87-88% dense material
(compositions Nos. 22 and 23).

It was interesting to note, however, that it was possible to achieve approximately
90-91% density (compositions Nos. 24 and 25) even without adding any sintering

aid. The use of new, finer mullite matrix powder as well as milled (% hour

PBM), purer (washed and cleaned) SiC whiskers probably contributed to such improved
densification on sintering.
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Microstructures of the polished sections of a few sintered composites examined

by SEM are shown in Figures 7 to 10 (compositions Nos. 20, 22, 24 and 25 respectively).
In general, they exhibit random but rather uniform distribution of whiskers

in the matrix. The whisker Tengths are usually seen to be <5 um.

CONCLUSIONS

Mullite/SiC whisker composites (70/30 wt %), prepared by cold isostatic pressing
followed by sintering, yielded approximately 91% dense material with or without

a sintering aid. It is believed that sintered material should be improved to
>95% density (no open porosity) in order to densify it further by hot isostatic
pressing (HIP'ing), without containerization). For a net shape process, sintering
followed by a containerless HIP'ing is the preferved route. For a Tow density
sintered material, canning or encapsulation of the material followed by HIP'ing
will be needed to achieve high density (>95% thecretical

FUTURE ¥ORK

As mentioned earlier, the primary objective at the current stage of investigation

is to achjeve a high density composite without resorting to hot pressing. In

order to be able to HIP a material directly (containerless) it is necessary

to achieve at least 95% dense material after sintering. Otherwise, it is imperative
that a lower density, sintered material needs to be canned or encapsulated first

so that it can be HIP'ed and densified further. Thus, the future work is planned

as follows:

(1) Continue to investigate the use of Nby0g, a glass or other sintering
aid(s) (possibly in larger proportions) to achieve further densification
during sintering of mullite-SiC whiskers composites. If such a composite
material having >95% density is achieved after sintering, it will
be further densified by containerless (no encapsulation) HIP'ing.

(2) Investigate HIP'ing of sintered composites after they are encapsulated
or canned in a refractory metal (like, wolybdenum,tantaium, or niobium)
or silica glass to produce denser composites.

(3) Further investigate the wet dispersion techmique to produce more
homogeneous batch compositions of mullite and milled SiC whiskers.

(4) Measure mechanical properties (MOR and Kyc at room as well as elevated
temperatures) and determine microstructures of sintered and HIP'ed,
dense, composites prepared.



Hot Pressed Compositions (1700°C, .1 Hour, 6200 psi)

Table I

No. Compgsitiop, Payts by weiqhtl Modulus Maxi@um Densi&y )
Mullite | SiC Whisker {Eutectic Glass A1203 Nb205 of Rupture Strain (g/em”) {% Theoretical)
{KSI) {MPa) (%)
CchPagl 70 30 5 1.4 - 42.35 292 0.112 3.05 97.1
CCHPB42 10 30 - - 5 37,73 260 8.105 3.19 98.5
CCHP843 60 40 - - - 36,05 249 ¢.108 3.00 94,1
CCHP844 85 15 - - - 43,21 298 0.113 3,07 96.8
CCHP845 70 30 - - - 48.88 337 0.169 2.92 92.0
CCHP6 70 30 - - - 56.05 386 0.15 3.0 95.9
CCHPY 100 - - - - 27.02 186 0.08 3,14 99.0

NOTE: 3 Point bend bars, 0.750" X 0.125" X 0.050", 0.50" span

Raw Materials:

Mullite - As received Baikowski Mullite , Ref 193

S5iC Whisker - ARCC Matals SILAR SC-9 in CCHP841-4 and CCHP6
Tateho Chemical SCW #1 in CCHP845 only.

Eutectic Glass ~ 95 m% Si0,/5 m% ATZO

AL,0. - calcined catapal Sé {Conoco cﬁemicais)

Nbgog - Kenametal Corp.

LS



TABLE 11
MULLITE-SSC WHISKER COMPOSITES

COMPOSITION, PARTS BY WEIGHT
NO. MULLITE |SiC WHISKERS |NbpOg| GLASS I [GLASS II [ ALp03 PROCESSING CONDITIONS (% THEORETICAL}
1 70 {1) |30 (1) Blended in planstary mill for 15 83.7
minutes, isostatically pressed at
43,000 psi and sintered at 1650°C
in air for 3-3% hours. Sintered
billets ~ 2.5" X 1.0" X 1.0
2 80 (1) {20 (1) " 80.6
3 70 (2) {30 (1) " 84.5
4 80 {2) 20 (1) ! 80.9
i
5 70 93) 30 (1) " 84.5
5 70 {4) 30 (1) " 84.5
7 70 (5} 130 (1) " 85.5
8 70 (5) {30 91) 10 24 Same &s above, except the powder 82.6
batch was CIP-ed at 55,000 psi.
g 70 (5} {30 (1) 30 72 " 80.0
10 70 (53 |30 (1) 10 18.5 Same as above, except sintered 81.4
at 1670°C/3 Hrs

88



TABLE IT {CONTINUED)

COMPOSITION, PARTS BY WEIGHT

DENSITY
{% THEQRETICAL)

NO. MULLITE | SiC WHISKER [NboOg [ GLASS I | GLASS II AT703 PROCESSING CONDITIONS
11 70 {5) 130 {1) 30 55.5 Same as above, except sintered 81.3
at 1670°C/3 Hrs
12 70 (1) 30 (2) Same as above, except sintered 83.6
at 1650°C/3 Hrs. Sintered billets
~ 1.0" X 0.6" X 0.6",
13 70 (2) 30 (2) i 85.4
14 70 (1) |30 (3) Same as above, except sintered 88.0
at 1670°C/3 Hrs
i5 70 {1) 30 (4) " 87.7
16 70 (1) 30 (%) " 86.0
17 70 (1) 30 {6} 5 ! 86.6
18 76 (1) 30 (6) 10 " 90.8

68



TABLE 11 (CONTINUED)

NO.

COMPOSITION, PARTS BY WEIGHT

MULLITE

SiC WHISKERS | Nb20s

GLASS T [GLASS II

ALo03

PROCESSING CONDITIONS

!

DENSTTY
(% THEORETICAL)

19

70(13)

30 (1

Prepared by wet dispersion

mixing in a Waring blender at

PH 11.0, re-adjusted the PH to
7.0, concentrated the slurry by
poiling off water and then dried.
Dry batch powder CIP-ed at 55,000
psi, and sintered at 1670°C/3 Hrs

84,5

20

70 (5}

10

Millite and Nbplg first blended in a
pilanetary mill for 15 minutes, dry;
whiskers acde¢ and then blended Tor
another 15 mins: ithe batch material
then CIP-ed at 55 KSI and sintered
at 1670°C for 3 hours; sintered
biilets ~ 25" X 1" X 1

gi.

omt

21

85 (5)

Did not sinter
wall; seems guite
poOrous.

22

10

Mullite and glass powders first
blended together in pianetary mill
for 15 minutes and then blended for
another 15 mins with whiskers added.
The batch is then CIP-ed at 55 KSI
and sintered at 1670°C/3 Hrs

87.7

06



TABLE II {CONTINUED)

COMPOSITION, PARTS BY WEIGHT DENSITY
NO. MULLITE {S1C WHISKERS |NboQsg | GLASS I |GLASS II | Als03 PROCESSING CONDITIONS (% THEDRETICAL}
23 70 {5) {30 {7} 10 " g7.1
24 70 {5 130(7) -~ Blended together in a plamatary 90.9
mill for 15 mins, CIP-ed at 55 KSI
and sintered at 1870°C/3 Hrs
25 70 {5) {30 (7) Same as for composition #1% 90.9

16



NOTE:

TABLE II (CONTINUED)

Raw Materials

Mullite (1) - Baikowski mullite {Ref. 193), planetary ball milled {PBM), wet, 1-1 hours,
dried and planetary ball miiled, dry, 15 minutes
SiC Whiskers {1) - SILAR SC-9 from ARCO Metals Co.
Mullite (2) - Mullite (1) and 1:1 molar ZrQp-Hf0o in 90/10 V% ratio, planetary ball milled,
dry, 15 minutes
1:1 molar ZrPo-HfO02 - Prepared by sol-gel method, dried, calcined 750°C /2 hours, wet planetary
ball milled 8 hours, dried and then planetary ball milled for 15 minutes.
Mullite (3) - Baikowski mullite, ball milled, wet, 48 hours, dried and planetary ball milled,
dry, 15 minutes
Mullite (4) - Mullite (3) and 1:1m ZrQ0p-Hf0» in 90/10 V% ratio, planetary ball milled, dry,
15 minutes
Mullite (5) - New, deagglomerated, as-received Baikowski mullite {Ref: 193CR)
SiC Whiskers {(2) - Whisker (1) PBM, dry, 10 minutes
SiC Whisker {3) - Whisker (1) PBM, wet, % hour, dried and PBM, dry, 15 minutes
SiC Whisker {4) - Same as whisker {3), except PBM, wet, 1 hour
SiC Whisker {5) - Same as whisker {3), except PBM, wet, 2 hours
SiC Whisker (6) - Same as whisker {2), except PBM, dry, % hour
SiC Whiskers (7) - SILAR SC-9 from ARCO Metals Co. {Whisker #1)
Washed and cleaned by suspending the whiskers in deionized water and
separating the blackish fioatables and fine
particles in the top aqueous layer; good whiskers, settled at the bottom,
were then dried, and planetary ball milled for % hour.
Nb20g--325 mesh, Kenametals Co.
Glass I - Si02/A1203, 95/5 mole %, melted and ground, -325 mesh
Glass II - Si0p/A1203, 85/15 mole %, melted and ground, -325 mesh

¢6



TABLE III

STARTING MATERIALS

® BAIKOWSKI MULLITE (193 CR) (3 Al203¢2 Si02)

MINIMUM PURITY: >99.2%
>98% CONVERTED TO MULLITE PHASE

AGGLOMERATE SIZE DISTRIBUTION
CUMULATIVE WEIGHT PERCENT

<1.0 pm 24
<1.5 am 34
<3.0 pm 85
<6.0 pm 100

® ARCO METALS SiC WHISKER (SILAR SC-9)}

WHISKER CONTENT: 80 - 90%
DIAMETER: 0.6 ym

LENGTH : 10-80 um

TENSILE STRENGTH =~1 X 106 PSI

€6



TEMPERATURE °C

MOLE %

o 10 28 30 a8 50 60 70 80 90 100
2100 ? g ? ; I i ! i f i I
2000 - @ 2
o < LIQUID
@ ® ALUMINA
1900 — 1850°C Liauib
1840°C
1800 - Sifz -
LIQUID U
LLITE
+ —
1700 1 LIQUID ALUM NaA —
1670 T4 >!< MULLBTE
| 1595°C
1600 -
! !
| \
3 Si0, + MULLITE I muLuire
1500 — | | 3 i
| | |
1400 i [ | ] { i | i ]
o 10 20 30 40 50 80 70 80 30 100
$i0z WEIGHT % AL203

Figure I Si09-ATp03 Phase Diagram (Aramaki & Roy 1962)
- Giass I & Glass II Sintering Aids

¥6



95

1BKY X1580

Figure 2: 1/2 hour PBM, wet, SiC whiskers in composition #14 batch

§C 9 WHIS

{BKY XS

Figure3: 1/2 hour PBM, dry, SiC whiskers
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Figure 4: 1 hour PBM, wet, SiC whiskers in composition #15 batch

ch

Figure 5: 2 hours PBM, wet, siC whiskers in compositicn #16 ba
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i i rs i atch composition #19
ig : illed SiC whiskers in batch
Figure 6: Unmi b



Figure 8 Mullite/SiC Whiskers Composite With Glass I Sintering Aid
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Figure 10 Mullite/SiC Whiskers Composite 70/30 Wt % - Wet Dispersion
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1.3 THERMAL AND WEAR COATINGS

2r0y ro0y Coating Evaluation
T. M. Yonushonis (Cummins Engine Company, Inc.)

Objective/scope

The objective of this program is to improve the understanding of the
processing-microstructure-property relationships of chrome oxide based
coatings and chrome oxide infiltrated plasma sprayed zirconia. The chrome
oxide wear coatings have been applied to cylinder liners for wear protec-
tion, while plasma sprayed zirconia has been used for thermal protection
of piston crowns in advanced adiabatic engines,

Technical progress

The abstract of the final report for this program follows:

CHARACTERIZATION OF CHROMIUM OXIDE BASED CERAMIC
COATINGS FOR ADVANCED HEAT ENGINES

T. M. Yonushonis

ABSTRACT

The purpose of this investigation was to improve the understanding of
the protective chromium oxide based coatings used as critical wear surfaces
and zirconia coatings used as insulation for metal components in advanced
diesel engines.

This investigation focused on the coatings developed by Kaman
Sciences Corporation which were chromium oxide based coatings. A Timited
portion of this program concentrated on plasma sprayed zirconia ccatings
which have been infiltrated with the chromium oxide coatings after the
plasma spray process. The zirconia coatings were supplied by Plasma
Technics. The baseline substrate materials were gray cast iron and
ductile iron.

The program consisted of three major tasks:

Task 1 — Microstructural and Property Characterization
Task 2 — Friction and Wear Characterization
Task 3 — Post-Engine Test Coating Characterization
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The Task 1 investigation on chromium oxide ceramic coatings confirmed
that optical and electron beam microscopy techniques are well developed
for microstructural and chemical characterization. The Kaman SCA coating
consists of alpha-quartz, chromium oxide and alumina. An interfacial
layer was detected between the coating and the iron substrate which con-
sisted of an iron-chromium solid solution,

The techniques for measuring physical properties of thin coatings,
properties such as density, adherence, fracture toughness, and elastic
modulus are not well defined for heterogeneous coatings. Serious gaps
exist in the technology to determine these properties which are necessary
for structural analysis and eventually performance prediction of ceramic
coatings on metallic substrates. Therefore, the development of ceramic
protective coatings will continue to rely on empirical rig and engine
tests to define coating performance.

Task 2, Friction and Wear Characterization, was conducted using a
block-on-ring test machine, ASTM Practice G77-83. A 2% factorial experi-
mental design was used to minimize the number of tests and assist in the
interpretation of the results. The coefficients of friction and wear
volumes were analyzed by regression analysis procedures. Major conclu-
sions from friction and wear tests pointed out potential problem areas
(increased ring wear anticipated with harder liner coatings), detected
interactions between the Tubricant/load combinations (SE/CD 15W-30 lubri-
cant at low load had a significantly higher coefficient of friction than
any other combination of variables evaluated), and lubricant/line inter-
actions (gray iron blocks tested with SE/CD 15W-30 lubricant had higher
average wear volumes).

The Task 3, Post-Engine Test Coating Characterization was conducted
on cylinder liners and turbocharger housings coated with Kaman SCA,
Evaluation of the liners revealed that the coatings performed satisfac-
torily. However, some coating removal has been observed during engine
testing.

Key areas that must continue to be addressed include coating reli-
ability, durability, cost reduction, and measuring techniques for quan-
tifying the properties of thin coatings.
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1.4 JOINING

1.4.1 Ceramic-Metal Joints

Aetive-Metal Brazing of ESZ to lron
M. L. Santella, J. P. Hammond, and S. A. David (Oak Ridge National

Laboratory)

Objective/scope

The purpose of this work is to develop brazing processes for joining
ceramic insulation components to ncdular cast iron (NCI) for adiabatic
diesel engine applications. Foremost of these applications is the attach-
ment of the ceramic piston cap. Presently, the lead candidate material
for the ceramic piston cap is partially stabilized zirconia (PSZ), Nilsen
grade MS, with dispersion toughened alumina (DTA) as an alternate.
Promising brazing methods and the mechanical properties of prototypical
brazements are evaluated so that reliable joining processes may be trans-
ferred to industry.

Technical progress

During the last reporting period, important observations and accomp-
lishments were made in the areas of mechanical testing, microstructural
characterization of braze joints, and scale-up of the active substrate
process., The enlarged shear testing apparatus was used to test several
braze joints at 400°C. These results, along with previously obtained
room-temperature results, are presented in Table 1. The 7Zr0,/Ti interface
was evaluated by using titanium-sputter-coated Nilsen MS zirconia pads and
pure titanium bars. The Fe/Ti interface was evaluated with grade 8003
nodular cast iron pads and pure titanium bars, The interfaces ware vacuum
brazed with 604 filler metal at 735°C. Three of the Zr0,/Ti joints and
one of the Fe/Ti joints were tested., As Table 1 shows, the shear strength

Table 1. Shear strength data on the active substrate
process interfaces tested at 25 and 400°C

Test Shear
Interface temperature strength

(°C) (MPa)
IZr0y/Fe 25 137
Lr0p/Ti 25 140
Zr0y/Ti 400 28
Fe/Ti 25 253

Fe/Ti 400 150
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of the Zr0p/Ti interface at 400°C was only 20 to 25% of its typical room-
temperature value. The shear strength of the Fe/Ti interface was about
60% of its room-temperature value. While a reduction in shear strength at
elevated temperature was expected, the low strength of the Zr0,/Ti inter-
face prompted a careful microstructural evaluation of these joints.

A1l of the Zr0,/Ti specimens, whether tested at 25 or 400°C, frac-
tured at the zirconia-braze filler metal interface, so it was decided to
examine these surfaces in detail in the scanning electron microscope
(SEM). Figure 1(a) shows the typical appearance of a zirconia surface.
Small braze filler metal fragments remain stuck to the zirconia, but the
surface appears to have been relatively unaffected by brazing and shear
testing., Figure 1(p) shows the typical appearance of a braze filler metal
surface at the zirconia interface, This surface mates directly to that
shown in Fig. 1{(a). It is obvious from Fig. 1(») that a considerable
amount of porosity was formed at the zirconia-braze filler metal inter-
face, This condition was observed over the entire area of contact for all
of the Zr0y/604 interfaces examined. In some instances the contact area
of the braze alloy on the zirconia was reduced by as much as 60%. This
situation would be expected to degrade mechanical properties at room tem-
perature as well as at 400°C,

A major effort is being directed toward elimination of the type of
porosity described above. Many variations of the original active-
substrate brazing process have been tried, and it now appears that modifi-
cation of the coating process can produce braze joints that are free of
porosity. A comparison of braze joints made by the standard and modified
methods is shown in Fig. 2. Once it is well established that the porosity
can be eliminated, mechanical testing will continue.

In the scale-up effort the active substrate process was used to braze
11.5-cm discs of titanium-sputter-coated zirconia (furnished by Coors) to
cast iron with a titanium transition piece. This demonstration braze is
shown in Fig. 3. After brazing, the diameter of the assembly was dressed
by surface grinding to a final dimension of 11.2 cm. The appearance of
the braze was excellent. However, ultrasonic examination indicated that
several unbonded areas existed around the circumference of the assembly
and near its center as shown in Fig. 4. The circumferential defects are
due in part to splices that were made in the braze foil, and they probably
can be eliminated with refinements to our assembly techniques. The central
unbonded region was shown by analysis of ultrasonic rf waveforms to be
located at the zirconia-braze alloy interface. Subsequent sectioning and
metallographic analysis indicated that this unbonded area resulted from
coalescence of the type of porosity shown in Fig. 1,

Status of mi]estones

On schedule,

Publications

None.
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Fig. 1. Scanning electron micrographs of Zr02/Ti braze shear test
specimen. (a) Zirconia fracture surface. (») Braze alloy fracture
surface.



Fig. 2. Comparison of active substrate braze joints showing that
modification of the sputter coating process can eliminate porosity at the
zirconia surface,

S01
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Fig. 3. Piston cap demonstration brazed by the active substrate
method.,
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Fig. 4. Ultrasonic scan of piston cap demonstration braze showing
unbonded areas. The raw pixel data have been enhanced by computer
processing.,
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2.0 MATERIALS DESIGN METHODOLOGY
INTRODUCTION

This portion of the project is identified as project element 2
within the work breakdown structure (WBS). It contains three subelements:
(1) Three-Dimensional Modeling, (2) Contact Interfaces, and (3) New
Concepts. The subelements include macromodeling and micromodeling of
ceramic microstructures, properties of static and dynamic interfaces
between ceramics and between ceramics and alloys, and advanced statistical
and design approaches for describing mechanical behavior and for employing
ceramics in structural design.

The major objectives of research in Materials Design Methodology ele~
ments include determining analytical techniques for predicting structural
ceramic mechanical behavior from mechanical properties and microstructure,
tribological behavior at high temperatures, and improved methods for
describing the fracture statistics of structural ceramics. Success in
meeting these objectives will provide U.S. companies with methods for
optimizing mechanical properties through microstructural control, for pre-
dicting and controlling interfacial bonding and minimizing interfacial

friction, and for developing a properly descriptive statistical data base
for their structural ceramics.
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2.2 CONTACT INTERFACES

2.2.1 Static Interfaces

High Temperature Coating Study to Reduce Contact Stresgs
Damaqge of Ceramics
J. L. Schienle (Garrett Turbine Engine Company)

Objectives/scope

The objective of this research program is to develop coating com-
positions and procedures that will yield long term adherence and reduce
or eliminate contact-stress damage to silicon nitride (Si3gNg) and sili-
con carbide (SiC) ceramics. Prior studiesl-3 have determined that Si3Ng
and 5iC ceramics are susceptible to contact stress damage at ceramic-
ceramic and ceramic-metal interfaces in heat engines. Subsequent
studies have demonstrated a reduction or elimination of contact-stress
damage to these ceramics using plasma-sprayed oxide coatings, but the
coating adherence was not adequate for long term use.

This program utilizes an alternate coating methed, electron beam
physical vapor deposition (EB-PVD), as the coating process because of
high contreol of composition, thickness, and morphology. Three substrate
materials were selected for this study: reaction-bonded Si3Ng (RBSN),
sintered Si3Ng (SSN), and sintered SiC (S$5C).

The present program scope consists of four technical tasks to be
conducted over 31 months:

0 Task 1 - Coating Adherence and Characteristics Investigation

o Task 2 ~ Advanced Pretreatment and Coating Studies

0 Task 3 - Contact Stress Testing and Friction Measurements

0 Task 4 - Post~Contact Strength Measurements

Technical progress

During this reporting period, Task 2 (Advanced Pretreatment and
Coating Studies) was completed. The emphasis of Task 2 was to evaluate
the coating adherence of several systems, and to select the best of these
for evaluation in Task 3. Task 2 consisted of seven subtasks:

Subtask 1: Oxidation. This subtask studied oxidation-adherence rela-
tionships in baseline specimens {(the baseline zirconia coating on as-
machined substrates). The objective of this subtask was to achieve a
better understanding of the oxidation-degradation of baseiine coating
adherence observed in Task 1 of the program.

Subtask 2: Oxygen Diffusion Barrier. Under this subtask, efforts were
made to avoid or minimize coating adherence degradation due to substrate
oxidation (identified as a primary source of reduced adherence during
Task 1) by depositing an oxygen diffusion barrier between the substrate
and the coating. A secondary objective was to select an interlayer which
has increased chemical adherence to both the substrate and the coating.
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The candidate interlayers were chemical vapor deposited {CVD) alumina,
CVD AIN, EB-PVD alumina, EB-PVD mullite, and sol-gel alumina.

Subtask 3: Hign Purity Interlayer. This subtask evaluated the potential
of using high purity VD SiC as an interlayer belween the substrate and
standard zirconia coating to improve coating adherence.

Subtask 4: Diffusion/Gradation Zone. The objective of this subtask was
to explore tecnnigues that might chemicaily root the zirconia coating to
the substrates. Candidate techniques wers ion implantation and ion mix-
ing.

Subtask 5: Coating Variations. Studies with metal substrates have
determined that coating adherence can be increasad by incr2asing coating
temperature. Prior plasma spray studies suggest a similar condition for
ceranic substrates. This subtask evaluated the effect of caating at
temperatures 56C nigher than used in Task 1.

Subtask 6: Surface Pr eparat1on. Adherence of Task 1 specimens was
strongily influenced by surface topoaraphy of the original substrate.
This subtask explored techniques of roughening the surface. C(Candidates
inciuded 150-grit machining (compared to 320 grit), HF etching, and
laser machining.

Subtask 7: Mullite Coating. The objective of this substask was to
determine 1T columnar muilite could be deposited by £EB-PVD on RBSN, SSN,
and SSC. Mullite is a betier oxygen barrier than zirconia and has a
closer thermal expansion match to the 5iC and Si3N4 substrate matarials.

Experimental procedures

Materials. Three substrate materials were selected for this investiga-
tion: (1) reaction-bonded silicon nitride (RBSN), (2) sintered silicon
nitride (SSN), and (3) sintered siiicon carbide {SSC). The RBSN and SSC
were selected because substantial baseline strength and contact damage
data were available. The SSN was selected to provide a nonporous Si3Na
to compare with the porous RBSN. Billets of RBSN and SSN wers obtained
from the AiResearch Casting Company, Torrance, California, and SSC
billets were obtained from the Carborundum Company, Niagara Falls, New
York. The billets were longitudinally ground with a 320-grit diamond
wheel into 2 x 0.250 x 0.125 inch test bars, which were subsequently
subjected to different pretreatments under the various subtasks of Task
2 (the various pretreatment procedures are described in the Results
section under their respective subtasks). Following pretreatment, all
specimens (except those under subtasks 5 and 7) were coated at Temescal
with the baseline EB-PVD zirconia coating. The baseline coating is
Zzirconia stabilized witn 20-percent yttria applied at 982C and s
approximately 75 to 125um in thickness. A typical coating microstructurs
resulting from baseline processing procedures is illustrated in Figure 1.

Characterization. Three techniques were utilized for coating adherence
evaluations: flexural testing, indentation testing, and line contact
testing.
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figure 1. The baseline coating is graded from dense at the
interface to columnar,

Flexural testing was conducted at room temperature in four-point
bending with the coated side of the specimen in tension. The purpose of
this test was to determine the effect of a mechanical shock (from frac~
ture) on the coating adherence. Observation of coating integrity in the
contact area under the flexural load pins also was utilized to assess
adherence.

Indentation testing consisted of applying a Vickers' indentation
normal to the coating. Four tests are conducted per specimen at loads of
5, 10, 20, and 30 kg. The radius of coating uplift or debond area is used
to assess coating adherence. Typical examples of indented specimens are
illustrated in Figure 2.

Line contact testing involved s1iding a 1ine contact load across the
coating. The contact rig utilized in this program is illustrated in
Figure 3. With this apparatus, a normal force is applied to the specimen
through a dead weight load system while a tangential force is applied
through displacement of the crosshead. Prior studies identified the
criticality of this loading mode in assessing contact stress damagel-3,
Four tests were conducted per specimen with loads of 9.1, 13.6, 18.2, and
22.7 kg. The crosshead displacement was 1.52 mm. Visual observations
were used to gqualitatively assess cecating adherence. Typical line con-
tact tested specimens are i1llustrated in Figure 4.

Specimens were tested for coating adherence in both the as-coated
condition and after static air oxidation exposures. In the selection of
coating/interlayer/substrate systems recommended for evaluation in Tasks
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Figure 2. A Vickers' indentation was applied normal to the
coating for coating adherence assessment.
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Figure 3. Garrett's line contact rig was used to assess
coating adherences.
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Figure 4. A line contact under a normal load is s1id across the
coating surface to produce a biaxial load. Visual observa-
tions are used to assess coating adherences.

3 and 4, decisions were biased towards adherence results after oxidation
exposures since these coatings are intended for use in heat engine appli-
cations.

Resuits

Subtask 1: Oxidation. Baseline specimens were subjected to various
static air oxidation heat treatments and adherence was assessed by Tlex-
ure testing. Based on visual examination of the coating/substrate sys-
tems after flexure testing, adherence was judged to be good to excellent
for as-coated specimens. However, the adherence degraded significantly
for all substrates after 100-hour/1200C static air exposures. This
degradation was similar to that observed after 24-hour/1200C exposures
in Task I evaluations. Longer duration heat treatments (200 hours versus
100 hours at 1200C) did not result 1in any additional degradation in
adherence, suggesting stabiiization of the interface. However, higher
temperature exposures (1400C versus 1200C for 200 hours) resulted in
decreased adherence for the RBSN and SSN substrates but not for the SSC
substrates suggesting that the Zr02/substrate interface is more stable
for SSC than for RBSN and SSN at higher temperatures.
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Subtask 2: Oxygen Diffusion Barrier. CVD alumina coatings 2 to 2.5-um
thick were applied at 920C to the three substrate materials at
Kennametal's Philip M. McKenna Laboratory. The as-coated alumina was a
mixture of alpha and kappa phase A1203. The specimens were heat treated
in air at 1200C for 20 hours to convert the kappa-alumina to the alpha
phase. X-ray diffraction after heat treatment indicated complete con-
version.

CVD AIN coatings approximately 2 to 3-um thick were deposited at G.A.
Technologies using a fluidized bed.

EB-PVD alumina coatings approximately 1um in thickness were applied
by Temescal. The oxygen partial pressure in the coating chamber was
adjusted to give two variations of coating: stoichiometric A1203 and non-
stoichiometric (Al-rich) A1203.

EB-PVD muilite coatings were attempted by Temescal. However, mul-
lite could not be successfully applied by EB-PVD technigues. The silica
in the mullite material source tends to evaporate more easily than the
alumina, resulting in silica rich coating.

Sol-gel alumina coatings were applied by Signal UOP Research Center.
The specimens were dipped in alumina sol, air dried, then calcined in air
for 2 hours at 1200C. The resulting coating was approximately 0.5-um
thick.

Zirconia coated specimens containing an oxygen diffusion barrier
interlayer were evaluated for coating adherence. The results are
summarized in Table 1. CVD A1203 and CVD AIN yielded the best adherence
for RBSN substrates. The CVD A1203/RBSN system rasulted in excellent as-
coated adherence of the zirconia coating with essentially no decrease in
adherence after a 100-hour/1200C oxidation exposure. This result

Table 1. Subtask 2 (oxygen diffusion barriers) adherence results.

Substrate Interlayer Flexure | Indentation| Contact

%
*

CVD A1203

CVD AIN

RBSN PVD A1203 (stoich.)

PVD A1203 (non-stoich.)
Sol-gel A1203

* 3% 3%

WOND

CVD A1203

CVD AN

SSN PVD A1203 (stoich.)

PVD A1203 (non-stoich.)
Sol-gel A1203

WO RO |

CVD A1203

CVD AIN

SSC PVD A1203 (stoich.)

PVD A1203 (non-stoich.)
Sol-gel A1203

NOO N ROPRPFP P O N
—OO O mOOMFOI OO0 W
NONVF R NOFROH NOMNWW

RO O

0 = Poor, 3 = Excellent

*Results in column are for as-coated specimens
**Results in column are for specimens with post-coat heat treatments
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suggests that the CVD alumina oxidation diffusion barrier is preventing
degradation of the interface during oxidation exposure. The CVD ATN/RBSN
system resulted in relatively poor adherence of the zirconia coating in
the as-coated condition, but excellent adherence after oxidation expo-
sure. EDX analysis of a spalled surface on an as-ccated flexure tested
specimen detected only Al and no Si. This suggests that the PVD zirconia
spalled from the AIN interlayer but the AIN interlayer remained adherent
on the substrate. The increased adherence of the zirconia coating
observed after oxidation exposure suggests chemical interaction between
the zirconia coating and AIN interlayer. Optical and SEM analysis of the
interface before and after oxidation exposure also suggests a change in
interfacial characteristics (Figure 5). ‘

CVD A1203 and CVD AIN resulted in only poor to fair adherence of the
zirconia coating on SSN and SSC substrates. For SSN and SSC, sol-gel
A1203 resulted in the best adherence. Zirconia coating adherence was
fair both before and after an oxidation exposure of 100 hours at 1200C
suggesting that the alumina interlayer is protecting the interface from
degradation. The adherence for SSC was slightly better than SSN. The
remaining oxygen diffusion barriers resulted in relatively poor adher-
ence for SSN and SSC substrates.

0PTICAL SEM

PYD Zrly

AS-COATED FH— 10um AS-COATED  +—4 1um

HEAT TREATED F— 10.m " HEAT TREATED H— 1um

Figure 5. Optical and SEM analysis of the Zr02/AIN/RBSN
interface before and after oxidation exposure suggests
a change in interfacial characteristics.
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Subtask 3: High Purity Interlayer. In-house specimens of SSC having
CVD SiC coatings applied by San fernando lLaboratories were used in this
evaluation. EB-PVD zirconia was applied over the CVD SiC interlayer.
The specimens were tested both as-coalted and after 100-hour/1200C heat
treatments wusing indentation and line contact techniques. Both as-
coated and oxidation exposed specimens exhibited poor coating adherence
in all cases. Based on these preliminary results, efforts were not
extended to the RBSN and SSN substrates.

Subtask 4: Diffusion/Gradation Zone. Substrates of each material were
sputtered with an aluminum overlay then ion implianted with witrogen at
ORNL.. These specimens were then heat treated 8 hours at 1200C in air in
an effort to form an Alo03 laver and were subsequently zirconia coated.
Preliminary analysis using contact testing to evaluate oxidation exposed
specimens suggested poor adherence for all three substrates. Other can-
didate approaches included ijon implanting the substrates with aluminum
and zirconium. However, the program scheduling did not permit analysis
of these systems.

Subtask 5: Coating Variation. As-machined specimens of all three sub-
strate materials were EB-PVD zirconia coated at 1038C(1800F) instead of
at the standard temperature of 982C (1900F). Visually, these coatings
seemed as clean and as adherent as the 982C coatings. The specimens were
subjected to various static air heat treatwments (24 hours/1200C, 100
hours/1200C, 24 hours/1400C, and no heat treatment), and then evaluated
for coating adherence using flexure testing and indentation testing.
Adherence was good to excellent for as-coated specimens, however, coat-
ing adherence degraded significantly after a 24-hour/1200C heat treat-
ment. Longer duration heat treatments (100 hours) did not result in
further degradation of adherence. Higher temperature exposurss (1400C
for 24 hours) resulted in additional adherence degradation for RBSN and SSN
substrates but not for SSC. These results reflect the general poor
adherence characteristics observed for baseline coatings evaluated in
Task 1 of the program.

Subtask 6: Surface Preparation. Surface roughening techniques were
evaluated for their effect on surface topography and potential to improve
mechanical adherence of the base11ne Zr0» coating. Three techniques were
evaluated: 150-grit machining (versus 520 grit), HF etching, and laser
machining.

150-Grit Machining. Baseline substrates (320-grit finish) were
machined on one face using a 150-grit diamond wheel. The roughened faces
were subsequently coated with EB-PVD zirconia. These specimens were
evaluated for coating adherence before and after 100~hour/1200C oxidation
exposures. Adherence was good to excellent in the as-coated condition and
poor after oxidation. These results suggest 150-grit machining does not
have a significant effect on coating adherence relative to 320-grit
machining.

HF Etching. An HF etch study was conducted to determine the effect
of etch treatments on the surface topography of as-machined and oxidized
substrates. The surface topography was characterized using SEM and the
results are shown in Figure 6. The SEM results suggest that HF etching
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Figure 6. SEM micrographs showing the surface topography of
baseline and oxidized substrates after HF etching suggest
HF etching would not improve mechanical adherence.
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produces a surface topography that would not significantly enhance
mechanical interlocking with the zirconia coating, and therefore should
not significantly improve coating adherence. In addition, the etch
treatments reduced substrate strength in most cases. Therefore, this
study was not extended to include the evaluation of zirconia coating
adherence.

Laser Machining. Substrates of RBSN, SSN, and SSC were texturized
using a 1.2-kw CO2 laser. The laser was operated in a pulsed mode at 20
to 30 percent of the rated power to produce a matrix of dots with
approximately one diameter spacing. Currents of 200, 150, and 300 amps
were used for RBSN, SSN, and SSC, respectively. Preliminary studies
showad a strength reduction of about 20 percent for the substrate mate-
rials. However, the pits produced by the laser were very acicular,
measuring approximately 0.1l-mm in diameter and 0.3-mm deep. The current
was subsequently reduced to 125, 100, and 200 amps for RBSN, SSN, and
SSC, respectively in an attempt to reduce cavity depth. The resulting
decrease in cavity depth was significant for SSC (cavities were approxi-
mately 0.1-mm deep). However, RBSN and SSN exhibited little change in
cavity depth. Laser machined specimens were EB~-PVD coated with zirconia
and evaluated for coating adherence using indentation and contact
testing. Evaluation of SSC by indentation showed excellent adherence
for both as-coated and heat treated specimens. Good adherence was
observed for both as-coated and heat treated RBSN and SSN specimens.
Contact testing was conducted on heat treated specimens only. The
results are shown in Figure 7. In contrast to the indentation results,
poor adherence was observed for RBSN and SSN while SSC exhibited good
adherence. The results for SSC were encouraging because good adherence
was achieved without having an oxygen diffusion barrier to prevent oxi-
dation of the substrate. SSC's better adherence is believed to be due to
the surface topography and not the substrate material. RBSN and SSN had
very deep surface cavities, which were not successfully penetrated by the
PVD Zr0p as observed on the spalled test surfaces. SSC had much smaller
cavities, which were successfully penetrated. Zvr0p was still adherent
inside the surface cavities after the coatings nhad spalled for all three
substrates. Only the walls of the cavities appeared coated for RBSN and
SSN, but the surface cavities were completely filled for 55C. Therefore,
the adherence of the RBSN and SSN substrates may be improved to the
degree observed for laser machined SSC substrates by reproducing SSC's
surface topography on RBSN and SSN.

Subtask 7: Mullite Coating. Mullite could not be applied to the sub-
strates by EB-PVD techniques at Temescal. The silica in the mullite
material source tends to evaporate more easily than the alumina resulting
in a silica rich coating. These efforts paralleled those under Subtask 2
for EB-PVD mullite oxygen diffusion barriers. Efforts under both sub-
tasks were terminated.

Conclusions

Task 2 adherence assessment results for all specimens with post-
coating static air heat treatments are summarized in Tables 2 and 3. This
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227 kg 27 kg 27 g
182 kg 18.2 kg 182 kg
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Figure 7. Laser machining substrates resulted in power
adherence for RBSN and SS5N and good adherence for S$5C.

information was used to select systems recommended for evaluation in Task
3. Task 2 efforts did not result in a single pretreatment that yielded
adequate adherence for all three substrate materials. Therefore, two
pretreatments were selected for each substrate material (the Revised
Scope of Work, ID 86K/48271 dated February 13, 1985, defined that only two
pretreatments could be selected for Task 3 investigations). Table 4
summarizes the ranking of the systems based on the information in Tables 2
and 3. Based on these results, the pretreatments listed in Table 5 appear
to be the best for their respective substrate materials and are recom-
mended for evaluation in Task 3.

Table 2. Indentation results.

Pretreatment RBSN SSN SSC
150-grit machined Poor Poor Poor
Laser machined Good Good Excellent
CVD A1203 Excellent Poor Poor
Sol-gel A1203 Poor Fair Fair
PVD A1203 (stoich.) Poor Poor Poor
PVD A1203 (non-stoich.) Poor Poor Poor
CVD AIN Excellent Fair Fair
CVD SiC - - - Poor
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Table 3. Line contact testing results.

Pretreatment RBSN SSN SSC
150-grit machined Good Geod Fair
lL.aser machined Poor Poor tood
CvVD A1203 Excellent Fair Fair
Sol-gel A1203 Good¥ Gooad* Good*
PVD A1203 (stoich.) Good* Fair* Good*
PVD A1203 (non-stoich.) Poor Pgor Poor
CVD AN Excellent** Peor Fair
Cvh SiC - - Poor

*Lower than typical coefficient of friction
**Not tested in rig, but manually scraped

Table 4. Task 2 adherence ranking.
Pretreatmant RBSN SSN SSC
150-grit machined 2 2 1
Laser machined 2 Ykl 5
CVDh A1203 6 1 1
Sol-gel A1203 2 3 3
PVD A1203 (stoich.) 2 1 2
PVD A1203 (non-stoich.) 0 0 0
CVD ATN 6 1 2
CVD SicC - - 0

*Rankings assigned to pretreatment/substrate combinations by giving
numerical values to qualitative results in Tables 2 and 3 (poor = 0, fair
=1, good = 2, excellent = 3) then adding Tables 2 and 3 together (0 =
worst, 6 = best)

**Chosen over 150 grit machining because potential for improveient exists.

Table 5. Coating systems suggested for task 3.

RBSN SSN SSC

CVD alumina
CVD AIN

Sol-gel alumina
Laser machining

Sel-ge? alumina
Laser machining

Status of Milestones

Task 2 was completed during this reporting period. Task 3 will be
initiated as soon as ORNL concurrence is obtained on the selection of
coatings for investigation.
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Publications

No publicatons were prepared beyond the Bi-monthly Technical

Progress and Contract Management Summary Reports which were submitted in
April, June, and August 1985.
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2.2.2 Dynamic Interfaces

Studies of Dynamic Contact of Ceramics and Alloys for
Advanced Heat Engines

K. F. Dufrane, W. A. Glaeser, and A. L. Rosenfield (Battelle
Columbus Laboratories)

Objective/Scope

The objective of the study is to develop mathematical models of
the friction and wear processes of ceramic interfaces based on experi-
mental data. The supporting experiments are to be conducted at tempera-
tures to 1200 F under reciprocating sliding conditions repreducing the
loads, speeds, and environment of the ring/cylinder interface of advanced
engines. The test specimens are to be carefully characterized before
and after testing to provide detailed input to the model. The results
are intended to provide the basis for identifying soluticns to the tri-
bology problems Timiting the development of these engines.

Technical Progress

Literature Review. To provide a basis for the wear modeling efforts,
a review was made of the literature regarding wear of ceramics. The
following is a summary of the review.

Introduction. A computer search has been made of technical liter-
ature using Dialog Information Services Inc. covering the period 1970
to 1984. The following sources were searched:

Chemical Abstracts

El Engineering Meetings Database
Patent Abstracts

Engineering Index

& DO

Key words included wear, high temperature, diesel, and ceramic. Approxi-
mately 500 abstracts were obtained and reviewed. From these, complete
copies of about 100 documents were obtained. Information was often
redundant in these final 100 documents.

A search was also made of the five International Conferences on
Wear of Materials 1977-1985, since each conference proceedings contained
at least one session on Friction and Wear of Ceramics. Information
from some of these original sources also lead to other documents having
useful information not necessarily directly related to wear of ceramics.

Literature dealing with actual wear testing seemed to fall roughly
into two categories: bench tests (pin on disk, block on ring) and cut-
ting tests (tool bits for metal cutting, bits for rock drilling). The
bench test research involved operating conditions in which loads were
relatively high and velocities moderate to slow. Loads used in the
bench test comprised an exponential distribution with much of the data
falling in the range 0.1 to 3 N. Velocities covered the range 0.0002
m/sec to 5.4 m/sec. Most of the velocities fell between 0.0002 m/sec



125

to 0.05 m/sec. Therefore much of the ceramic bench type wear experi-
ments have been conducted at low loads and velocities. Cutting tests
involved much higher loads (ranging between 100 and 350 N) and higher
velocities (100 m/sec). It is not surprising, therefore, that the wear
mechanisms described in the cutting tests were much different from the
mechanisms described in the bench tests. In the bench test grouping,
there were some high velocity experiments reported and the wear mecha-
nisms in these experiments were related to thermal shock effects.

Even with these two sets of test conditions considered, wear mecha-
nisms reported contained considerable variety. This was partly a result
of different material specimens, different environments, elevated tem-
perature versus room temperature, and the effect of variocus lubricants.

Mechanisms reported included surface microfracture, adhesive trans-
fer, plastic deformation, surface fatigue, and oxidation. Lateral frac-
ture was not reported in tests run in the load range 0.1 - 10 N. Ther-
mal shock surface fracture resulting from thermal mechanical instability
was reported in some high sliding velocity testing. The range of wear
mechanisms reported appears to relate to environmental and surface chem-
ical phenomena extant in each test condition.

Ceramic Deformation Mechanisms. It takes five separate active
slip systems to make a material ductile. Most metals behave this way.
In BCC metals a transition to nonductile behavior occurs at a critical
temperature or range of temperatures. As the temperature is reduced,
stacking fault enerqy decreases, limiting cross slip and increasing
the tendency for limiting slip systems. This concentrates slip on planes
that intersect and cause dislocation pile-ups, stress concentrations,
and the formation of voids. Depending on the state of stress, critical
temperature is acheived when pile-up and void formation leads to frac-
ture and apparent brittle behavior. Ceramic materials behave much like
BCC metals below the critical temperature. However, increasing the
temperature of a ceramic to about 0.6 Tm (Tm = melting temperature)
increases the probability of climb and break-through in dislocation
pile-ups allowing more plastic flow and reduction in the brittle behav-
jor. Of course, strength reduction and creep are also encountered with
elevated temperature. The resemblance to BCC metals ends here. Although
ceramics exhibit more plastic deformation and creep at elevated tempera-
tures, they do not exhibit the ductility common to metals. The number
of operative slip systems is still limited and brittle or semi-brittle
behavior prevails. Under contact conditions existing during sliding
contact, plastic deformation will occur locally and to shallow depths
owing to the hydrostatic component of the state of stress. Ceramics
are much more sensitive to strain rate than metals and, therefore, high
sliding velocity will be more likely to produce microfracture. In addi-
tion, the thermal properties of ceramics (Jow thermal diffusivity) will
promote thermal shock or thermal fatigue type fracture. The above char-
acteristics of ceramic mechanical behavior make it necessary to consider
different parameters from those used for metals when modeling wear pro-
cesses.
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Lateral Cracking. One of the consequences of the brititle character
of ceramics is the tendency to crack under contact stress. Once a criti-
cal load is exceeded such that the tensile component of the contact
stress state initiates cracks, the wear rate jumps significantiy and
visible surface damage occurs. Evans and Wilshaw (1) have shown that
a sphere pressed into a brittle solid will initially produce radial
cracks, then with further load increase, produce lateral cracks--or
cracks running parallel with the surface. This process is shown in
Figure 1. The consequence of this process is a propagation and joining
up of cracks and the releasg of chips. Thus, the ceramic material has
a critical load capacity, P , above which lateral cracking will occur.
This, obviously, is a load barrier above which one deoes not wish to
go. S1iding contact will modify this process and Lawn (2) has demon-
strated the consequence of friction levels on the lateral crack initi-
ation and propagation during sliding of a spherical contact over a brit-
tle material. When two ceramic surfaces contact, cne may find a combi-
nation of plastic deformation and plowing together with lateral cracking
as shown in Figure 2. The asperity carrying the larger percent of the
load will produce a groove with "chevron" cracks from friction forces
and subsurface lateral cracks. Spalls and break-out occur where cracks
meet the surface. As friction increases, Lawn (2) shows that the surface-
crack and subsurface-crack orientaticns change resulting in longer chev-
ron cracks and deeper penetration of lateral cracks--hence, larger vol-
ume removal of material when chips form.

There are other factors which influence lateral cracking. For
instance, the size of defects jn the material. The larger the defect,
the lower the critical load, P . For defect-initiated cracks, the criti-
cal load decreases with increasing grain size. This is shown in Figure 3.

Hardness will influence lateral fracture initiation. The harder
ceramic will generally exhibit a higher sensitivity to lateral cracking.
Figure 4 shows an example of the wear resistant very hard material hav-
ing a low fracture threshold such that under a given load range it would
be into lateral fracture and chipping wear while a softer ceramic would
still be in the plastic deformation wear regime (3).

Fracture toughness also influences the critical load for lateral
fracture. An equation has been proposed by Evans (3) relating critical
load and mechanical properties:

Kc
p* = 3 f(E/H)
H
where
KC = Fracture toughness
H"= Hardness
E = Elastic Modulus.

P* covers a wide range of values for commercial ceramics. The list
below presents three common ceramics for comparison:
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Ceramic _P*x
Alumina 0.4
Magnesia 0.9
Silicon Nitride 31.0

Little is known about the effect of elevated temperature on lateral
cracking. Presumably, it might change the coefficients shown in Equa-
tion (1). Certainly, the hardness will be reduced and Kc may increase
somewhat so that P* might increase somewhat until a temperature is reached
at which plastic deformation may take over.

Thermal Effects. Increasing sliding velocity produces localized
frictional heating in ceramic materials owing to their relatively low
thermal diffusivity. One phenomenon that results from frictional heat-
ing is thermal mechanical instability (TMI) (4,5). Both metals and
ceramics are subject to it, but ceramics have a much lower threshold
for TMI. There has been a significant amount of study directed toward
the TMI phenomenon and a number of mathematical models have been pro-
posed and have been verified by experiment. It is possible to estimate
a critical sliding velocity above which TMI phenomena will occur. The
observed presence of TMI is the development of widely spaced localized
hot spots that move about the surface. A well developed TMI condition
on ceramics will produce flashes of light which rapidly change location-
-often in a periodic manner. Wear rates of ceramics tend to increase
when the TMI threshold is crossed (6). The wear mechanism for ceramics
involves a micro-thermal shock process which occurs at each local hot
spot. Several mathematical models have been develcped to predict the
onset of TMI. A typical relation for predicting V* or the critical
velocity above which instability takes over is shown below (7):

vk = |<2J2 1
( u Ea)Z ﬁ,
where
J = Mechanical equivalent of heat
k = Thermal conductivity
v = Friction coefficient
a = Coefficient of thermal expansion
E = Elastic modulus
D = Thermal diffusivity, or «/pc.

Depending on the friction level in the sliding contact, then, a critical
velocity can be predicted from the thermal properties of the ceramic.
Some typical velocities for sliding pairs are shown in the list below.

Material H V*
Aluminum Oxide 1.0 5.0
Silicon Carbide 1.0 20.4
Aluminum 0.5 125.0
Cast Iron 0.23 155.0
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This shows the possible range of V* among various materials. Under
conditions which produce thermal shock, a mode! for wear rate has been
developed from empirical methods (6):

u

w =
Ran ,
where
a & b = Constants
u = Coefficient of friction
R = Thermal stress resistance factor, s{1- )/E
s = Short time tensile strength
v = Ppisson’'s ratio
E = Elastic modulus
a = Coefficient of expansion
D = Thermal diffusivity, </fc

p

Cc
K

Density
Heat capacity
Thermal conductivity.

Bt

Creep. Since the number of operative slip systems in ceramics
is limited owing to their ionic and/or covalent structure, the pile-
up of edge dislocations and generation of voids and cracks under applied
shear stresses is very probable. The critical stress required to initi-

?te a crack is a function of surface energy, modulus, and embrio crack
ength:

OC = (ZES/ﬂc)]/z

where
¢ = Lritical stress
€ = Crack length
S = Surface energy
E = Elastic modulus.

When stress is applied to a ceramic, the shear stress component acts

to pile up edge dislocations against an obstacle while the tensile compo-
nent is the crack propagater. In sliding contact, therefore, the crack-
ing is either generated at the edges of the contact or, if the contact
stress is high enough, below the surface as a lateral crack. Thick

glide bands with high dislocation density promote crack generation.
Ceramics with high covalent bonding like alumina have high Peieris stress
and inherent resistance to dislocation motion. However, by raising

the temperature, dislocation bands can be broadened and their dislo-
cation density decreased. When the temperature approaches T/Tm = 0.6,
climb and breakdown of dislocation obstacles allow greater plastic defor-
mation and ductility in ceramics. At this point, creep becomes a signif-
jcant operator in the mechanical behavior (8).
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The classic creep curve is shown in Figure 5. Both metals and
ceramics follow this creep characteristic. In wear processes at ele~
vated temperature, the linear portion of the curve should be inconse-
quential. The last stage of creep where deformation accelerates to
rupture is the damage stage for ceramics. Therefore, the time it takes
to reach the stage III creep is important to the life of a part. Creep
can become a component of the high temperature wear process on parts
which see a heavy contact stress located in one spot {the contact zecne
on a non-rotating cam follower, for instance). In polycrystalline ceram-
ics, creep can occur as grain boundary void growth (diffusion crasgp)
or as void growth within the grains. A glassy phase at the grain bound-
aries can exacerbate void growth along gra*n boundaries.

The rate of damage accumulation varies depending on the type of
creep occurring in the ceramic. Figure 6 shows the effect of two types
of creep -- diffusion creep and power law creep. As the applied stress
is increased on a body the creep mode changas from diffusion to power
law. Note the significant increase in damage rate as the power rate
creep regime is entered.

Some estimate of creep damage potential in a high temperature sys-
tem can be obtained by referring to deformation maps. One for copper
is shown in Figure 7. As the temperature increases one can move from
diffusional flow to power law creep. The same happens as shear siress
is increased. At a shear stress of 10 the material fliows with full
plasticity -~ creep no longer prevails. In the breakdown zone, a transi-
tion from creep to full plastic flow occurs. The same type of diagram
has been developed for void formation and for fracture of ceramics (9).

Phase Change. Some ceramics considered for wear control in engines
are rather complex in structure. The structures have been modified
in attempts to improve toughness while still maintaining chemical inert-
ness and wear resistance. Examples include alumina-zirconia, silicon
nitride~zirconia, zirconia-magnesia, and zirconia-yttria. The more
popular modified ceramics are PSZ and TTZ (partially stabilized zirconia
and transformation toughened zirconia). As an example of the possible
effects on wear mechanisms, partially stabilized zirconia (zirconia-
magnesia) will be considered.

When heat treated, PSZ consists of a stabilized cubic matrix con-
taining monocliinic precipitates transformed from the tetragonal dur-
ing aging. The precipitation results in a volume expansion and com-
pressive residual stresses result. These residual stresses presumably
inhibit propagation of crack fronts and therefore improve the apparent
%oughness. At the same time, wear resistance is reported acceptable

10).

Studies have been made on the effect of temperature on the defor-
mation of PSZ. An Arrhenius plot of In (hardness) versus 1/T for PSZ
shows a discontinuity a%qyma?} 400 C. The straight line curve takes
the form Hardness = exp (11). The activation energy, Q, esti-
mated from the slope of the curve beyond 400 C js about 40 kcal/mol.

If the change in hardness with temperature can be attributed to creep,
the activation energy for the slowest moving ion, Zr, would have to
be considered. The approximate value of Q for zirconium ions is
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OA - Instantaneous (elastic) deformation at room temperature

0B - Instantaneous {elastic and plastic) deformation at an elevat
temperature

OBDEF - Creep —~ Rupture curve
BD - First stage (primary or transient creep)
DE - Second stage (secondary or linear creep)
EF — Third stage (tertiary or accelerating creep)
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80 kcal/mol at 1300 C (11). The deformation behavior (at least under
conditions of the indentation test) of PSZ at these temperature levels
does not appear to be related to creep. It is conjectured that the
change in slope of the hot hardness curve may indicate activation of
another slip system or climb. This effect at 400 C, however, may be
an important one to consider when selecting operating temperatures for
contact wear conditions involving PSZ.

As temperature is increased further, the effect of the second phase
in PSZ in resisting deformation begins to fade. Strain induced precipi-
tation allows accommodation of strains in adjacent grains and deforma-
tion increases. As temperature increases further, this effect is lessened
and probability of crack propagation increases. It is possible that
new slip systems may begin to operate at elevated temperatures under
the hydrostatic state cf stress occasioned by sliding contact. There
is no eyidence of this effect as yet and the effect of strain rate is
not known.

At 950 C and above, overaging occurs in PSZ and the transformation
toughening characteristic no longer operates. On cooling back to room
temperature, the resulting structure is a cubic matrix enriched in mag-
nesia. At this point, the toughness of the alloy has been permanently
diminished. Studies on loss of strength over 250 hours have shown the
effect at 800 C and is more prevalent in yttria-stabilized zirconia
(12).

Holding PSZ at elevated temperatures can coarsen the precipitates.
Once the precipitates reach a critical size, cooling to room temperature
results in transformation to the monoclinic phase. Deformation caused
by grinding during finishing operations can also cause transformation
of tetragonal precipitates to monoclinic with subseguent formation of
residual compressive stresses at transformation sites.

The above various structural changes in PSZ occasioned by elevated
temperature and deformation are difficult to relate to wear mechanisms
because of an overwhelming unknown--that of the effect of contact-stress-
induced structural changes such as observed in metals and in limited
information available for ceramics (13, 14, 15). The radical changes
in near-surface structures (dislocation cell formation, deformation
twinning and subgrain formation) that are possible during wear are much
different from conventional PSZ structures described above. It is Tikely
that wear-induced phase changes could be accompanied by a microfracture
wear mechanism.

High Temperature Reactions. Ceramic materials are generally con-
sidered inert. However, at elevated temperature some of the silicon-
containing ceramics (SiC, Si3N ) will react with oxygen in the atmos-
phere to form silica. A]thougﬁ silica melts at 1720 C, glassy films
are often found on silicon-containing materials after wear at elevated
temperatures. These films look as if they had been molten at some time.
Examination of ceramic phase diagrams reveals eutectics in a number
of oxide solutions. Furthermore, silicon often acts as a vitrifier
for other materials making possible relatively low-melting-point glasses.
The formation of a glassy phase on silicon containing materials is often
accompanied by a reduction in friction and less wear (16). Thus, one
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must consider what other species ceramics may contact during sliding

at elevated temperature. If the formation of a glassy film results
from "contamination" of a silicon~-containing ceramic, its presence will
significantly alter wear mechanisms.

Most ceramics contain a small amount of glassy phase as a binder.
The glassy phase is found at grain boundaries. If temperatures become
high enough to melt the glassy binder, it can exude on the rubbing sur-
face. In addition, grain boundary weakening will occur if the glassy
phase in the boundary softens.

Some ceramic materials have been found to be very sensitive to
humidity during sliding contact. This appears to be the result of sur-
face reactions produc1ng protective amorphous surface films. Studies
of Si3N1 and AE have shown that wear of S1 N, slows in water
vapor wh11e wear o% A increases in water vapor. ?hese observations
have been made at room tgmperature~~theref0re tribochemical reactions
should be expected on ceramics at elevated temperatures.

Conclusions Regarding Literature Review. The results of the survey
have emphasized the need for research to better define high temperature
wear mechanisms in ceramics. A number of different mechanisms or com-
binations of mechanisms have been reported. For instance, Sutor (18)
recently reported friction values for hot pressed Si N ranged from
0.70 to 0.15; Fischer reports similar findings (17). gome researchers
found that Si N, sliding against itself showed a decrease in friction
with ﬁncreasi%gﬁy fine finish while others found the opposite effect.
Sutor's own wear experiments on silicon nitride indicated several wear
mechanisms operating at the same time.

The reason for the great variation in ceramic wear data becomes
clear when one examines known mechanical properties and surface chemical
characteristics of ceramics. There are three areas of concern when
attempting to predict wear processes in ceramics:

(1) Definition of threshold parameters which signal a change of
mechanical or chemical behavior.

For wear model development, the thresholds for lateral crack-
ing, thermal mechanical instability, thermal shock, glassy
phase film formation and alloy phase transformations must

be defined initially. A wear model may be required for each
condition encountered when a threshold has been passed. In
some instances there may be thresholds one does not want to
cross, notably lateral cracking and thermal mechanical insta-
bility. Avoiding these conditions may require adjustments

to operating conditions for wear experiments depending on

the material combinations under evaluation.

(2) The significance of fracture toughness and surface energy
to the wear process in ceramics, once a specific wear mode
has been established. The wear rate and extent of surface
damage may differ from one operating condition to another,
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but the brittle behavior of ceramics will still dominate the
wear process.

(3) There are important gaps in the understanding of ceramic wear
processes that have to be filied before reliable models can
be developed.

Limited information has been developed on the wear surface
structure in ceramics resulting from the rubbing-contact state
of stress. It is suspected that some of the wear-induced

high strain microstructures found in metals may prevail to
some extent in ceramics. If they do, how do they influence
deformation and fracture behavior? How do they relate to
phase transformations defined for unstrained ceramic alloys?
Because of these unknowns, TEM work on ion-thinned wear speci-
mens is needed, much like Hockey did in the early 1970's (19).

The effect of high temperature and contact stress on the sur-
face chemistry of ceramics is also limited. Since ionic mate-
rials are more influenced by surface double layers, the nature
of the bonding of absorbed species requires examination.

The chemical composition and structure of surface layers formed
during high temperature wear need to be defined. Surface
chemistry before wear is also essential.

Specimen Procurement. Monolithic cylinder specimens were received
from three different suppliers. Included were eleven specimens each
of TS grade magnesia partially stabilized zirconia, Z-191 grade yttria
partially stabilized zirconia, and Hexoloy sintered alpha silicon car-
bide. Production difficulties with five specimens of 2Y20A HIP-processed
transformation - toughened alumina have delayed their delivery. Four
cylinder specimens were also obtained with coatings of SCA-1000 on mild
steel from the Kaman Sciences Corporation.

Because of repeated delays in obtaining coated ring specimens from
the commercial ring supplier, ring specimens were fabricated by Battelle's
thermal spray group. Table 1 presents the coating materials applied
to AISI 410 stainless steel specimens. A concave profile was machined
at the edge of the ring specimens with a 1-in. radius milling tool to
provide edge support for the coatings. After spraying, the coatings
were finished by grinding with a crown radius of 1.25 in.

Specimen Characterization. The fracture properties of sintered
monolithic o - SiC were measured as part of the specimen characteriza-
tion efforts.

Fracture strength was assessed in four-point bend tests at room
temperature (20 C). Bend tests on 18 specimens, 2.5 x 5.0 x 38 mm in
dimensions, loaded with a 32 mm support span and 19 mm loading span
were as follows:

Mean Fracture Stress, o, = 360 MPa
Std. Dev. = 47 MPa
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TABLE 1. COMPOSITION OF PLASMA-SPRAYED
COATINGS FOR RING SPECIMENS

Identification

Composition

Metco 130

Metco 501

Plasmalloy 312 M

Metco 63/G234 basecoat
with Metco 130 topcoat

0.13 titanium dioxide
0.87 aluminum oxide

0.30 molybdenum
0.12 chromium
0.025 boron
0.0275 1iron
0.0075 carbon
bal nickel

molybdenum disilicide

0.99 molybdenum base-
coat with topcoat of
0.13 titanium dioxide
0.87 aluminum oxide

TABLE 2. SHORT-BAR FRACTURE TOUGHNESS
OF SINTERED o - SiC

Specimen
Number

KIe (MPam]/Z)

1T
2T
3T
4p
5p
6P

.74
.74
.80
.73
71
.85

Mean :
Std. Dev.

O MR MNRDN N

.76 Mpam'/¢
.05 Mpam'/?
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Figure 8 shows tne fracture-stress distribution and a two-parameter
Weibull distribution function fitted to the data. The fracture proba-
bility for the bend specimens was calculated from the relation,

F = (i - 0.5)/N, where i is the ranking number of a specimen in
the order increasing strengths and N is the total number of speci-
mens. The following Weibull parameters were calculated by linear
regression on a linearized form of the Weibull relation given in
Figure 8:

Weibull modulus, m = 8.5

Scale Parameter, 00 = 380 MPa

Fracture surfaces of three specimens selected arbitrarily were
examined in a scanning electron microscope. Two bend specimens failed
from surface flaws without evidence of any obvious microstructural inhom-
ogeneity at the fracture origin. These surface flaws were likely pro-
duced in surface grinding. The fracture in the third specimen origi-
nated from a microstructural defect located close to the tension surface
of the specimen. An inclusion-like feature had the same composition
as the matrix. This suggested that it was probably an agglomerate in
the starting powder which caused nonuniform sintering and a crack-1like
flaw at its periphery.

The fracture toughness (K ) of o~ SiC was measured in short-bar
tests. Results are summarized ﬁn Table 2. In specimens 1T, 2T, and
3T the chevron-notch plane was oriented perpendicular to the large (15
x 5 cm) faces of the billet (transverse orientation), while in specihens
4P, 5P, and 6P the notch planes were parallel to the large faces of
the billet (parallel orientation). There was no apparent difference
in the fracture toughness in the tw?/?rientations. The average KIC
for all the specimens was 2.76 MPam

Experimental Apparatus. The experimental apparatus was compieted
and demonstrated during the report period. The apparatus provides the
following capabilities.

Cylinder Specimens: 1.25 x 5 x 0.5 in. flats

Ring Specimens: 0.75 x 0.75 x 0.125 in. flats

Motion: Reciprocating, 4.25 in. stroke

Speed: Variable, 500 to 2200 rpm

Temperature: to 1200 F

Applied Load: to 200 1bs (continuous)

Contact Pressure: to 2100 psi

Atmosphere: Diesel exhaust or other controlled gas, as desired

Output data: Wear at intervals, friction from drive torque
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Since most of the experiments are planned to be conducted in diesel
exhaust atmosphere, an analysis was made of the composition of the exhaust
being supplied to the specimen chamber. The results are presented in
Table 3.

Wear Experiments. Wear experiments were performed on four ring
materials sliding against o-SiC cylinder specimens. Table 4 summarizes
the results of these initial experiments. The Metco 130 (alumina-titania),
which is referred to in Table 4 as M-130, spalled off the ring specimens
at light load at very short times, Experiments 7 and 8. While no reli-
able friction coefficients could be measured in the short time peried,
very loud squealing suggested high readings. The Metco 501 coating,
Experiment 9, performed the best to date. The friction decreased during
the 20 minute run from 0.6 to 0.3, and the coating remained largely
intact after the experiment. While these results are encouraging, a
relatively high wear of 0.006 in. was measured. The P-312M (molybdenum
disilicide), Experiment 10, worn and/or spalled off in 15 minutes of
running. The M-130 with a molybdenum basecoat, Experiment 12, appeared
to wear rapidly, but the experiment had to be terminated when one cylin-
der specimen fractured. The fracture was caused by a warpage of the
pedestal on which it was mounted. The experiments proved the apparatus
able to run specimens for extended times at elevated temperatures.
However, the high wear and bonding problems on the ring specimens have
prevented wear rate measurements for times exceeding 20 minutes.

Status of Milestones

With the receipt of most of the monolithic specimens and the fabri-
cation of the coated ring specimens at Battelle, the experimental pro-
gram has been initiated in accordance with the schedule. Examination
of the wear specimens nhas been initated to form the basis of the wear
modeling to be performed in the remainder of the study.

Publications

None.
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ON 6.5 HORSEPOWER LOMBARDINI ENGINE

Load Particu- Excess Exhaust
Press, NO NO 0 Co Co 1ate§ HZO Air Temp.
psig ppé ppm Pergent Percgnt ppm mg/m Percent Percent F
80 385 335 13.4 6.2 560 26.3 7.66 70 579
100 450 400 12.9 5.6 580 27.9 7.29 48 590
120 540 500 12.1 5.2 608 27.7 7.30 31 632

evi



TABLE 4. RESULTS OF INITIAL EXPERIMENTS WITH PLASMA-SPRAYED RING SPECIMENS SLIDING AGAINST a-SiC
CYLINDER SPECIMENS IN DIESEL EXHAUST ATMOSPHERE

Average
Applied Projected Testing Running  Coefficient Ring
Experiment Ring Load, Area Contact  Temperature Speed, Time, of Wear,
Number Specimens 1bs. Pressure psi F rpm Minutes Friction Inch Comments
,_wn_,_____~,____*__%_,_,____,*______________,A___,__ﬁ__”#__,__#*ﬁ_ﬂ_ﬂ_ﬁm______ﬁ_ﬂ‘___,__ﬁ~H_*____~_,_,____,_,____,
7 M-130 9 ) 1000 1000 <] -- -- coating
spailed
off
3 M-130 9 26 600 1000 <] -- -- coating
spalied
off
g M-501 44 479 7¢O 100G 20 4.6 to 0.3 ¢.006 coating
intact
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2.3 NEW CONCEPTS

Advanced Statistics
W. P. Eatherly (Dak Ridge National Laboratory)

Objective/scope

The existence of flaw fields involving large flaws occurring at rela-
tively rare sites cannot in principle be treated by Weibull statistics.
The present effort is aimed at developing failure criteria involving a
finite cell size describing the occurrence of flaws,

Technical progress

The model being considered initiates with the definition of a finite
cell (volume element) in the material chosen large encugh to completely
contain any flaw in guestion, but small enough to contain not more than
one flaw, This last premise is for counting purposes only. Any material
under stress then contains some countable number of these cells, and the
occurrence of flaws within the stressed volume becomes simply a binomial
distribution over the number of cells in question.

The flaw sizes are assumed to be normally distributed or, more
exactly, the strengths arising from them are assumed to be normal. The
weakest~link argument is now introduced as being the first order statistic
for a sampling of size n, the n being the number of flaws expected in the
totality of cells representing the stressed volume. In this manner a
strength-volume dependence arises similarly to that of a Weibull statistic.

This model is independent of cell size in that any choice of cell size
over several decades leads experimentally to the same observable results,
In other words, the premise that a cell not contain more than one flaw is
for convenience only, and the observer cannot detect whether the premise
is satisfied or not. His experimental results are insensitive to the cell
size as long as the probability per cell is adjusted accordingly.

The resulting statistic, a product of binomial by normal order sta-
tistics, does not lead to the ordinary Weibull volume sensitivity; the
strength at large stress volumes falls off more rapidly than the Weibull
case. Presumably, a skewed strength distribution could compensate for
this. The simplest and somewhat trivial candidate distribution would be
the log normal. This case is currently being examined.

It is too early to say whether the model and mathematical formalism
described above is of practical significance. We are encouraged that the
model is tractable, is capable of experimental verification, and possesses
the essential features of a Weibull distribution.

Status of milestones

None.

Publications

None,

*These studies supported jointly by the Ceramic Technology for
Advanced Heat Engines Program and the HTGR Technology Program.
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Advanced Statistical Concepts of Fracture in Brittle Materials
C. A. Johnson and W. T. Tucker (General Electric Corporate R&D)

Objective/Scope

The design and application of reliable load-bearing structural components
from ceramic materials requires a detailed understanding of the statistical nature
of fracture in brittle materials. The overall objective of this program is to
advance the current understanding of fracture statistics, especially in the
following three areas:

. Optimum testing plans and data analysis technigues.

. Confidence and tolerance bounds on predictions for non-
normal distributions, in particular, the Weibull distribution.

. Consequences of time dependent crack growth on the evolu-
tion of initial flaw distributions.

The studies are being carried out largely by analytical and cormputer simulation
techniques. Actual fracture data are then used as appropriate to confirm and
demonstrate the resulting data analysis techniques.

Technical Highlights

One of the milestones for the first year of this program involves the
development of procedures for estimation of the Weibull modulus from the
locations of fracture origins. The most likely position of fracture initiation in a
structure with a macroscopic stress gradient is the position of maximum stress.
Because the most severe flaw (in terms of size, shape, orientation and position)
may not be present in that location, failure muay instead originate at a position
stressed at lower than the maximum stress. The probability of the origin occurring
in any given location can be predicted if the strength distribution is known for
that material. Conversely, if the positions of the fracture origins are measured in
a number of nominally identical test specimens or components, then information
can be derived about the strength distribution. More specifically, for the case of
the Weibull distribution, the Weibull modulus can be estimated from the positions
of fracture origins in bodies that contain stress gradients.

To illustrate the concept, consider a stressed body such as that illustrated
schematically in Figure | where the body is composed of two sections, A and B.
The raterial in section A is identical to that in B but is at a different stress and
may or may not have the same volume. Upon loading to failure, the body will
either fail from a flaw located in A or from one in B. For the case of the Weibull
distribution function, we have shown that the conditional probability of the
strength controlling defect occurring in section A, given a failure, is equal to the
effective volume (or effective surfoce area, if appropriate} of A divided by the
effective volume (or area) of the entire component. This results for the Weibull
distribution since the conditional probability is actually a norming constant. We
believe that only the Weibull distribution has this property.

The simple relationship involving effective volumes can be extended to any
stressed body that is conceptually subdivided into two sections at any arbitrary
boundary and is subject only to the following assumptions: fracture strengths of
the material are properly described by the two-parameter Weibull distribution;
the flaw distribution is homogeneous throughout the component; and the strengths
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of sections A and B are independent of each other. The resulting probabilities are
then conditional upon failure.

Most structures have continuous gradients in stress rather than the step
change of the structure in Figure 1. As an example of a structure with a more
conventional stress gradient, consider a three-point bend specimen. The most
statistically efficient boundaries to separate such a structure into regions A and B
are boundaries of constant stress such as those shown on Figure 2. The stress at a
boundary divided by the maximum stress in the beam will be referred to as the
relative stress, R, for that boundary. The relative stress is only a function of
position within the structure, and interestingly, is not a function of the actual
maximum stress. To draw an analogy with Figure |, one could consider region A
of the three-point bend specimen to consist of that portion of the specimen with g
relative stress, R, greater than some value, say 0.5 for the moment, and region B
to be the remainder, When failure occurs, the crigin will be located either in
region A or in region B. The expected fraction of origins with a relative stress
greater than or equal to R will be defined as F, and is equal to the effective
volume of the higher stressed region divided by RS effective volume of the entire
specimen. For three-point bend specimens with rectangular cross sections and
with volume distributed defects, this ratio of effective volumes is:

R=1'-
Therefore, if a series of three-point bend specimens of a material with a Weibull
rmodulus, m, are tested to failure, Equation | can be used to predict the expected
fraction of origins that will occur inside any given stress contour, R. The same
information can be expressed graphically as shown on Figure 3 where F, is
plotted as a function of R for the same bend specimen geometry. The family of
curves on Figure 3 represents the behavior of materials with various Weibull
moduli,

The following procedure can be used to estimate the Weibull modulus of a
material from the fracture origin sites in a set of three-point bend specimens: the
location of the fracture initiating defect must be determined in each specimen; an
R value is calculated for each specimen using the coordinates of the origin; the R
values are ordered from highest to lowest, ranked and assigned an estimated FR
using a relationship such as

FR = (n - 0-5)/N (?)

where n is the ranking number and N is the total number of specimens; and finally,
one data point for each specimen is plotted on Figure 3 using the calculated R and
o valuves. If the fracture strength of the material is properly described by a two
pfrxiame’rer Weibull distribution, then the points should fall on a curve that is
similar in shape and position o one of the family of curves drawn on Figure 3.
The estimate of m can then be done by visual inspection and interpolation or by
more reproducible methods such as iteratively searching for the m with the
maximum likelihood or with the minimum sum of squared error between measured
and predicted behavior.

Relationships similar to Equation | have been derived for other bend
geometries allowing analysis of fracture origin positions in the following test
specimens:
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Three-point bend, rectangular cross sections, surface defects
Three-point bend, circular cross sections, surface defects
Four-point bend, rectangular cross sections, volume defects
Four-point bend, rectangular cross sections, surface defects

In each case, the distribution of origins can be expressed in the form:

Fr = f R,m) 3)
where m is the Weibull modulus, R is a relative stress contour separating the
specimen into two regions, and F'R is the fraction of origins expected in the higher

stressed region,

Status of Milestones

The two milestones due to be completed at the end of the first year of the
program dre on schedule,

Publications

None.

Oa . Va
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Figure It  Schematic of a body composed of two sections, A and B, at different
stresses.
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Figure 22 Side view of a three-point bend specimen showing contours of constant
stress.
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Figure 3:  Plot of F vs R for three-point bend specimens with rectangular
cross sections that contain defects distributed through the volume.
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3.0 DATA BASE AND LIFE PREDICTION
INTRODUCTION

This portion of the project is identified as project element 3
within the work breakdown structure (WBS). It contains five subelements,
including {1) Structural Qualification, (2) Time-Dependent Behavior,

(3) Environmental Effects, (4) Fracture Mechanics, and (5) Nondestructive
Evaluation (NDE) Development. Research conducted during this period
includes activities in subelements {1), (2), and {3). Work in the
Structural Qualification subelement includes proof testing, correlations
with NDE results and microstructure, and appliication to components. Work
in the Time-Dependent Behavior subelement includes studies of fatigue and
creep in structural ceramics at high temperatures. Research in the
Environmental Effects subelement includes study of the long-term effects
of oxidation, corrosion, and erosion on the mechanical properties and
microstructures of structural ceramics,

The research content of the Data Base and Life Prediction project
element includes (1) experimental 1ife testing and microstructural analy-
sis of SizN, and SiC ceramics, (2) time-temperature strength dependence of
Si,MN, ceramics, and (3) static fatigue behavior of PSZ ceramics.

Major objectives of research in the Data Base and Life Prediction
project element are understanding and application of predictive models for
structural ceramic mechanical reliability, measurement techniques for
long-term mechanical property behavior in structural ceramics, and physical
understanding of time-dependent mechanical failure. Success in meeting
these objectives will provide U.S. companies with the tools needed for
accurately predicting the mechanical reliability of ceramic heat engine
components, including the effects of applied stress, time, temperature,
and atmosphere on the critical ceramic properties.
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3.2 TIME-DEPENDENT BEHAVIOR

Characterization of Transformation-Toughened Ceramics
L. J. Schioler, J. J. Swab, and R.” N. Katz

{Army Materials Technolagy Laboratory)

Dbiectives/Scope:

Because of their unusual cowmbination of properties, transformation
toughened zirconias (TTZ) are leading candidates for cylinder liners,
piston caps, head plates, valve seats, and other components for the
adiabatic diesel engine. These materials are age-hardened ceramic alloy
systemg and as such they are likely to be susceptible to overaging and loss
of strength at long times at high temperatures (i.e., close to the age
hardening temperatures). The possibllity of overaging with its likely
negative impact on materials performance was identified as a critical area
of ignorance 1n the preliminary technology assessment on ceramics for
diesel engines previously prepared by AMMRC/MTL. Accordingly, a task was
initiated to: {(a) define the extent of magnitude of the overaging (if
any), and (b) develop toughened ceramic alloy systems which would not be
susceptible to overaging at temperatures which may be encountered in
advanced diesels (1000~12007),

The first subtask 1s being carried out at MTL while the second subtask
is to be completed by Professor T. Y. Tien at the University of Michigan on
contract from MTL.

Technical Progress

MATERIALS TECHNOLOGY LAB

During this perlod the analysis of the "second generation” zirconlas
was completed. All room and high temperature properties of these materials
have been completed. The next phase of this project, the evaluation of
Japanese zirconla materials was initiated. Eight different materials have
been identified and have been ordered, three high temperature heat
treatment furnaces have been constructed and heat treatment fixtures have
been made.

The second draft of the final report covering the analysis of the
“"second generation” zlrconlas has been completed.

Because funds for 1985 were late in arriving no other technical work
was completed.
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UNIVERSITY OF MICHILGAN (CONTRACT)

Composites of A1.0,: Cr,0, solid solution matrix with Z_0,://Hf0D
solid solution disperéea part%c%es were prepared and the modulu§ of
elasticity, bend strength and fracture toughmness were studied. The resulis
showed that all three properties strongly depended on the size and volume
fraction of the dispersed zirconmia solid solution particles. The optimum
composite should contain a high volume fraction of dispersed zirconla
particles with approximately a2 1:1 ratio of tetragonal to mounoclinic. The
strengih degredation of a composite with high amounts of dispersed zirconia
particles can be reduced by introducing hafnia in solid solution with
zlrconia.

Composites containing more than 20 mole % Cr,0, in solid solution imn
the alumina matrix had a lower thermal conductivity than partially
stabilized zirconia ab temperatures above 300 C. Composites were annealed
at 1000°C and 1200°C for more than 300 hours and no mechanical propertiy
degredation was observed., These studies suggest frhat these coumposites are
a poteatial candidate for heat engine applications.

2

Status of Milestones

Because funds for 1985 were late in coming many of the wilestones were
pushed back. However, for the next phase of the work to be done at MTL the
procurement of the Japanese zirconla materials aud the counstruction of
three heat treatment furnaces has been completed. Due to problems
encountered 1n obtaining the Japanese zirconia from the manufacturer the
materials will not be completely machined by the end of calendar year 1985.

Publications

Second draft of the fimal report for the past three years has been
compleied,

Future Plans

This POE project is being co-funded by the Army. Funding from DOE
($68K, expiring December 1986) have arrived. FY86 Army funds {310K) have
been used on a machining contract. §$75K of Army funds are planned for
FY8s&,

The DOE funds will cover the heat treztment of all the specimens and
the initial stages of the mechanical properties testing. The mechanical
properties testing to be siarted during this time include room temperature,
fracture strength, and fracture toughness tests, and some of the stress
rupture amd stepped temperature stress rupture tests. The Army funds will
be used for materials acquisition and machining, plus wmaterials
characterization involving wmicrohardness, density, chewical and X-ray phase
analysis, optical aod SEM wmicroscopy

The joint funding of this project will enhance the quality of the data
base that will be obtained from this work.
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Time-Temperature Dependence of the Strength of New
High~Performance Ceramics

G. D. Quinn (Army Materials Technology Laboratory)

Objective/Scope:

Stepped temperature stress rupture and standard stress rupture testing
are performed to obtain a preliminary evaluation of strength retention with
time under load at various temperatures for uvew high performance ceramics.

Technical Progress:

In this 6 mouth period, Lucas Syalon grade 201 was evaluated. The 201
grade is the high temperature engine grade, whereas the 101 grade is for
lower temperature applications Iincluding tool bits. The Syalon 201
materlals exhibited the highest strength, creep and stress rupture
resistances yet measured for a commercial material in the sintered silicon
family, (comparable results were obtained previously on a General Electric
sintered silicon nitride with BeSiN, additions, but only on a laboratory
bateh of material)., Figure 1 presents STSR results which {ndicates static
fatigue and creep phenomenon became problems at 1300°¢ oroabove. This is
remarkably close to a lowest eutectic temperature of 1350 in the Si N
510 AlN YZO system. The average room temperature strength was 5630ﬁPa
witg a weibulf modulas of 9. The few stress rupture fallures at 1200 were
at stresses 80Z% or greater of the room temperatures average strength
(Figure 2). The grain boundary phase of this material appeared to be fully
crystalline and is principally YAG with some YSiOZN. Further analysis and
fractography is ongoing.

Status of Milestones:

This task iz terminating because a program reevaluation at MTL.
Preliminary results and all specimens of Kyocera sintered silicom nitride
grade SN220 have been turned over to ORNL. GTE Wesgo SNW-1000 will be
evaluated as part of an ongoing internal MTL program.

Publications:

A summary of current results was presented at the CCM meeting in
QOctober 1985. Data was presented for GE Beta silicon carbide, University
of Michigan SiC and Lucas Syalon 201. A brief review of the entire
workscope and accomplishments done under this task since 1976 was presented
along with a complete bibliography.
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Outstanding reports include:

"Static Fatigue of a Siliconized SiC” to be published as
TR.

"Mechanical Property Evaluation at Elevated Temperatures
Silicon Cabide” to be published as an MTL TR and also submitted to
International Journal of High Techonology Ceramics.

"Static Fatigue of a Commercial Sialon™ to be submiltted
Mat. Science.

an MTL

for Beta

to J.
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Fracture Behavior of Toughened Ceramics
P. F. Becher, T. N. Tiegs, and W. H. Warwick (Oak Ridge
National Laboratory)

Objective/scope

Because of their excellent toughness, oxide ceramics such as pai-
tially stabilized zirconia (PSZ), dispersion-toughened alumina (DTA) and
whisker-reinforced ceramics are prime candidates for many diesel engine
components. The enhanced toudghness of the PSZ and OTA materials is
thought to be due to a stress-induced transformation (of the dispersed
phase} which requires additional energy in order for catastrophic fracture
to occur, However, these malterials are still susceptible to slow crack
growth and thus strength degradation. Also there is limited evidence that,
at temperatures above 700°C, time-dependent aging effects can reduce the
concentration of the phase involved in the transformation process, leading
to significant losses in toughnass and strength. Again it is essential that
mechanisms responsible for both the slow c¢rack growth and aging behavior be
well understeod. Similarly the toughening behavior in whisker-reinforced
ceramics and the high-temperature performance of those ceramics must be
evaluated in order to develop materials for particular appiications.

In response to this need, studies have been initiated to examine
toughening and fatigue properties of PSZ, DTA, and whisker-reinforced
materials. Particular emphasis has been placed on understanding the
effect of microstructure upon processes respensible for time-dependent
variations in toughness and high-temperature strength, In addition,
fundamental insight into the slow crack growth behavior associated with
these materials is being obtained.

Technical progress

In the the case of ZrQ,, the tetragonal to monoclinic transformation
involves a volume increase as well as a shear strain. Thus under condi-
tions where the sample is stressed, the transformation occurs in a tensile
strain field (e.g., that surrounding a crack tip) which allows the volume
to expand. Observations reveal that the shear (shape change) strain is
often minimized by the generation of twins within the monocliinic phase,
When they transform and expand, the Zr0, particles introduce radial com-
pressive strains in the surrounding matrix. Because the volume increase
is 5 to 6%, the linear compressive strains in the matrix are quite large
(1-2%). In this case the associated local compressive stresses are very
high (0.01-0.02 times the Young's modulus of the matrix) and modify
(decrease) any nearby crack tip tensile stress fields. When tetragonal
r0, particles transform in the tensile stress field of a crack tip, the
crack tip tensile stress is decreased and the external tensile stress must
be increased to generate sufficient tensile stress to continue to propagate
the crack, This is clearly why this type transformation is so attractive
in ceramics, where cracks normally grow guite easily wher subjected to
very modest tensile stress conditions.
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In studies! supported by the Office of Basic Energy Science Materials
Sciences Program, it has been shown that the tetragonal to monoclinic phase
transformation in Zr0, can be characterized by the temperatures at which
the forward (M) and tpverse (45) transformations are initiated during
de(rﬁdsing and increasing temperaturp cycles, respectively (Fig. 1). At
T = Mg, & portion of the tetragonal precipitates/particles spontaneously
transforms to the monoclinic phase so that tng total chemical free energy
change, AG? M. must be zero. When 7 > Mgy AGT "M 5 0 and additicnal energy
must be supplied to initiate the trdﬂsfﬂrmat1on. This can be derived from
the 5tr$an enerqy introduced from an externally applied tensile stress,
When AGH is sti11 positive but is decreased toward zero, the amount of
axterna{iy supplied strain energy, Alg,, required is likewise decreased.

in the case of tfansformdt10n~toughen@d materials, determination of
the pM, temperatures for different compositions and microstructures (€.Gs,
pre01p1tate size) should be useful in describing the stability of the
tetragonal phase and hence should prov1d% an indication of the toughness
of each material. Again when 7 = My, AG is zero and the transformation
initiated spontaneously as seen by

ACE = (1 — M )AS (1)

where 7 represents the temperature of interest and As is the entropy
difference between the two phases. Thus when T > M., the tetragonal phase
is stable, and some external energy must be gupp11ed to transform it.
This is, of course, the case of interest in transformation~toughenad
systems where the strain enerqgy supplied by an external tensile stress
triggers the transformation.

The critical stress (gg) required to transform tetragonal precipitate/
particle is related to the external applied strain energy required (AUg, =

Aué m) to initiate the transformation,
Mg, = ob & s (2)
so0 that
oh = (aGt-m)/eT » (3)

where ¢ is the volume expansion strain associated with the transformation.

The incrgmental increase in the fracture toughness due to the trans-
formation (AK7-) is related to the half width of the transformed zone
surrounding the crack (»):

AK?;C = Ael Vf- EC Z’llz s (4)

where 4 is a function of the form of the transformation stress (4 = 0.22
for transformations triggered by the principle stress, and 4 = 0.50 for
those initiated by shear stress), V. is the volume fraction of trans-
formable Zr0,, and £° is the Young's modulus of the system. Analogous
to the plastic zone size in metals, the transformation zone size is a
function of the c¢ritical transformation stress (ag)
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Fig. 1. Thermal expansion hysteresis of PSZ ceramics generated by
tetragonal 2 mononoclinic transformation. At 7 < Mg, tetragonal precipita-
tes transform to monoclinic phase during cooling. During heating cycle,
monoclinic phase transforms to tetragonal at 7 » 4g. The Mg temperature
is a measure of the tetragonal phase stability at a given test temperature
(7) where 7 > m . Note for those PSZ ceramics where Mg < 20°C (top two
curves), heating cycles which start and end at 20°C will yield no hystere-
sis but will give linear expansion-contraction versus temperature plots,
Only when first cooled below M, will such samples exhibit any expansion
hysteresis. When M, > 20°C, the transformation expansion hysteresis will
be initiated when tﬁe maximum 7 > 45. These are important considerations
when concerned with heating-cooling strains, e.g., brazing materials and
interfaces between components.
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r = B (K[Ivjc/og)Q s (5)

where K?c is the fracture toughness of the matrix and B = [2(1 + v)2/9x]
accounts for the geometry of the crack tip stress field. By combining
Egs. 3, 4, and 5, we find that

AKE, = aBL/2 (oT)2 VfEcK¥C /(aGEm) (6)
and by substitution of E£g. 1 we obtain
T~ agll2 (,T)2 e M
Mo = 4B (e")2 Vi EC Kpp/as(T — M) (7)

and the dependence of the toughness on the transformation temperature
of the material and the test temperature, Fig. 2.

As one expects, the above relationship predicts that the fracture
toughness due to the transformation decreases as the reciprocal of the
increase in the test temperature for a given material., This is consistent
with the increase in stability of the transforming tetragonal phase with
increase in test temperature and also predicts that the critical trans-
formation stress increases (Eqs. 1 and 3) and the zone size decreases
(Egs. 1, 3, and 5) as either the test temperature increases or ¥, decreases.
A similar increase in toughness is predicted as the ¥, approaches T for
the case of 7 > Mg. Thus, a maximum in toughness can be achieved by
increasing the M, temperature of the Zr0, until it is nearly equal to the
temperature of interest. Likewise, the toughness of a given Zr0, will
reach a maximum as the test temperature is lowered to its M, temperature.

The M, temperature thus gives a measure of tetragonal phase stability
and toughness of the PSZ ceramics. The feature that controls the mg values
in Mg0-PSZ is the size of the tetragonal precipitates achieved during heat
treatment (Fig. 3). With increasing size of the precipitates there is a
corresponding increase in o,

Through the preceeding analysis, esp. Eq. 7, one can describe the
transformation toughening contribution obtained in Mg0-PSZ ceramics.
Values of 4, AS, and Ky, were obtained experimentally and, when incor-
porated into Eq. 7, yield

AKre = vp(GPa K)/(195K — M) (8)

which is consistent with the experimental data for the Mg0-PSZ samples,

In additional studies by one of the authors? on ceramic matrix com-
posites toughened by the incorporation of zirconia particles sponsored
by the Materials Sciences Program, the c¢ritical fracture toughness of
zirconia-toughened composites is described by

Krc® = KrcM + skt (9)

where the contribution ax;-T associated with the transformation of tetra-
gonal Zr0, particles is described by Eq. 4. Referring to Eqs. 5 and 4 we
can see that
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Fig. 2. For the case T > Mg, transformation toughening occurs and
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Fig. 3. In Mg0-PSZ and Ca0-PSZ ceramics, M, temperatures are a
function of precipitate size. Increasing size of tetragonal precipitates
in large-grained cubic ZrQ, increases the m; temperature. Precipitate
size is controlled by heat treatment temperature and time at temperature.

ke = Ky + A2V eE et (KpcM ocT) (10)

which indicates the dependence of the composite toughness on the matrix
toughness.

Equation 10 states that the composite toughness significantly
increases with increase in matrix toughness as both toughness components
on the right-hand side of Eq. 10 increase. What these studies show then
is that the toughness of Zr0,-toughened composites can be increased
further by increasing Ky, The studies next assumed that X;-/# could be
defined as the toughness of a matrix which was a composite and not a
single-phase material. The matrix composite of two or more phases would
not contain transformable Zr0, as that case is already addressed in
Eq. 10. These studies thus s%ow that multiple toughening mechanisms
introduced by the use of multiple toughening agents should give a combined
toughness that is greater than that achieved with a single toughening
agent,

OQur previous results in the Ceramic Technology for Advanced Heat
Engines Program show that polycrystalline oxides can be toughened by
incorporating SiC whiskers. It was thus logical to test the above analy-
sis by using a SiC-whisker-reinforced oxide as a matrix to which Zr0,
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particles were added. Note that we assume that Xy is the toughness of
the SiC-whisker-reinforced oxide matrix and is the value of k; A in

Eq. 10. The experimental data obtained for mullite (1) with SiC whiskers,
(2) with Zr0, particles, and (3) with SiC whiskers plus Zr0, particles

are shown in Fig. 4. The data confirm the above predictions that the use
of multiple toughening mechanisms indeed results in a greater increase in
toughness than a single mechanism. The use of such an approach thus
offers a means for obtaining significant additional toughening in ceramic
composites.

ORNL-DWG 26-1806
8.3

7.75 e

1. 3 3 3 Jon 1. L
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Fig. 4. Studies of the critical fracture toughness of mullite-based
composites reveal that multiple toughening mechanisms (i.e., incorporating
SiC whiskers and Zr0, particles, curve 3) result in greater toughness than
either mechanism by itself (i.e., just SiC whiskers, curve 1, or Zr0,
particles, curve 2). Data for mullite-zireonia composites from Refs. 3
and 4.
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Status of milestones

On schedule.

Publications

None.
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Cyelic Fatigue of Toughened Ceramics
K. C. Liu and C. R. Brinkman (Oak Ridge National Laboratory)

Objective/scope

The objective of this task activity is to develop, design, fabri-
cate, and demonstrate the capability of performing tension-tension dynamic
fatigue testing on a uniaxially loaded ceramic specimen at elevated
temperatures.

Three areas of research have been identified as the main thrust

of this task: (1) design, fabrication, and demonstration of a load
train column that truly aligns with the line of specimen loading;
(2) development of a simple specimen grip that can effectively link the
load train and test specimen without complicating the specimen geometry
and, hence, minimize the cost of the test specimen; and (3) design and
analysis of a specimen for tensile cyclic fatique testing.

Technical progress

A major milestone has been successfully completed — the development of
a capability for room-temperature testing. This progress report describes
the development effort and successful testing of a self-aligning grip
system for tensile cyclic fatigue testing of advanced ceramic materials.

The ORNL grip system is a unique device capable of carrying out
uniaxial tensile testing with specimen stress uniformity superior to that
of other methods. Simple concepts of hydrostatics and mechanics were used
in the grip design. The grip system consists basically of two major com-
ponents: a hydraulic housing assembly and a pull rod assembly. A cutaway
view of the grip system is illustrated in Fig. 1. Inside the housing
block (1) are eight built-in miniature hydraulic piston assemblies equally
spaced on a circle. An exploded view of the hydraulic piston assembly
shows an 0-ring seal (5) and a piston (6) with a long stem guided by a
ball~bearing bushing (7). Directly beneath the oil chambers (4) is a cir-
cular fluid channel (2). The passage of hydraulic fluid between the oil
chambers is accomplished through a vertical needle hole drilled from the
bottom of the oil chamber to the fluid channel (2). The piston assembly
is secured in place by a snap ring (8). An assembled piston is shown near
the lower left end of the specimen (16). An overhead view of the grip
housing (components 1-6) is shown in Fig. 2.

For room-temperature testing, the button-head fatigue specimen (16)
is directly connected to the metal pull rod (10) with a tapered split
collar (14) and a matching metal plug (15). This is a hignly reliable
gripping technique used previously by many investigators. Good concen-
tricity between the pull rod and specimen and dependable gripping are its
features. For high-temperature testing, the pull rod is extended with a
ceramic pull rod and cooled by water through the cooling channel (13)
built into the rod stem. A concentrically grooved circular fiat ring (12)
made of tempered steel is bolted on the bottom side of the disc head (10)
by eight small screws (11).
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The grip is assembled by slipping the pull rod into the center hole
of the housing and placing the large disc head on the hydraulic piston
heads., The cover plate (9) completes the assembly. Figure 3 shows the
arrangement of load train, load frame assembly, and control electronics.

YP-682

A
%

Fig. 3. Testing apparatus, showing the arrangement of load train
with self-aligning grips.

The operational principle of the self-aligning grip system can be
described best by using the schematic diagram shown in Fig. 4. The center
arrow "p" represents the specimen load. This load is balanced by a cir-
cular array of reacting forces generated from the eight piston assemblies.
Two conditions must be met in order to achieve perfect concentric loading
(i.e., zero eccentricity 6, = 6, = 0). The first condition requires that
all the reacting forces must be”equal. The next requires that the reactive
forces must be equally spaced on a circle. Any deviations from ideal con-
ditions will result in some eccentricity.

Proof of the concepts was performed with a special load applicator
instrumented with strain gages as shown in Fig. 5. Four sets of strain
gage full bridges were bonded on the radial cantilever arms to monitor the
distribution of the reactive loads. Eight tests were performed. For each
test, the load applicator was rotated one-eighth of a turn so that the
reactive forces were measured by a different bridge circuit. The outputs
of load and strains were monitored continucusly by a data acquisition
system while cyclic loading was imposed to the grip housing. The maximum
deviation from the load-strain response was less than 0.5% of the full-
scale load equal to 22.2 kN (5000 1b). The maximum load deviation from
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Fig. 4. Schematic diagram showing the design concepts of the self-
aligning grip system.

YP-668

Fig. 5. Strain-gaged load applicator used to measure the piston
reacting forces.
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the average value was 0.46% of the full load. The average deviation of
the reactive loads that occurred in the piston systems was >0.08%. On the
basis of these test data, the eccentricity of the resultant load was cal-
culated to be less than 2.54 x 1072 mm (0.001 in.). The eccentricity
improved to less than 1.52 x 1072 mm (0,0006 in.) in a subsequent test,

To complete system alignment evaluation, a 6-mm-diam (1/4-in.) dummy
specimen made of high-strength aluminum alloy was used as shown in Fig. 6.
This specimen was instrumented with strain gages to measure bending at the
midiength of the gage section and shank sections. At each of the three
positions, four strain gages were spaced equally on the circumference so
that the strain gages were paired diametrically. To Timit the loading
within the elastic range, the specimen was cycled only to 907 kg (2000 1b)
giving a tensile strength of about 276 MPa (40 ksi) and a maximum strain
of about 0.4%. To further ensure that the test results were not biased,
the dummy specimen was rotated successively from the previous test posi-
tion by 90° for each test performed, Results show that the percentage of
bending stress at the midlength of the uniform gage section was less than
0.5% of the average tensile stress measured by the strain gages.

A final check-out test was then performed with a buttonhead fatigue
specimen made of MACOR, which is the trade name of Corning machinable
glass~ceramic. Four strain gages were bonded on the midiength of the
uniform gage section as shown in Fig. 7. Because the proportional limit
stress of MACOR was not known, the specimen was cycled initially to 222 N
(50 1bf). To avoid overstressing, the cyclic load was incrementally
increased in three steps to 666 N (150 1bf). This produced a tensile

Fig. 6. Close-up view of the load train with a heavily strain~gaged
aluminum specimen mounted on the self-aligning grips.
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YP-688

Fig. 7. Fatigue specimen, made of MACOR machinable glass-ceramic,
instrumented with strain gages.

stress of 21 MPa (3000 psi) and a total strain of 0.03%. The test was
repeated four times with the specimen rotated a quarter turn each time,
Results show that the bending was about 2.5% of the average tensile
stress, For most testing systems, the percentage of bending stress at
this low load Tevel would be at least 20% or higher. The percentage of
bending stress usually decreases as the load increases. By the rule of
linear extrapolation, we believe that the bending stress will decrease to
about 0.5% level as the tensile load increases to 6.66 kN (1500 1b) for
the ceramic specimen, as was the case reported for the aluminum specimen.

Summary

1. Laboratory room-temperature testing to date indicates that the
self-aligning grip system is capable of concentric load transfer between
the grip and specimen with negligible eccentricity.

2. The specimen alignment provided by the grips appears to be
superior to that of other gripping methods.!s2

3. Measurements taken from strain gages indicate that the grip
system can perform tension-tension cyclic fatigue testing with a minimal
bending stress below 0.5% of the maximum tensile stress.

4, The grip system is now available for room-temperature testing.
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Status of milestones

Completed design, fabrication, installation, and initial phase of
evaluation of tension-tension fatique grips for rcom-temperature testing
of advanced ceramic materials, September 30, 1985.

Pubiications

"Tensile Cyclic Fatigue of Structural Ceramics,"” to be presented at,
and published in the proceedings of, the 23rd Automotive Technology
Development Contractors' Coordination Meeting, Dearbern, Michigan,

Oct. 2124, 1985,
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3.3 ENVIRONMENTAL EFFECTS

Statie Behavior of Toughened Ceramics
M. K. Ferber (University of ITlinois)

Objective/Scope

The objective of this program is to study the long-term
mechanical stability of toughened ceramics for diesel engine
applications, The work is divided into the two tasks. The first
involves the measurement of the time-dependent strength behavior of
ceramic bend-bar samples as a function of temperature and applied
stress using the Interrupted Fatigue (I.F.) method. Although a
variety of candidate engine materials will be examined, current
studies are focusing upon commercially available partially stabilized
zirconia (PSZ). In the second task, the microstructures of selected
I1.F. specimens will be characterized using SEM and TEM. In addition,
x-ray diffraction and dilatometry studies will be conducted to examine
changes in the transformation behavior of the PSZ ceramics resulting
from the high~temperature exposure,

Technical Progress

Two commercial Mg-PSZ ceramics* designated TS PSZ (thermal shock
grade) and MS PSZ (maximum strength grade) were chosen for initial
testing since both_are prime candidates for use as prototype diesel
engine components.1 These materials were obtained in the form of
circular discs 100 mm in diameter and 7.6 mm thick. Rectangular bend
specimens (25.4 X 2.82 X 2.5 mm) were then machined from the discs for
subsequent mechanical property studies. The tensile surface of each
sample was polished to a 0.25 um finish and the edges beveled using a
6um diamond wheel.

The fatigue behavior was determined using an interrupted fatigue
(I.F.) technigue in which the four-point bend strength S§ was measured
as a function of time (t), temperature (T), and applied stress (o¢.).
This method has several advantages over conventional static fatiglie
testing. First, since time is a controllable quantity, problems
associated with an unpredictable fatigue life (as in the case of
static fatigue) are avoided. In the present study, this feature
allowed for periodic examination of test specimens so that changes in
both phase composition and transformation characteristics could be

*Manufactured by Nilcra Ceramics, USA Office, Glendale Heights,
I11inois.
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ascertained., A second advantage is that processes responsible for
both strength gegradation and strength enhancement can be readily
distinguished.

1.F. studies involving both materials were conducted at
temperatures of 500, 800, and 1000°C for exposure times ranging from 1
to 1008 h, The baseline data were established using specimens
subjected to a zero stress level. Subsequent tests were then
performed with o_ equal to 60% of the fast fracture strength (i.e. 60%
of S¢ value measured at the same T for t=1 h and ¢_ = 0). For each
test condition, S¢ was determined at temperature by fracturing three
or more samples,

A1l testing was conducted in a specially designed Flexure Test
System (F.T.S.) capable of holding up to three bend samples.* The
general layout of the F,T.S. is shown in Fig. 1, The Test Frame
contains the hardware for applying mechanical forces to each of three
samples which are supported by A1r03 four-point bend fixtures, The
loads are generated by pneumaticaf]y driven air cylinders located at
the top of the support frame. These loads are transmitted into the
hot zone of the furnace through aluminum oxide (A1,05) rods. Each of
the bottom three Al,0, rods are also attached to a 1oad cell which
monitors the app]ieg %orce as a function of time., Water-cooled
adapters are used to connect the aluminum oxide rams to both the load
cells and the air cylinders. The computer monitors the load on each
specimen and provides necessary adjustments in the air pressure (via
the electro~pnuematic transducer) such that the desired stress level
is maintained. Following the designated exposure time, the samples
are fractured using a prescribed loading rate (345 KPa/s in the
present study).

Several techniques were used to characterize both the as-received
and tested I.F. samples. For example, the microstructures were
examined using both standard ceramographic methods and SEM. The
latter technique allowed for characterization of fracture surfaces.
The volume fractions of the cubic (c), tetragonal (t), and monoclinic
(m) phases were also determined from x-ray diffraction and Raman
spectroscopy studies.,

The microstructures of the TS and MS PSZ ceramics generally
consisted of 30-50 ym grains containing fine (<0.1 X 0.4 pm) (t)
precipitates. The precipitate structure in the vicinity of a three-
grain region is illustrated for the TS PSZ in Fig. 2. The larger
grain boundary precipitates (possibly monoclinic) were characteristic
of both materials. Although not shown in this figure, considerable

*The F.T.S. design is based on a similar system originally developed by
S. M, Wiederhorn and N. J. Tighe of the National Bureau of Standards.
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Figure 2. Microstructure of Mg0 partially stabilized zirconia
contains dense array of submicron tetragonal precipitates.
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porosity was also observed in both microstructures. Finally, a
microprobe analysis indicated that the two PSZ ceramics contained Mg0
and HfQ, at concentrations of 8.4 and 1.0 mole %, respectively.

An x~-ray analysis of the polished surfaces of the as-received MS
and TS PSZ materials revealed (m) volume fractions (me) of 0.9 and
0.16, respectively. The calculations were based on equations given in
Ref, 3. Un{ortunate]y the volume fractions for the {(c¢) and {t) phases
(\lfC and Ve ) could not be determined using this technique because of
overlapping of the cubic (111) tetragonal (101) peaks. However,
additional Raman spectrographic studies provided independent estimates

/

of the Vg me ratios. These numbers were then used in conjunction
with the x-ray data to yield the approximate phase analysis:

TS PSZ: VS = 0.64; Vb = 0.20; v = 0.16

MS PSZ: V¢S = 0.65; Vet = 0.26; V™ = 0.09

These results agree favorably with those Eeported by the vendor and
determined in independent investigations.

Preliminary results from the 1.F. measurements for the TS PSZ are
shown in Fig. 3. At 500°C (o, = 248 MPa) the strength did not change
appreciably for exposure time8 up to 1008 h (Fig. 3(a)). However,
when the temperature was raised to 800°C (o_ = 207 MPa), S¢ increased
significantly for t< 200 h. Although not if1ustrated in Flg. 3(a),
recent measurements have shown that after 1008 h, Sg¢ (for T = 800°C
and o = 207 MPa) decreases to 373 + 56 MPa, which 1s comparable to
the v3lue obtained after 24 h. Thefefore S¢ exhibits a definite
maximum with increasing exposure time.

Similar behavior was observed when the TS samples were stressed
(o, = 172 MPa) at 1000°C (Fig. 3(b)). However, the average strength
affer 1008 h was only 85% of it's initial short-term value (t = 24
h). A few [.F, measurements at 1000°C were also conducted using g, =
241 MPa. In this case all samples fractured prematurely within ~ B
(300 s). When no stress was applied, the strength did not change
significantly, at least to 360 h, the extent of present data. These
results suggest that for T > 800°C, the applied stress level can have
a dramatic affect upon the long-term mechanical behavior.

The preliminary I,F. data for the MS PSZ samples tested at 800
and 1000°C are illustrated in Figs. 4(a) and (b), repectively. At
800°C, S¢ was relatively independent of time and only marginally
dependeni upon the stress level; the strength being slightly greater
for the stressed samples (g = 207 MPa) at all values of t. Although
limited, the I.F. data at 1500°C gave evidence of an enhanced rate of
strength degradation for t> 200 h when the 172 MPa stress was
applied. Results of ongoing studies will confirm this possible trend,

X-ray analyses of the polished surfaces of fractured MS and TS
specimens were used to determine the volume fraction of (m).
Preliminary results for tests conducted at 1000°C are summarized in
Table 1. In general me increased significantly with increasing
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exposure time, Futhermore, the data for the TS material suggest that
the magnitude of Vf for a given t was significantly greater when a
stress was applied. However, the stress dependency for (m) formaticn
in the MS PSZ was minimal, The reasons for these differences are
unclear,

The fact that V" values often exceeded the V.t for the as-
received ceramics indicates that both the (c) and (t) phases were
involvgdgin the (m) formation. Recent aging studies conducted at
1100°C~”"% have shown that at least two types of reactions can lead to
the generation of the (m) phase. The first is the eutectoid
decomposition of the Mg0-stabilized (c) matrix;

Mg-Zr0, (¢) --> Zr0, (m) + Mgo. (1)

This reaction generally initiates along grain boundaries and then
slowly consumes the {c) phase within grain inyegiors. The resulting
(m) phase has a typical grain size of 1-5 um.’*® The thermal
expansion anisotropy associated with these (m) grains can promote
extensive microcracking upon cooling. This microcracking is also
faciiitated by thermal expansion differences between the (m) and
surrounding matrix.

Table 1. Values of V.™ for selected MS and TS samples fractured in
I.F. tests conducted at 1000°C

Sample Time (h) Stress Ve
1S 24 0 0.39
I 336 0 0,49
TS 336 172 0.85
TS 1000 172 1.0
MS 168 0 0.81
MS 168 172 0.87

The second type of reaction involves the formation of an ordered
anion vacancy §-p aée MgZZr 04 Jwithin the region between adjacent
(t) precipitates. The §~ phase nucleates at the (t) - (c) interface
and then grows into the (c) matrix due to short-range diffusion of
Mg. The interfacial strains which accompany tnis &-phase reaction can
destroy the precipitate coherency and thus promote the (t) to (m)
transition upon cooling. This results in an increase in the M
temperature. The presence of these destabilized precipitates at
relatively low concentration levels can lead to improved thermal shogk
resistance without significantly sacrificing strength and toughness.””
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The SEM examination of the polished (tensile) surfaces of several
fractured TS samples (tested at 1000°C) gave additional evidence for
the eutectoid decomposition reaction. As shown in Fig. 5, extensive
formation of the (m) phase occurred in the specimen exposed for 1008 h
at the 60% stress level., The (m) gga}n size was in the 1-5 um range
in agreement with previous studies.””’ Numerous microcracks were also
observed particularly in regions containing a high density of (m)
grains. In general, the concentration of this (m) phase diminished as
the exposure time decreased. In addition, no microcracking was
observed for t < 168 h. Differences in microstructure between
stressed and unstressed samples are currently being investigated.

In addition to I.F. studies, considerable emphasis is being
placed on developing suitable models capable of describing the time-
dependence of fracture strength and toughness. The results of this
modeling effort will be discussed in future progress reports,

Status of Milestones

No milestones for this reporting period,

Publications

Work was initiated on a publication for the 23rd Automotive
Technology Development Contractor's Coordination Meeting to be held in
Dearborn, Michigan on October 21-24, 1985,
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Envivonmental Effects in Toughened Ceramics
N. L. Hecht (University of Dayton)

Objective/scope

The University of Dayton has initiated a contract from the U.S. Depart-
ment of Energy (DOE) through a subcontract with Martin Marietta Energy
Systems Inc., Oak Ridge, Tennessee, to study the "Effect of Environment
Upon the Mechanical Behavior of Structural Ceramics for Application in the
DOE Ceramic Technology for Advanced Heat Engines Program." The primary
goal of this program is to determine the effect of environment upon tough-
ening and strength in commercially available transformation toughened
ceramics (TTC) [partially stabilized zirconia (PSZ) and dispersion toughened
alumina (DTA)]. Emphasis will be focused on understanding the mechanism(s)
responsibie for environmentally induced strength degradation in the tem-
perature range of 25°C to 1050°C. It is anticipated that the information
and insights obtained from this program can be used to determine the long-
term applicability of toughened ceramics for use as diesel engine components.

Dynamic fatigue test methods (4 point bend strength measurements as a
function of stressing rate) will be used to investigate slow crack growth
in environments containing controlled amounts of water vapor at temperatures
from 25°C to 1050°C. Similar tests will also be conducted in inert atmos-
pheres to distinguish intrinsic effects from environmentally induced fatigue.

In the first phase of the program, all commercially available materials
will be considered for evaluation. In this phase of the program, manu-
facturers' data and preliminary characterization studies conducted at the
University will be utilized to screen candidate PSZ and DTA materials. It
is anticipated that from these candidate materials six materials will be
selected for the study. In the second phase of the program, the dynamic
fatigue tests will be carried out on the six materials selected. From
these studies, two materials will be selected for more intense evaluation.

A description of the activities pursued and the results obtained are
presented in this expanded semiannual report.

Technical progress

A detailed work plan was developed to effectively accomplish the stated
program goal. This plan is outlined in Table 1.1.1. As shown in Table
1.1.1, Task 1 is primarily concerned with the identification of commercial
sources for transformation toughened ceramics (TTC) and the acquisition of
available TTC for evaluation. In Task 1 all commercially available materi-
als are screened in order to select the six most promising candidate
ceramic materials for more detailed evaluations. The Tist of commercial
suppliers for TTC and the materials available from each supplier is
tabulated in Table 1.1.2. As shown in Table 1.1.2, nine different TTC
materials have been identified for characterization and screening. The
characterization protocol for screening 20 specimens of each potential
candidate material is outlined in Table 1.1.3.

Task 2 of this program is directed toward an evaluation of the six
candidate materials in order to select the best two materials for a more
extensive evaluation. Phase 1 of this task concentrates on the development
of test procedures, the test facility, and the mini-matrix test plan for
the six candidate TTC materials. The development of the mini-matrix test
plan and the construction of the dynamic fatigue test facility are carried
out concurvrent with the activities outlined for Task 1.
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Table 1.1.1. Proposed work plan.

I1.

ITI.

Iv.

Task 1~ Candidate Materials Acquisition, Characterization, & Screening
A. Identification of Material Suppliers & Review of Manufacturers'

Data

B. Acquisition of Commercially Available Transformation Toughened
Ceramics for Screening

C. Characterization & Screening Studies (based on an analysis of 20
samples of each material)

T WP —

Microstructure analysis

Chemical analysis/density measurements

Crystallographic analysis

Fracture toughness measurements/hardness calculations
Flexure strength measurements (fast & slow loading rates)
Effects of aging on flexure strength and crystal structure

Task 2 - Investigation of Candidate Materials
A. Phase 1~ Investigation of Six Candidate Materials

1.

5.
6.

Mini-matrix test plan development

a) selection of test variables for the dynamic fatigue test
studies

b) finalize mini-matrix test plan

Establish dynamic fatigue test facility & verify test

procedures

a) test sample configuration

b) test chamber design & operation

¢) trial run for procedure verification

Selection of the six candidate materials for further evalua-

tion

Implementation of the mini-matrix test plan (80 samples for

each candidate material)

Analysis of test specimen microstructure, chemistry, & fracture

surface {Raman microprobe, x-ray, SEM, EDAX, & optical microscopy)

Review of test results & selection of the two most promising

materials for expanded test matrix analysis

B. Phase 2 - Investigation of Two Finalist Materials

1.
2.
3.

4.
5.

Task 3

Approval & implementation of an expanded matrix test plan
Analysis of test data

Analysis of test specimen microstructure, chemistry, &
fracture surface

Review of results

Conclusions & Development of a test matrix plan for advanced
studies (static/cyclic fatigue)

A. Reporting

Task 4

A. Quality Assurance Requirements
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Table 1.1.2. Transformation toughened ceramic materials commercially
available for evaluation.

w N

Material Material Material
Supplier Designation Description
Coors Porcelain 177 3-3.5 wt. % MgO Stabilized Zr0.
NGK Locke Inc. 7197 5 wt. % Y,05 Stabilized 7r0,
Nilcra Ceramic MS-PSZ 3 wt. % Mg0 Stabilized 7r0, (heat
(USA) Inc. treated for high strength)
TS-PSZ 3 wt. % Mg0 Stabilized Zr0, (heat

treated for high thermal
shock resistance)

Kyocera DTA-AZ301 Dispersion Toughened Al1,0;
International (19% Zr0 )
PSZ-7201 5.4 wt. % Y,0; Stabilized 7r0,
Ceramatec Inc. ZTA-XS121 Zr0, Dispersion Toughened A1,0;
YTZP -XS241 5 wt. % Y,0; Stabilized 7r0,
(with 10% Al1,0; addition)
CTZP Ce0, Stabilized Zr0, (with

10% A1,0; addition)

Table 1.1.3. Characterization plan for candidate systems.

SURFACE
AND DENSITY POST*

SAMPLE VISUAL FINISH SEM OPTICAL | MOR Kic FRACTURE
NO. INSPECTION | MEASUREMENT | XRD | RMS | EDAX | MICROSCOPY | AGING | & ffry | MEASUREMENT | ANALYSIS

1 X X X X X X

2 X X X X X X &4

3 x x X X x X 6'4

4 X X X 5y

5 X X X 7] X

6 X X X &4

7 X X e

8 X X &y

9 X X &y

10 X X oy X
11 X X oy x
12 X X X

13 X X X

14 X X X

15 X X X X
16 X X X X
17 X X &

18 X X o

19 X X a1 X
20 X X & X
8 X X X X

*POST FRACTURE ANALYSIS INCLUDES XRD. RMS. SEM, AND OPTICAL MICROSCOPY
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The initial months of the program focus on developing the mini-matrix
test plan, determining specimen configuration, and designing and building
the dynamic fatigue test facility to be used to study the TTC candidate
materials. The test facility to be used is shown in Figure 1.1.1, and the
test fixture and specimen configuration is presented in Figure 1.1.2. The
mini-matrix test plan is presented in Table 1.1.4. Ten test samples will
be used for evaluating each of the eight different test conditions selected
for the mini-matrix plan investigation (for a total of 80 test specimens).
The results of these studies will be used for selecting the two finalist
TTC materials to be evaluated in the second phase of Task 2. The results
of Phase 1 will also be used to develop the expanded test protocol to be
used in evaluating the two finalist materials. It is anticipated that the
results obtained from the expanded evaluation of the two finalist materials
will provide the information needed to develop a data base for the utiliza-
tion of TTC in advanced engine designs with a high degree of confidence.

fsis

ENVIRONMENTAL —a}— LOAD CELL
TEST CHAMBER Ny-H,0

VENT

‘“"""““‘] NITROGEN PLUS
X% WATER VAPOR

R \\\\
H /\\\\
DRY 7 7 )
| . NITROGEN “****“*“”‘”‘“‘/
TEMPERATURE }] |
%
controLLD [ [ U WATER »\ N
o / >, 3—- —‘ ™ W,
BATH T T T I iR
- 13%%
HEATER ///97 ===

TRACED

TUBING WATER
VAPOR
CHECK PORT —>

Fig. 1.1.1. Test facility.
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. UPPER LDADING SPAN - 2.54 cu (1%)
éah$ LOWER LOADING SPAN - 5.08 oM (27)
A i

Vi v "
B TEST BAR )

TEST BAR 6.35 cM x 0.51 cM x 0.25 ¢cm ¢

0.013 ¢cm (2.5 x 0.2 x 0.1 + 0.005")

TOP SURFACE (TENSILE SURFACE):

GROUND AND POLISHED TO 16 MICRO- INCH

b T - FINISH: TOP EDGES ROUNDED TO A RADIUS
1710 BAR THICKNESS: ALL SURFACES L

PARALLEL TO 0.0025 cm (0.001™)

._____-———-»j

Fig. 1.1.2. MOR test fixture and specimen configuration.

Table 1.1.4. Mini-matrix test plan.

Temperature Environment ) St?ess R@tes )
op! of} Gs Oy
T, Atm, R B*
T, Atm, X X*

T, Atm, X X

T, Atm, X X

Ty Atm, X X

*g = baseline characterization measured during screening; X = mini-matrix
measurement.
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Table 1.1.4. {Concluded)

Variable values to be investigated in
the evaluation program.

Test Variable Proposed Variable Levels
Stress Rate: *Stress raté/crosshead speed
ai 0.5 MPa/s (74 psi/s) ~ .0025 cm/min (.001 in/min)
of3 2.6 MPa/s (370 psi/s) - .0125 cm/min {.005 in/min)
O3 26 MPa/s (3700 psi/s) - .125 cm/min (.05 in/min)
Oy 77 MPa/s (11060 psi/s) - .375 cm/min (.15 in/min)}
Temperature Temperature
Ty 25°C (77°F)
Tz 300°C (572°F)
Ts 850°C (1562°F)
Ty 1050°C (1922°F)
Environmental Conditions Environmental Conditions
Atm, Dry Nitrogen
Atm, 95% Nitrogen/5% Water
Atm, 90% Nitrogen/10% Water

“Stress rates are approximate values based on average room temperature
elastic modulus data for the designated crosshead speeds.

1.2 RESULTS

Test specimens of the nine commercially available TTC materials (see
Table 1.1.2) were ordered for characterization and screening evaluations.
In addition, property data for these nine materials was requested from the
suppliers and sought from the published Titerature. A1l of the data
obtained was reviewed and categorized in order to develop an initial
insight into the nature of these materials. A compilation of the data
collected is presented in Table 1.2.1.

During this reporting period, the three TTC materials ordered from
Ceramatec Inc., the two materials ordered from Kyocera Intl., the
material ordered from NGK Locke Inc., and the two materials ordered from
Niicra Ceramic Inc. were received. However, the Nilcra materials were
received late (end of August), and some post-test evaluations are still
in progress. These eight materials were evaluated according to the
procedures described in the Materials Characterization and Screening
Protocol and enumerated in Table 1.1.3.
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Table 1.2.1. Composite of available property data for
transformation toughened caramics to be evaluated.

MATERTAL DENSITY at TEMP MOR 3 Kic
DESIGNATION STABILIZER | SOURCE (e/ce) | (x 10775y | °C) | Mpa) | (6Pa) | MPaLH
7z 3-3.5WT%M60 | COORS 5.74 10.1¢ R.T. | (650-950) [ 191 | (8-12)

10.2¢ R.T. 490 200* -
R.T 446% - -
R.T. 634* - ]
500 414 - -
760 200* - -
1000 143+ - -
1000 290* - -
15-PSZ WT%H0 NILCRA 5.78 9.0 R.T. 650 205 8.0
8.3* R.T. 604% - -
500 472 169 5.75
760 368+ - -
800 400 - -
1000 288 165 5.25
MS-PSZ 3T%Mo0 NILCRA 5.69 10.6 R.T. 800 205 | 10.0
9.9% R.T.
500 495 169 6.75
1000 400 165 5.25
2719 SWTXY,03 NGK 5.91 10.6 R.T. | 1020 205 8.5
10.6% R.T. 944% - )
500 640 - .
760 428 . .
1000 330 - -
301 - -
PSZ-2201 5.4WT2Y,03 | KYOCERA 5.9 1.3 R.T. 980 210 5.4
DTA-AZ301 - KYOCFRA - 8.2 R.T. | 1150 370 6.0
280, DISPERSION
TOUGHENED A1,05(81%)
ZTA-X$121 - CERAMATEC | 4.2 - R.T. 700 - 5.0
780, DISPERSION
TOUGHENED A1,05
YT7P-X5241 MOLEXY,03 | CERAMATEC | 5.56 - R.T. 750 - 6.6
c1zP Ce0, CERAMATEC - - R.T. | 250-700% | 192¢ | 4.7
R.T. | 450-700 - 8-16

+ R.T. TO 1000°C

* PUBLISHED LITERATURE/UNSTARRED DATA FRCM MFG.
a COEFFICIENT OF THERMAL EXPANSION

MOR BEND STRENGTH

E YOUNGS MODULUS

Kic FRACTURE TOUGHNESS

When received, all of the materials obtained were visually inspected,
and the surface finish for each test sample was measured (see Table 1.2.2).
Samples were then characterized using optical microscopy (OM), x-ray dif-
fraction (XRD), scanning electron microscopy (SEM), and energy dispersive
x-ray analysis (EDAX). In addition, Raman microprobe spectroscopy (RMS)
of the samples was initiated. Fracture toughness (controlled surface
flaw method) and modulus of rupture (MOR) were determined for each of the
materials supplied. Both fast (77 MPa/s) and slow (0.5 MPa/s) loading
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rates were used in performing the MOR measurements. In addition, five
samples from all but the Nilcra materials were aged at 300°C for 25 hours
in a moisture laden N, (10% H.0) atmosphere. Five samples from the two
Nilcra materials were aged in the 10% H,0 nitrogen envirconment at 800°C
for 200 hours. After aging, the samples were tested in flexure (MOR) at
the rapid Toading rate. Representative specimens from each test batch
were evaluated after failure to determine fracture origin and mode.

Table 1.2.2. Surface finish measurements.

Material Averagé

No. Designation Surface Finish (p in) Range (u in) Comments

1 TZP-XS241 8 5-10 —

2 ZTA-XS5121 3.1 2-10 -

3 CTZpP 3.1 2-6 —

4 PSZ-7201 6.1 4-8 -

5 DTA-AZ301 2.8 2-4 e

6 7191 6.9 4-16 About 20% were

; above 16 u in

7 MS-PSZ — 16

8 19-pS7 | o g 1 Preliminary Values +

+The Nilcra MS & TS materials are still being evaluated. It should be
noted that these preliminary evaluations indicate that the Nilcra materials
contain an extensive quantity of surface scratches.

1.2.1 Density Determinations

Three samples from each of the eight candidate materials were used for
density determinations by the immersion method. The data from these
measurements are tabulated in Table 1.2.3. :

Table 1.2.3. Density Measurements

Manufacturer Material Designation Average Density (g/cc)
Ceramatec : TZP-X5241 5.4
ZTA-X5121 4.4
cTzp 5.7
Kyocera PSZ~7201 5.9
DTA~AZ301 4.2
NGK-LOCKE 7191 5.9
Nilcra MS-PSZ 5.7
1S-PSZ 5.7
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1.2.2 Microstiructure Evaluations

To better characterize the microstructure of the eight different TTC
materials, both optical and scanning electren microscopes were used to
examine sections of selected sampies from each test group. Representative
photomicrographs obtained from each group of materials are presented in
Figures 1.2.1 to 1.2.16. A summary of the major microstructural features
observed for each material is presented in Table 1.Z.4.

Fig. 1.2.1. Polished and etched section of materia] XSz41 at 730X
(etchant a solution of HF and NaHF,).

=3
o

L]
°

1.2.2. SEM photograph of a fractured section of
material XSZ241 at 10,000X.
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Fig. 1.2.3. Polished and etched section of material XS121 at 730X
{etchant a solution of HF and NaHF,).

Fig. 1.2.4. SEM photograph of a fractured section of
material X$121 at 10,000X.
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Fig. 1.2.5. Polished and etched section of material CTZP at 730X
(etchant a solution of HF and NaHF,).

Fig. 1.2.6. SEM photograph of a fractured section of
material CTZP at 10,000X.
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Fig. 1.2.7. Polished and etched section of material 7191 at
(etchant a solution of HF and NaHF,).

Fig. 1.2.8. SEM photograph of a fractured section of
material Z191 at 10,000X.

730X
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Fig. 1.2.9. Polished and etched section of material 7201 at
730X (etchant H,P0,).

Fig. 1.2.10. SEM photograph of a fractured section of material
7201 at 10,000X.
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Fig. 1.2.13. Pelished and etched section of material MS-PS7
at 730X (etchant H,P0,).

Fig. 1.2.14. SEM photograph of a fractured section
of material M5-PSZ at 10,000X.
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Fig. 1.2.15. Polished and etched section'of material TS-PSZ
at 730X (etchant H,P0,}.

Fig. 1.2.16. SEM photograph of a fractured section
of material TS-PSZ at 10,000X.



Table 1.2.4.
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Summary analysis of microstructural features.

Material Designation

Description

YTZP-XS241

LTA-XS121

CTZp

PSZ-7201

DTA-AZ301

2191

MS-PSZ

TS-PSZ

A two-phase system of fine grained material with a
grain size of 0.5-1.5 u. The material contains a
unifo;m distribution of varying size pores (0.2 -
1.5 u).

A two-phased material where the second phase is a
fine grained material (0.1-0.3 p) which is uni-
formly dispersed in a matrix of irregular shaped
particles 0.5~1.5 u in size. Distributed through
the matrix is an array of small pores (0.5-5 yu).

A two-phase material where a second phase of fine
grained material is dispersed uniformly through
the matrix phase. The matrix phase consists of
irregular or angular platelets 1-3 1 in size.

The matrix also contains a relatively uniform dis-
tribution of irregular shaped pores. This material
also appears to contain a network of microcracks.

A very dense material with a dispersion of very
small pores (0.1-0.3 u). The grain size of the
material ranged from 0.2-0.5 u with a few grains
up to 1T u in size.

A very dense two~phase material with few pores.
The second phase has a grain size of 0.1-0.3 p
and the matrix has a particle size of 0.3-1 p.

A very dense material containing fine sized pores
sparsely dispersed through the material. The
individual grains are difficult to differentiate
and have an estimated particle size of 3 -10 y.

A coarse grained and highly porous material with
a grain size ranging from 30-60 u. The pores are
uniformly distributed throughout the bulk of the
material and range in size from 1-10 u (and
average 2 -3 yu).

A coarse grained and highly porous material with
a grain size ranging from 30 -60 u. The pores
are uniformly distributed throughout the bulk of
the material and range in size from 1-10 u (and
average 2 -3 u).

1.

2.3.

Chemistry and Crystal Structure

The chemical composition and the crystal structure of the constituents
present in the eight candidate materials was determined by the use of
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energy dispersive x-ray analysis (EDAX) and x-ray diffraction analysis
(XRD). A tabulation of the components identified by EDAX is presented
in Table 1.2.5. An XRD procedure was developed to identify the Zr0.
crystal phases present and their approximate relative quantities. XRD
analysis was performed on representative samples from each group of
materials in the as-received condition, after aging, and after mechanical
testing.

Table 1.2.5. Identification of components present in the
TTC materials by EDAX.

Material YTZP psz DTA .

Major A]203 ZY‘OZ Z'(‘Oz ZY”OQ Al 203 Zr0s Z‘{‘Og Z?‘Oz
Constituent

Dispersant irQ, — . o Zr0, —— e —
Stabilizer — Y203 CeQ, Y,04 — Y.0, MgO MgQ
Secondary . Si0; — . o o .
Constituents 5102 AT20s A1,0,

Trace K20 L K20 . 510 Si0x .
Constituents Cad Cad 2 Al1,04

The XRD analysis was not able to detect changes in the Zr0; crystal
structure after mechanical testing since the method used is only effective
on flat surfaces and not sensitive to the transformation which is reported
to occur only in a very small zone along the edge of the fracture. However,
the effects of aging on the Zr0, crystal structure could be determined by
XRD and was measured on the samples subjected to aging. A summary of the
XRD data obtained is presented in Table 1.2.6.

It had been planned that during the characterization and screening
protocol, fired but unground and unpolished tabs of each candidate
material would also be evaluated by x-ray, SEM, RMS, and OM. However,
only four tabs were received and preliminary analysis showed these tabs
to have essentially the same chemistry and crystal structure as the ground
and polished samples used in the screening evaluation.

1.2.4. Mechanical Property Measurements

Flexure strength and fracture toughness was measured for each of the
candidate materials at room temperature. The results of the flexure
strength measurements are summarized in Table 1.2.7 and shown schematically
in Figure 1.2.17. The results of the fracture toughness measurements
are summarized in Table 1.2.8.
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Table 1.2.6. Summary of XRD Results.

No. Material Designation Material Condition Percent Monoclinic*
1 YTZP-XS141 As Received 10 (4-20)
After Aging 42 (40-45)
2 LTA-XS121 As Received 30
After Aging 60
3 CTZP As Received 4 (0-6)
After Aging 0
4 2191 As Received 7 (0-8)
After Aging 10 (9-11)
5 DTA-AZ301 As Received 28 (25-32)
After Aging 28
6 PSZ-7201 As Received 4 (0-12)
After Aging 4
7 MS-PSZ As Received 23 (22-26)
After Aging 33
8 TS-PSZ As Received 33 (30-35)
After Aging 44

*For materials 1 through 6, the predominate Zr0, crystal phase is tetra-
gonal with Tittle or no cubic phase present. For materials 7 and 8,

the tetragonal phase ranged from 30-50% and the cubic phase ranged from
20-30%
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at Room Temperature.

Summary of Flexure Strength Measurements

. . . Fast Fracture STow Fracture After Aging
Material Designation | wo ™ ‘i "pey. | MPa  St. Dev. | MPa  St. Dev.
ITA-XS121 556 20 567 35 556 144%
YTZP-XS241 777 145 761 100 729 74t
CTZP 431 17 472 7 487 24%
PSZ~7201 957 52 832 67 791 124%
DTA-AZ301 1265 136 1084 107 1206 118t
7191 1004 157 1014 94 957 165"
MS-PSZ 679 39 621 44 674 16*
TS-PSZ 677 22 583 19 608 22*
+tSamples aged for 25 hrs. at 300°C.
*Samples aged for 200 hrs. at 800°C.
[o]
1200} a
0
1000} g
[v] A
800} a
B g
o8
« 600 | B A
= 8 o FAST LOADING
a00t O SLOW LOADING
& AGED
200}
O L [} . 1 1 1 1 1
CTzP Xxsl2l TS MS  xS241 27201  zI91 AZ30I
MATERIAL
Fig. 1.2.17. Comparison of MOR test results.
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Table 1.2.8. Summary of Fracture Toughness Measurements by the
Controlled Surface Flaw Tecnnique.

Material Designation Fracture Toughness (MPav/m)

ITA-XS121 2.8
YTZP-XS241 4.8
CTzp* —
PSZ-7201 5.4
DTA-AZ301 2.4

Z191 5.5

MS-PSZ* —
TS-PSZ* —

*Valid fracture toughness values could not be obtained by the measurement
method employed.

The controlled surface flaw technique used for measuring fracture
toughness also provides data for calculating surface hardness. Hardness
is determined by measurement of the diagonal of the Vickers indent made
at a known load. The results of these hardness calculations are summarized
in Table 1.2.9.

Table 1.2.9. Average Vickers Hardness Measurements.

Material Designation Vickers Hardness kg/mm? St. Deviation kg/mm?
TZP-XS241 1120 22
ZTA-XS121 1172 99

CTZP 864 69
7191 1292 53
PSZ-7201 1282 35
DTA-AZ301 1939 133
MS-PSZ 1099 78

TS-PSZ 1025 54
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Fracture toughness measurements for five of the eight materials
evaluated were very straight forward, however, valid toughness measure-
ments could not be readily obtained for the Ceramatec CTZP material
and the Nilcra MS and TS materials. A1l of the samples tested failed
outside of the indent region, and it was only possible to Tocate the
site of fracture origin for one of the CTZP test samples.

Photomicrographs were taken of the indents made for the fracture
toughness measurement and the subsequent fracture surfaces. Typical
photomicrographs are presented in Figures 1.2.18 through 1.2.20.

It was observed that fracture origin for most of the samples
tested in flexure was at the tensile surface of the sample and due
primarily to the presence of cracks or large pores at the surface.
However, a small number of flexure test samples failed from internal
imperfections (pores, cracks, inhomogeneities, etc.). It should also be
noted that there was no obvious correlation between fracture mode and
flexure test procedure (pre-test aging, rapid loading, or slow loading).
SEM photographs of typical fracture origin sites are presented in
Figures 1.2.27 through 1.2.25.

Fig. 1.2.18. Typical fracture toughness indent
(material XS241 at 400X).
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Fig. 1.2.19. Typical fracture line emanating from indent
(material XS241 at 400X).

Fig. 1.2.20. Typical crack pattern observed around indent
of CTZP material (at 400X).
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Fig. 1.2.21. SEM photograph of fractured surface with fracture
origin at surface (material Z191 at 100X).

Fig. 1.2.22. SEM photograph of fractured surface with fracture
origin at surface (material 7201 at 100X).
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g,

Fig. 1.2.23. SEM photograph of fractured surface with fracture origin
at internal pore (material 22071 at 100X).

Fig. 1.2.24. SEM photograph of fractured surface with fracture origin
at internal flaw (material Z191 at 100X).



Fig. 1.2.25. SEM photograph of fractured surface with fracture origin
at internal pore (material XS121 at 300X).

1.3 DISCUSSION OF RESULTS AND FUTURE PLANS

The initial task of this program is designed to verify manufacturers
property data, further characterize candidate TTC materials, and establish
a basis for the selection of the candidate materials to be further evalu-
ated in the mini-matrix program. The results obtained in the screening
studies will provide the basis for evaluating the candidate materials and
validate supplier claims.

The modulus of rupture values measured at room temperature for the
eight candidate materials evaluated were in general agreement with the
data obtained from the supplier. By comparing the data in Table 1.2.1
with the data presented in Table 1.2.7, it can be seen that the room tem-
perature modulus of rupture values measured are within 2 to 3% of that
reported by the suppliers except for the Ceramatec XS121 and Nilcra
MS-PSZ materials which were about 80% of the supplier's reported value.
The modulus of rupture values measured for all of the different TTC
materials were impressive. Even the 481 MPa MOR value measured for
the Ceramatec CTZP is significantly higher than the MOR values reported
for most conventional ceramic materials and is twice as high as the
average modulus of rupture value reported for fully stabilized zirconium
oxide materials. The 1265 MPa measured for the Kyocera AZ301 material
was especially impressive since it is greater than the values reported
for virtually all conventional ceramic materials.
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Five of the eight candidate materials (XS212, XS241, CTZP, MS-PSZ,
and Z191) showed no change when tested in flexure using the siow loading
rates, however, the two Kyocera materials, 7201 and AZ301, both showed
a 14% decrease as did the Nilcra TS-PSZ material. This magnitude of
decrease may indicate the presence of slow crack growth in these two
materials but further statistical evaluation is required.

Little or no strength decrease was observed for six of the eight
candidate materials exposed to the aging treatments (XS121, XS241, CTZP,
AZ301, MS-PSZ, and Z191). The Kyocera Z201 material showed a 17% decrease
in the average flexure strength as a result of the aging treatment. The
Nilcra TS-PSZ material showed a 10% decrease in average flexure strength
as a result of the aging treatment.

Based on the x-ray data obtained, it was found that prior to aging
the Y,0s partially stabilized Zr0, materials were predominantly tetragonal
with 0 - 10% monoclinic phase (see Table 1.2.5). The Mg0 partially
stabilized 7r0, materials were 23 - 33% monoclinic, 30 -50% tetragonal,
and the remainder cubic. The two dispersion toughened alumina materials
had a Zr0, dispersant that was approximately 70% tetragonal and 30% mono-
clinic. After the aging treatment, the Ceramatec XS121 and XS241 material
showed significant change and the Nilcra TS-PSZ showed a moderate change,
The XS121 dispersion toughened alumina had twice the amount of monoclinic
Lr0, present after aging. The Y,0s; stabilized XS241 had a four-fold
increase in the amount of monoclinic phase after aging. The Nilcra TS-PSZ
(Mg0 stabilized) showed a 24% increase in the monoclinic crystal phase
after aging. However, the modulus of rupture measured for the two
Ceramatec materials did not show any decrease in flexure strength as a
result of the aging treatment. The Nilcra TS-PSZ material had a 10%
decrease in the flexure strength after the aging treatment. It is
interesting to note that the Kyocera 7201 material, which showed a 17%
decrease in modulus of rupture, showed no change in the monoclinic phase
present as a result of the aging treatment.

With the exception of the fractured toughness values measured for the
Kyocera 7201 material, all of the other fracture toughness (Kic) measure-
ments were found to be considerably (25 - 60%) lower than those reported
by the suppliers. It is possible that this difference may be due to the
difference in fracture toughness measurements methods employed. A number
of investigators have reported that the controlled surface flaw technique
for measuring fracture toughness will result in significantly lower Kyc
values than those obtained by other measurement methods.™®  However,
since the test methods used by the supplier are not cited, it is not
possible to determine if the differences obtained are due to differences
in measurement techniques. Although the fracture toughness values
obtained were lower than those reported by the supplier, the values
obtained are still somewhat higher than those reported for most conven-
tion ceramic materials.

Unfortunately, valid Kjc values could not be obtained for the
Ceramatec CTZP material and the two Nilcra materials. All of the samples
tested failed outside of the indent region, and it was only possible to
identify fracture origin and initial crack size for one CTZP sample.

As shown in Figure 1.2.20, an array of microcracks formed around the
indent of the CTZP materials. It is suggested that the failure during
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fracture toughness testing occurred at one of these microcrack sites which
had become a critical flaw during the testing process. A number of
process modifications and alternative techniques were investigated in

an attempt to obtain valid toughness measurements for the CTZP material,
however, none of the methods used proved effective.

The Kyocera and NGK materials were very fine particle sized
materials and had very high densities containing only a sparse dispersion
of very small pores. The Ceramatec materials were also very fine particle
size and had Tower densities with a greater degree of porosity. The Ce0,
and Y,0; stabilized materials (CTZP and XS5241) appeared to contain several
phases. In addition, the CTZP material appeared to contain a network of
internal microcracks. The Nilcra MS/TS materials are Mg0 stabilized,
relatively porous and coarse grained.

In summary, it would appear that the MOR data provided by the supplier
were in agreement with the data obtained in the screening test. All of
the materials evaluated had impressive flexure strength and fracture
toughness values that are higher than commonly reported for conventional
ceramic materials. The effect of aging treatments on modulus of rupture
and increased formation of the monoclinic phase is not clear and will
require further investigation.

1.4 FUTURE PLANS

A tabulation of the activities planned for the next several months is
presented below:

1. Initiate MOR testing at the most critical temperature (1050°C) and
moisture (10% H.0) for three samples of each TTC material. These
tests will provide insight about the material's behavior at this
severe condition and aid in the selection of the candidates for
further evaluation.

2. Measure thermal expansion of the candidate TTC materials. This added
measurement should provide valuable information about their behavior.

3. Continue the statistical analysis of MOR data that has been initiated.
The results of this analysis should be completed during the next
reporting period.

4. Make the final selection of the candidate materials for the mini-
matrix evaluation program.

5. After the candidate TTC materials are selected, the high temperature
(1050°C) dynamic fatigue testing phase of the mini-matrix evaluation
plan will be initiated.

6. Continue the development of an effective Raman microprobe spectroscopy
procedure for evaluating the crystal structure at the fracture surface
and small increments behind the fracture zone. A brief report
describing the status of the developments to date has been prepared
and is submitted under separate cover.
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3.4 FRACTURE MECHANICS

Improved Methods for Measuring the Fracture Resistance of
Structural Ceramics
R. C. Bradt and A. S. Kobayashi (University of Washington)

Obiective/Scope

The long-term goals of this study are to develop and demonstrate a
technique comprising a single measurement, or a technique comprising a
set of correlative measurements for structural ceramics including mono-
1ithic and composite materials which will allow the reliable and accurate
determination of their resistance to fracture (crack propagation) over
a broad temperature range from 25°C to 1400°C.

Technical Pragress

The monolithic ceramic materials (a transparaent polycrystalline
MgAl 04, Coors; a sintered silicon carbide, Hexoloy, and a sintered silicon
nitr%de, (GTE, A2Y6) have been received and are being prepared for test-
ing. This includes introducing microflaws and also diamond sawing
straight through notches and chevron notches. While these specimens are
being prepared for testing, other preliminary testing is proceeding to
retine the experimental procedures using the laser interferomatic strain
guage (LISG) technique.

The LISG technique has now peen coupled directly with an Instron
floor model testing machine and successtully appiied to compliance measure-
ments and toughness measurements for alumina and silicon nitride specimens.
In addition to unnotched and straight through notched specimens, the LISG
method has also been recently applied to monitor the stable crack growth
through chevron notched specimens. It is now evident that the LISG tech-
nique will be completely acaptabie to determine fracture parameters
through dimensioniess load-displacement methods.

Finite element modelling of the chevron notched three point bend
specimen is proceeding for a range of a/w vaiues. The 'ANSYS' finite
element code 1is being used, consisting of eight model (3 DOF/mode) bricks
with 1000 degrees of treedom in the solution. Preliminary results show
good agreement with the Blubm slice model and the Sakai modified slice
modei, although the 3-D model is somewhat stiffer.

Several ceramic/ceramic composites have been obtaining for preliminary
testing and screening fYor the composites portion of the program. These in-
clude two ARCO SiC whisker/A1,0., matrix materials and three aiftrerent con-
tinuous fiber/CVI SiC matrix goaies, including Nicalon, Nextel, and alumina
fibers. Only the Nicalon/CVI-SiC matrix body has been tested to date and
reported in the publication listed later.

Status of Milestones

The tirst year's milestones, which can be summarized as obtaining and
initiating the testing of the monolithic ceramics and also obtaining the
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composites, are on scheduie except for the composites. The difficuity witn
the composites is essentially the same as was experienced with the mono-
l1thic ceramics. nameiy the ready avaiiabitity of compositions for whicn
large numbers of specimens are obtainable. [t is expected that this will
catch-up during the second year of the program.

Publications
Four papers have been written during the year. They are:

Graphicai Methods for Determining the Nonlinear Fracture Parameters of
Silica and Grapnite Refractory Composites
(VPI, Fracture Mechanics of Ceramics Symposium)

Toughness Anisotorpy ot a SiC/SiC Laminar Composite
{Penn State, Multiphase Ceramics Meeting)

The Toughness of Polycrystalline MgA1994
(ACerS, PCRM at Irvine) -

Fracture Toughness Testing of Ceramics with an LISG
{ACerS, PCRM at Irvine)
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Testing and Evaluation of Advanced Ceramics at High Temperature

in Untaxial Tension

J. Sankar and V. S. Avva (North Carolina A&T State University)

Objectives/Scope

The purpose of this effort will be to tgst and evaluate advanced
ceramic materials at temperatures up to 1500°C in uniaxial tension.
Testing may include fast fracture strength, stepped static fatigue
strength, and cyclic fatigue strength, along with analysis of fracture
surfaces by scanning electron microscopy. This effort will comprise the
following tasks:

Task 1. Specifications for Testing Machine and Controls +
(Procurement)

Task 2. Identification of Test Material (s) + (Procurement
of Specimens)

Task 3. Identification of Test Specimen Configuration

Task 4. Specifications for Testing Grips and Extensometer +
(Procurement)

Task 5. Specifications for Testing Furnance and Controls +
(Procurement)

Task 6. Development of Test Plan

Task 7. High Temperature Tensile Testing

Task 8. Reporting (Perijodic)

Task 9. Final Report

It is anticipated that this two (2) year program will help in
understanding the behavior of ceramic materials at very high temperatures
in uniaxial tension.

Technical Progress

Both specification and identification of a suitable testing machine
for ceramic tensile testing and the test ceramic material for the program
have been selected, identified and approvals were obtained from the ORNL
project manager for both. The selected machine with excellent force
transducer and control systems seems to have the expected alignment,
stiffness and stability required for the uniaxial tension testing of
ceramics., As far as the candidate material is concerned, GTE SN-1000
Silicon Nitride is selected as the test material for the program.

During this reporting period attention was continued to be given to
Tasks 3-5. A trip to ORNL was carried out to discuss these tasks with
the project manager. A tensile specimen geometry with circular cross
section, as shown on Figure 1 was decided for use in this program. Right
now negotiations are being carried out with GTE, California to fabricate
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this geometry for GTE SN-1000 material.

During the ORNL trip, a fruitful discussion was also carried out
with K. C. Liu regarding the gripping mechanism. It is planned to use
his hydraulic self-aligning grip system idea for this project.
Discussions are underway with fabricators to manufacture these grips
for the present program.

The initial load train design is such that the ceramic pull rods
(which will be holding the sample) will be connected to another set of
water cooled stainless steel pull rods which in turn will be held by the
self-aligning hydraulic grips. The ceramic pull rod portions of the load
train will be within a ceramic retort tube to create an inert atmosphere
and the whole set-up will be located in Bhe middle of a silicon carbide
split furnace capable of generating 1500°C. The initial design will
also carry a ceramic extensometer with power supply and signal condi-
tioner.

Status of Milestone

The procurement of the testing machine and control is already
underway. The expected delivery date of this machine is in February,
1986. Procurement of tensile samples and grips is expected to start
in the next 2 - 3 weeks.
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3.5 NONDESTRUCTIVE EVAULATION DEVELOPMENT

Nondestruetive Characterization
R. W. McClung (0Oak Ridge National Laboratory)

Objective/scope

The purpose cof this program is to conduct nondestructive evaluation
(NDE) development directed at identifying approaches for guantitative
determination of conditions (including both properties and flaws) in
ceramics that affect the structural performance, Those materials that
nave been seriously considered for application in advanced heat engines
are all brittle materials whose fracture is affected by structural
features whose dimensions are on the order of the dimensions of their
microstructure, This work seeks to characterize those features using
high-frequency ultrasonics and radiography to detect, size, and locate
critical flaws and to measure nondestructively the elastic properties
of the host material.

Techinical progress

We have obtained several samples of partially stabilized zirconia
(PSZ) from different sources that have been stabilized both with magnesium
and with yttrium. Having found no large (>250 um) discontinuities with
low-frequency (20-MHz) ultrasonics, we examined these samples with a 50-MHz
center frequency short-focus transducer, which is a relatively wide-band
unit having significant energy above 80 MHz. This transducer is well
suited for detecting small flaws, because the diameter of the ultrasonic
beam in the region near focus is only about 60 pm in water and smaller
still in the ceramic. Thus, even small flaws (~20 um) will intercept a
reasonable fraction of the total beam energy and be detectable.

Upon examining these samples with a 50-um scan index, we located
several discrete indications that, because they were detectable along a
single scan line only (i.e., they were not detectable by adjacent scan
lines), had to be smaller than 50 um. The backscattering spectrum was
then computed and found to peak at about 72 MHz, which is well down on the
high-frequency tail of our 50-MHz transducer and implies that the scatter-
ing center is smaller than a wavelength at 50 MHz.

We next deconvolved these results with the transducer response to
remove the effects of the unit and provide a record of the frequency-
dependent scattering of the flaw alone, The result is shown in Fig., 1
and may be compared with the theoretical calculation previously given,

The salient feature of the scattering is an approximate fourth-power

increase with frequency to a turning point beyond which the scattering
levels off. This point occurs when ka ~ 1, where k is the wave number
and aq the radius of tnhe flaw. For the measured parameters of PSZ, this
yields a flaw diameter of about 25 pm. This value is only approximate,
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Fig. 1. Frequency dependence of scattering by a small flaw in
partially stabilized zirconia.

because we assume spherical voids in the calculations., However, we are
now confident that we can detect and approximately size voids in the
10- to 50-pm range with existing equipment.

One extremely useful capability toward which we have been striving
is the ability to compute a material transfer function, or attenuation
versus frequency response, which is independent of the transducer and
test configuration used. This function is very useful in comparing
different specimens, and we believe that the attenuation characteristic
may “be correlated with fracture properties of ceramics, although we have
not demonstrated this yet, We routinely compute this response in low-
frequency ultrasonics, but we have encountered difficulty in applying
the algorithm to our ceramics work. We now believe that a modification
to our diffraction-correction calculations and inclusion of coupling
layer effects have solved these problems. The Tatter effect was
completely unanticipated and arises because, in typical {low-frequency)
contact ultrasonics, the effect of the very thin (~1 um) layer of liquid
used to couple energy from the transducer into the specimen is negligible.
At 100 MHz, however, this layer is almost 0.1 wavelength thick and has a
significant effect on the reflection and transmission coefficients. We
therefore analytically examined a solid-liquid layer—solid structure and
incorporated the results into our computer programs. Figure 2 shows the
frequency dependence of the reflection coefficient for a l-um water
couplant into silicon carbide. Because our original program assumed a
constant value equal to that shown for zero frequency, the magnitude of
the error is apparent. QOur program now measures the thickness of the
coupling layer from the input data and corrects for its frequency-
dependent transmissivity.

Figure 3 shows the attenuation in an yttrium-stabilized zirconia.
This curve is highly repeatable, even for samples that differ greatly in
thickness, and is thus largely geometry-independent. The microstructure
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is largely tetragonal with a grain size of about 10 pm. The linear
behavior of the attenuation characteristic indicates that scattering
losses are not important in this frequency range, which is consistent with
the grain size and ultrasonic wavelength. This material is amenable to
ultrasonic examination for flaws having sizes of the order or 20 pum,
because there is minimal contribution from grain boundary scattering.
Figure 4 shows the attenuation response for a magnesium-stabilized
zirconia., Here the microstructure is largely cubic with a grain size of
about 100 pm. The attenuation is much more severe and more strongly
frequency-dependent than for the tetragonal microstructure. In this
material, the detection of small flaws is much more difficult because of
the severe grain boundary scattering in the frequency range of interest,
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Initial experiments were conducted to determine the thickness sensi-
tivity that could be achieved on silicon nitride modulus of rupture (MOR)
bars using conventional radiographic techniques for future comparison with
microfocus and tomographic techniques. Two silicon nitride MOR bars were
obtained with no apparent discontinuities. In one of the bars, we placed
three holes that were 0.25 mm in diameter with depths of 12.5, 20, and
43 pm in the 2.5-mm thickness separated by 1.25 cm. In the other bar, we
placed three holes that were 0.125 mm in diameter with depths of 10, 20,
and 37 ym in the 2.5-mm thickness separated by 1.25 cm.
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The radiographic technique that was used included 35-kVCP energy,
25-mA current, 2.5-mm focal spot size, 1.37-m film-to-focal distance,
type M film with no front screen in a vacuum cassette, and 8.5-min
exposure time. Five of the six holes were imaged. The 10-pm-deep hole
was not imaged. A thickness sensitivity of 0.5% was obtained, as
evidenced by imaging the 12,5-um-deep hole,

Smaller diameter (50-pm) holes will be placed in a third sample
for assessment of the Tevel of detectability with the conventional
radiography.

Status of milestones

Milestone 351101 was completed as scheduled.

Publications

None,
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4.0 TECHNOLOGY TRANSFER

Technology Transfer
D. R. Johnson {0Oak Ridge National Laboratery)

Technology transfer in the Ceramic Technology Project is accomplished
by a number of mechanisms including the following:

Trade shows. A portable display describing the program has been
built and used at several trade shows and technical meetings, most
recently at the Annual Meating of the American Ceramic Society, May 5-7,
1985, in Cincinnati, Ohio.

Newsletter. A Ceramic Technology Newsletter is published bimonthly
and sent to a large distribution.

Reports. Semiannual technical reports, which include contributions
by all participants in the program, are published and sent to a large
distribution., Informal bimonthly management and technical reports are
distributed to the participants in the program. Open-literature reports
are required of all research and development participants.

Direct Assistance, Direct assistance is provided to subcontractors
in the program via access to unique characterization and testing facilities
at the 0Oak Ridge National Laboratory.

Workshops. Topical workshops are held on subjects of vital concern
to our community. During this period plans were completed for a workshop
on material requirements for advanced heat engines, to be held during the
Automotive Technology Development Contractors Coordination Meeting,
October 21-24, 1985.

International Cooperation, Our program is actively involved in and
supportive of the cooperative work being done by researchers in West
Germany, Sweden, and the United States under an agreement with the
International Energy Agency. That work, ultimately aimed at development
of international standards, includes physical, morphological, and micro-
structural characterization of ceramic powders and dense ceramic bodies,
and mechanical characterization of dense ceramics. Detailed planning and
procurement of ceramic powders and flexural test bars were accomplished
during this reporting period.
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