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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 0TS's automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE), National Aercnautics 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 technological support from
government laboratories, other industrial iaboratories, 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 facilitate
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

1
1
1
1.4 Joining



2.0 Materials Design Methodology

Modeling
Contact Interfaces
New Coricepts

N PN
e e .
wW M -

3.0 Data Base and Life Prediction

Structural Qualification
Time-Dependent Behavior
Environmental Effects
Fracture Mechanics

NDE Development
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4.0 Technology Transfer
4,1 Technology Transfer

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



0.0 PROJECT MANAGEMENT AND COORDINATION

D, R. Johnsaon
Oak Ridge National Laboratory

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 Office (ORO) and the Office of Trans-
portation Systems. This task includes preparation of annual field task
proposals, initiation and management of subcontracts and interagency
agreements, and management of ORNL technical tasks. Monthly management
reports and bimonthly reports are provided to DOE; highlights and semi-
annual technical reports are provided fo 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
(D0D). 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 Epergy Materials Coordinating Committee (EMaCC) meetings, as well as
sogcial coordination meetings.

Technical progress

A computer data base and milestone commiiment system have been devel-
gped for the program. The purpose of the data base is to facilitate
program management and coordination. Fach fask in the Ceramic Technology
Project is described by 44 attributes, which include WBS element, project
name, responsible organizabtion, program manager, principal investigator,
objective, contract number, funding by year, technical monitor, period of
performance, milestones, and milestone performance. The data base is
stored in ORNL's Digital Equipment Corporation PDP-10 computer and is
available to the project manager via a terminal in his office,

The milestone commitment system is part of the data base, [t facili-
tates tracking of milesfones by management, and communication between the
principal investigators and the project manager with respect to the mile-
stones. Milestones in the Ceramic Technology Project are initiated by the
program participants for approval by the project office. The milestones
are usually submitted to the project as a contractual requirement soon
after a suhbcontract is signed.

To assure that the principal investigator (PI) understands and
accepts his milestones, for each milestone a computer-generated lTetter is
sent to the PI asking for his acceptance, Figure 1 shows a sample mile~
stone acceptance letter., The letter is signed by the PI and returned to
the project office. The PI's concurrance is logged into the data base and
tne letter kept in the contract file.
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Once a milestone has been acknowledged, a computer-generated letter
is periodically sent inquiring about the status of the milestone. The
frequency of the status inguiry letters varies from quarterly to monthly,
depending on the time period before the milestone due date. If the
expected progress toward the milestone is on schedule, the PI can check
"on schedule" and sign and return the letter, If the milestone has been
completed, the PI can check “completed" and cite the periodic or topical
report in which the results are published. If a problem in meeting the
milestone on time is anticipated, the PI can explain and request a deferral
of the due date. Once the completed milestone status letter is received
by the project office, the indicated status is logged in and the letter
filed. Subsequent milestone status inquiry letters include a record of
the previous responses by the PI. Figure 2 is a sample milestone status
inquiry letter.

The milestone data can be sorted in several ways (such as milestone
due date, responsible organization, or WBS number) and reports generated
by the computer.
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1.0 MATERTALS AND PROCESSING
INTRODUCT LON

This portion of the project is identified as project element 1.0
within the work breakdown structure (WBS5). 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
conducted in the Thermal and Wear Coatings subelement is currently limited
to oxide-base coatings and involves coating synthesis, characterization,
and the 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 alioys.

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 their resultant microstructures and physical and mechanical
properties, Success in meeting this objective will provide U.35. 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

Silieon Carbide Powder Synthesis and Characterization
M. A, Janney and L, A, Harris (Oak Ridge National L[aboratory)

This effort is currently being supported under the task "Materials
for Waste Heat Utilization," which is sponsored by the Office of Industrial
Programs, Conservation and Renewable Energy. A final report on this sub-
ject was issued. (M. A, Janney, G. C. Wei, C. R. Kennedy, and L. A.
Harris, Carbothermal Synthesis of Silicon Carbide, ORNL-6169, May 1985.)



Synthesis of High-Purity Sinterable Silicon Carbide (5iC) Powders
J. M. Halstead and V. Venkateswaren [SOHIO Engineered Materials Company
(Carborundum)] and B. L. Mehosky (SOHIO Research and Development)

Objective/Scope

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

The program is organized in two phases. Phase I includes the follow-
ing elements:

" Verify the technical feasibility of the gas phase synthesis

route.

* Identify the best silicon feedstock on the basis of performance and

cost.

* Optimize the production process at the bench scale,

* Fully characterize the powders produced and compare with commer-

cially available alternatives.

* Develop a theoretical model to assist in understanding the synthesis

process, optimization of operating conditions and scale-up.

Phase II, when authorized, will scale the process to 5-10X the bench
scale quantities in order to perform confirmatory experiments, produce
process flowsheets and to perform economic analysis.

Technical Highlights

Background, Organization and Workplan

Background - The Gas Phase Synthesis Route

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

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

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

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

The program is managed by the Structural Ceramics Division of Sohio
Engineered Materials Company (Carborundum) which acts as the subcontractor.
Technical direction comes from Sohio-Carborundum's Niagara Falls R&D
Center and on-site resources are provided by Sonio's (Warrensville) R&D
Center.

Program management is accomplished via continuous dialogue among the
parties. Qutside resources are utilized where appropriate to strengthen
the program. Existing subcontractors include Plasma Materials, Inc.
(plasma torch) and International Plasma Engineering, Inc. (theoretical
modeling).

Analytical services are available both in Niagara Falls and
Warrensville.

Workplan

el
A breakdown of major tasks and milestones is shown in Figure 1.

Subtasks have been developed for Task 4 - Screening Experiments and will
be developed for Task 5 - Extended Parametric Studies.

SOHIO-Carborundum SiC Powder Synthesis Contract
Milestone Chart

wew o aess |

Al TSEP T OCT T NOV Dt(\.lAN FEE “MAR APR MAY  JUN JuL  AUG SEP OCT NOV DEC| JAN ~TLB

S S n v I S S

TASKS '

N P

1. Design, Construct, and Test o o . k-2
Laboratory Scale Equipment. i

2. Develop Theoretical Model e . 4

3. Baseline Characterization
and Analytical Method o .
Development

4. Screening Experiments - ¥

® Selection of feedstock k43

5. tExtended Parametric Studies — .

o Provide 200-500 q. -
Sample to ORANL v

-16. Reporting Requirements
Phase |

e Bimonthly » E ¥y . ¥ ¥ ¥ ¥ ¥
o Semi-Annual R — e e o L e U,
s Final * — E - - e e m e e o L L ¥

7. Quality Assurance
Phase I

* Only required if decision is made nct to go on to Phase ],
Revised 3/15/85
Figure 1. Milestone Chart
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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
/ BT P SU———— COntrOEanso]Q
Gas Storage & Mixing SiCté Metering Plasma Torch, Particle Venturi icrubber &
8 Vaporizer Reactor & Collection Tail Gas Scrubber

Aftercooler

Figure 2. Conceptual Design and Simplified
Process Flow Chart
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The process involves using a plasma torch to instantaneously
heat silicon and carbon containing gases such as silicon tetrachlioride
(SiCly) and methane (CHg) and reacting them to form SiC. The hydrogen
gas then acts as a scavenger for the chlorine and forms hydrochloric
acid (HC1) which is removed in the scrubber.

Particle collection methods will be investigated in Phase I and
the best choice will be implemented for Phase II.

The following issues were identified and evaluated in the design
of the system.

Gas and feedstock delivery train.
o Capacity
0 Automatic shutdown system
0 Purging capability

Reactant vaporizer/gas mixing unit.
0 Preheat of gases
0o Atomizing nozzle

Plasma generator and instrumentation.
o0 Temperature control
o Variable geometry capability
0 Maximization of electrical efficiency
o Argon/hydrogen operation considerations

Reactor and aftercooler.
0 Aspect ratio
0 Cooling capability
0 Reactant introduction
0 Hydrodynamic considerations

Product collector and off-gas scrubber.
0 Neutralization capability
o Collection efficiency
0 Pressure drop

Once the design of the system and its components was complete,
site preparation and sourcing of components was initiated.
The key subsystems are as follows:

Plasma Torch Subsystiem

- Torch
- Rectifier/Power Supply
- Reactor Vessel

Gas and Silicon Supply Subsystem Hydrogen Argon Methane
- Primary Gas X X
- Secondary Gas X X
- Tertiary Gas X X

Auxiliary Gas Stream
Silicon Source Metering and Vaporizer
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Control and Data Acquisition Subsystem

~ Gas Flow Control
- Power Control
- Data Acquisition

Downstream Subsystem

- Particle Collection
- Effluent Collection/Treatment

Figure 3 shows the plot plan for the laboratory scale equipment,
while Figure 4 is a photographic overview.

CLOSED LOOP
COOLING WATER

SYSTEM . T
Rectifier—
Power
Mass Flow Sensors Silicon Supply
(6-vertical stack) ~s ?O I/P Converters
upply =
Pum (7-along top of
Control Valves P rack)
- a a
(6-vertical st ;:)z:> Dust Hopper
= e
;3 Reactor/Aftercooler
Gag Pressure Regulators
(4~vertical stack) Gas
Preheater Signal Junction
Silicon Box
Reservior Vaporizer
Vartical cable Tray
Vanturi -
_ System Scrubber
5] Control
= Console
- i Water e
Rotometers ~—eo"_.,

P
! Tarch Tail Gas “
Control Scrubber T~
Console

Figure 3. Plot Plan for Laboratory Scale
System



14

Figure 4. 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 is rated at L0KW. 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 in which the cooling water flows. Thermocouples
are installed along the entire length of the reactor.

The DC power supply has a 120KW namepiate rating. A simple thimble
type collector with an isolation valve is affixed to the lower end of the
reactor. Alternative powder collection techniques will be evaluated in
preparation for Phase II scale-up.
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Figure 5. Plasma Torch Atop
Water Cooled Reactor

Figure 6. Rectifier/Power Supply
for Plasma Torch

Figure 7. Exit End of Reactor
with Simple Thimble
Collector and
Isolation Valve
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Gas and Silicon Supply Subsystem

Piping and controls for primary, secondary and tertiary gas streams
(hydrogen, argon and methane) are installed. An additional gas stream
may be metered into either primary or secondary gas streams,

The silicon source is introduced to the system through the vaporizer
and combined with the reactant gases prior to entering the reactor.

Figure 8 shows the gas and silicon supply subsystem.

Figure 8. Gas and Silicon Supply Subsystem
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Control and Data Acquisition Subsystem

The Control and Data Acquisition Consoles are shown in Figure 9,
The torch control (on left) was designed and supplied by the torch
manufacturer, Plasma Materials, Irc.

The System Control Console was designed and assembled by Sohio.
The system control includes flow control (mass flow), power control,
and a data logger capable of 32 data points logged every two seconds.

Figure 9. Control Console. Left, Torch
Control; Right, System Control
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Downstream Subsystem

Particle collection has not yet been defined. Investigation
of various schemes will be done during Phase I in preparation for
the installation of the "best" system for Phase II scale-up.

Reaction effluent, HC1 in particular, is routecd through venturi
and tail gas scrubbers as shown in Figure 10.

Figure 10. Portion of Module Showing Reactor (left)
and Tail Gas Scrubber (right)
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Cooling water for the reactor is recirculated utilizing the
heat exchanger shown in Figure 11, and ultimately is used by and
drained from the tail gas scrubber,

Figure 11. Heat Exchanger for Recycling Loop
of Reactor Cooling Water

System Check-out and Operation

Once the assembly of the system was complete, a thorough operation
and safety analysis, called a "What If" Review, was conducted. This
covered all safety issues related to the operation of the system and
material hazards.

This check-out included:

o Review of process flow design
Tour of the installation
Discussion of the operating theory
Definition of experimental work planned
Detailed review of shutdown jogic
Line by Tine “walkthrough" of system using
piping and instrumentation diagram
Detailed review of start-up and shutdown procedures
o Utility failure modes and effects.

O 0000

o

The outside vendor, Plasma Materials, Inc., inspected the install-
ation and the plasma torch was operated successfully on a mixture of
argon and nitrogen.

The system is considered complete and ready for initiation of
Task 4 activities.
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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. This is an
expansion of previous Carborundum sponsored work and will assist in
developing a fundamental understanding of a process reactions,
assist in the extended parametric studies and scale-up tasks.

After consulation with the ORNL Technical Monitor, the modeling
work was subcontracted to International Thermal Plasma Engineering, Inc.
(Professor Boulous - University of Sherbrooke, Quebec, et al). The
subcontractor was selected from a group of four proposals based on
weighted selection criteria as follows:

Total Possible
Points in each Category

General Modeling Experience 20
Plasma Modeling Experience 30
Qutline of Proposal 10
Cost of Proposal 20
Elapsed Time of Request 20

TOTAL 100

The successful bidder was awarded 80 to 100 paossible points and
was chosen as strongest or tied for strongest in each category except
cost and was second in cost.

Task 2 will last eight months. Interim reportis will be issued
at approximately three month increments.



21

Task 3. Baseline Characterization and Analytical Method
Development

The objectives for this task include:

0 Firmly establish the methodologies to be used for powder
characterization

0o Define basic powder characteristics which may be utilized
to assess property control and improvements as the program
progresses.

Initially, two commercially produced SiC powders were to be
characterized: H.C. Starck, Inc. (West Germany), A10 Grade; and Sohio-
Carborundum submicron alpha SiC.

As both of the above powders are alpha phase, it has been decided
to characterize one beta phase powder in addition. This will most
likely be Starck B~10 grade.

The parameters to be characterized and the methodologies used
include the following:

Characteristic Methodology
0 Pressureiess sinterability - Percentage of theoretical density

achieved with and without
sintering aids.

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

o Degree of agglomeration - Tap density.

0o Particle size distribution - Horiba particle size analyzer.
0 Bulk composition - Wet chemistry.

0 Phase distribution - X-ray diffraction.

The results of the baseline characterization of the first two
powders is as follows:

Starck Sohio-Carborundum
_AI0
Pressureless Sinterability
(percentage of theoretical
density)
- without sintering aids 63.6% 51.01%
- with sintering aids 96.2% 99.88%
Surface Area 14.3 mz/g 9.47 mz/g

Degree of Agglomeration
- Tap density 0.847 g/cm3 0.962 g/cm3
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Particle Size Distribution

Cumulative Percentage greater than
the indicated particle size

Size
um Starck Al10 Sohio-Carborundum
>7 0 0
/-6 2.4 0.4
6-5 11.4 3.8
5-4 23.4 7.0
4-3 29.8 9.8
3-2 38.2 24.3
2-1.8 41.4 27.3
1.8-1.6 45.7 32.2
1.6-1.4 50.9 39.1
1.4-1.2 58.0 49.9
1.2-1.0 66.4 65.4
1.0-0.8 68.2 67.1
0.8-0.6 76.7 76.2
0.6-0.4 85.7 87.9
0.4-0.2 97.2 97.7
0.2-0 100.0 100.0
-Mean Particle Size 1.4 um 1.2 um
Bulk Composition
Starck Al0 Sohio-Carborundum

Chemical Analysis (wt %)
Total Carbon 30.3 29.95
Free Carbon (corrected for

oxidation) 1.54 0.36
Total Oxygen 0.76 0.27
Free Silicon 0.29 0.09
Si + Si0p 1.73 0.60
Si0p (calculated from 0p) 1.44 0.51
SiC (calculated) 96.10 98.80

Emission Spectroscopy (wt %)
Aluminum .01 Aluminum <.01
Calcium <.01 Calcium <.01
Iron 0.03 Iron <.01
Magnesium <.01 Magnesium <.01
Titanium .01 Titanium <.01

Vanadium <.01
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Elements less than .005%

Phase Distribution

Major
Low Trace

Boron
Chromium
Copper
Manganese
Nickel
Zirconium
Cobalt
Molybdenum
Vanadium

6HSiC
15R/4H

Sonhio-~Carborundum

Boron
Chromium
Copper
Manganese
Nickel
Zivrconium

6HSC
15R

The beta phase powder (Starck B-10) will be obtained and
characterized in a subsequent reporting period.
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Task 4. Screening Experiments

Task 4 has been divided into subtasks for management and reporting
purposes. The first subtask will be to characterize the operation of
the plasma torch using an Argon/Hydrogen 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 prove 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 eliminated.

Task 4. Screening Experiments
Subtask Schedule

Sub-Tasks

4.1

4.2

4.3

4.4

o

Characterize Torch
Operation under Ar/H, b . 4
Blend

Define Individual .
Variables

Initial Synthesis ¥
Runs — Feedstock 1 '

Matrix Variable
Screening Experiments

4.41 Feedstock 1 ¥
4.4.2 Feedstock 2 .. v
4.4.3 Feedstock 3 . 4

Characterize Powders

Select Feedstock for
Extended Parametric
Studies

5/1 6/1 71 8/1 9/1

Figure 12. Subtask Schedule for Screening
Experiments
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As both Sohio-Carborundum and the torch vendor, Plasma
Materials, 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 will be
given to the choice of the individual variables for the screening
experiments. The candidate feedstocks will be as described in the
statement of work, but the values (or range of values) for
temperature, carbon/silicon ratio and reactant concentration must
be selected.

Initial synthesis runs will also be made utilizing Feedstock
1 before the screening experiments actually get started. This will
be to further check-out the operation of the system under actual
operating conditions and to establish a baseline for the later
experiments.

The matrix variable screening experiments depicted in Figure 13
will then begin. The candidate feedstocks are as follows:

Feedstock 1 : silicon tetrachloride (SiClg)
Feedstock 2 : dimethyl dichlorosilane [( CH SiCl,]
Feedstock 3 : methyl trichlorosilane ( CH3 g E]

In each instance, the carbon source will be methane. Twenty four
screening experiments are planned as noted in the experiment matrix.

Proposed Test Matrix: Screening Experiments

Reactant Temperature Carbon/Silicon Ratic | Reactant Concentration
Hi
Hi Lo
. Hi
Reactant 1 Hi Lo l':'?
Hi Lo
Hi
Lo Lo Lo
Hi
Hi Lo
. Hi
Hi
Reactant 2 Lo h?
Hi . Lo
Hi
Lo Lo Lo
Hi
Hi .o
Hi Hi
Reactant 3 Lo l':’?
Hi Lo
Lo Hi
Lo Lo

Figure 13. Screening Experiment Test
Matrix
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At the end of each experiment, the resulting powders will be
thoroughly characterized for pressureless sinterability, degree of
agglomeration, particle-size distribution, bulk composition, and phase
distribution. Safety and yield considerations will also weigh in the
ultimate selection of the feedstock to be carried into the extended
parametric studies.

Status of Milestones

Milestones Status
Task 1. Design, Construct and Test - 98% complete as of April 1;
Laboratory Scale Equipment on schedule.
Task 2. Develop Theoretical Model ~ Initiated March 1; on
schedule,
Task 3. Baseline Characterization and - Two-thirds complete; on
Analytical Model Development schedule,
Task 4. Screening Experiments - Initiated April T1; on
schedule.
o Selection of Feedstock - Scheduled for September 1.
Task 5. Extended Parametric Studies - To be initiated September 1.
0 Provide 200-500g Sample - Scheduled for March 1, 1986.
to ORNL
Task 6. Reporting Reguirements - On schedule.
Task 7. Quality Assurance ~ Ongoing.

Comuunications/Visits/Travel

John Poole of Plasma Materials, Inc. visited the reactor
installation at Sohio's Warrensville (Ohio) Laboratory to evaluate
the instailation and performance of the plasma torch.

The first bi-monthly Technical Report was issued April 11.

Dr. V. (Venkat) Venkateswaran will give a brief presentation
on this work during the Heat Engine Symposium of the ACerS Annual
Meeting on Wednesday, May 8 in Cincinnati, Ohio.

Problems Encountered

None.

Pubtications

None.



1.1.2 Silicon Nitride

Sintered Silicon Nitride — G. E. Gazza (Army Materials and Mechanics
Research Center)

Objective/scope

The 1n house program is concentrating on sintering compositions
in the S1 Y 0q ~-5i0, System using a two-step sintering method where
the N res sure i% raised from 1-2 MPa to 7-8 MPa during the

densm?1catdon 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 $i0. The use of cover powder over the samples reduces
the oxygen loss. Milling time also influences "green" density and
resultant sintered density by changing the particle size distripution
of starting powders, reducing agglomeration and producing a wore
equiaxed particle morphology. Milling studies are being conducted
with three different sources of starting S1'3N4 powder.

Technical Progress

Reaction bonded Si,N, bars containing ¢%Y,0,-1%Fe,0, (supplied
by Garrett Turbine Engihe Co.) were sintered té %1gh déng1ty using a
two~step pressure/teinperature sintering cycle. Some bars were pre-
oxidized to alter the starting $i0, content. Stress-rupture,
oxidation and modulus of rupture dgta, as shown in Table 1, were
obtained on sintered bars.

During sincering experiments with specimen compositions within
the Si 504 -Si,N,0 and S1 (510 ) N compatibility
tr1ang§eé %t was obgegved that tﬁe gom%og1 on o he cover powder
(in particular the % $i0,) significantly affected the weight change
{gain or loss) measured gn the specimen after sintering. Composi-
tional adjustments in the cover powder could be made so only very
small weight changes were observed in sintered bodies.

The S"i.N4 corner of the Si N -5i0, phase diagram is shown
in Figure 17 "The dots 1nd1cate tne %a%r1x gf compositions being
studied. Additional compositions (not shown) have recently been
added for study.

Two-step pressure - temperature cycles are being used to densify
the compositions of interest. The effect of raising the nitrogen gas
pressure in the second step of the cycle on specimen density is
illustrated in Figure 2. A 9.9 voluine % addition of Y 3 and 570

was used for these compositions. 2
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Scale-up of certain compositions within each compositional
compatibility triangle is proceeding. Initial dimensions are 4.75 cm
diam. x 1.50 cm thick (green body) which densifies to approximately
3.80 cm diam. x 1.25 cm thick. Specimens are being machined from
these bodies for mechanical property evaluation.

Room temperature modulus of rupture, high temperature stress-
rupture, oxidation resistance and fracture toughness are being
measured for various sintered Si3N4~Y203m5102 compositions.

Three~dimensional processing maps are being constructed which
show topographical variation of sintered densities with different
total volume percent addition and Y,0,/Si0, molar ratio. Theoretical
densities were also calculated for %hé mat%ix of compositions being
studied and a topographical map was constructed using these values
with appropriate volume percent addition and Y203/S1'02 molar ratios.

Milestones

Evaluation of nodulus of rupture, stress-rupture, oxidation
resistance and fracture toughness of sintered compositions is
proceeding.

Pubtications

(1) Influence of YZO /S]’O2 Ratio on Sintering of SiTicon
Nitride, to be published i% the"Proceedings of the 22nd Automotive
Technology Development Contractor's Coord. Meeting, October 29 -
November 2, 1984.

(2) Effect of Oxidation on the Densification of Sinterable
RBSN, report in process.

Presentations

(1) Influence of YZO /510, Ratio on Sintering of Silicon
Nitride, 22nd Automotive™T&c. D&v. Contractor's Coord. Meeting, Nov.
1984,

(2) Effect of Oxidation on the Densification of Sinterable
RBSN, 37th Pacifica Coast Regional Meeting, American Ceramic Society,
Basic Sci. Div., San Fran., CA, Oct. 371, 1984.
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TABLE 1

CREEP, OXIDATION & MOR DATA

STRESS-RUPT  TIME e(hr™T) RATE. CONST. MOR @ RT
TEMP © € (hrs.) (%PERM STRAIN) (kg Zm~%s~1)  AFTER S.R. TEST
700 750 n.m. n.m. 570
1000 750 n.m. 2.0x107 13 390-510
1200 1000 1.0-2x107° 6.5x107 "3 186-670

{0.1-0.2%)
(STSR FROM 800C PRIOR TO ALL TESTS @ 1000C and 1200C)
0=300 MPa

$1,N,0

Mg Mole Y203

Figure 1  Section of 513N4—Y203m5102 Phase Diagram Showing

Location of Compositions
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1.2 CERAMIC COMPOSITES

1.2.1 Silicon Carbide Matrix

SiC-Matrix Ceramic Composites
M. A. Janney {Oak Ridge National Laboratory)

Objective/scope

The goals of this work are to develop new SiC-matrix composites with
improved strength and toughness and to develop the processing capabilities
to form these materials into useful shapes.

Technical progress

SiC-TiB, composites

Two recent investigationsl»2 have demonstrated strength and toughness
increases in SiC by the inclusion of TiC particles as a dispersed phase.
Toughening and strengthening were attributed to crack deflection caused by
the interaction of the crack front with a residual stress field that
surrounded the TiC particles. The origin of this stress field was the
difference in thermal expansion and elastic modulus between SiC and TiC,
On the basis of this toughening mechanism, it was reasoned that a SiC
matrix composite with TiB, as the dispersed phase would also show
increased toughness and strength. The stress at the interface between the
TiB, particles and the SiC matrix can be calculated from Eq. (1):3

1 - (ap—am) AT
One = - "'2" O'ph = s (1)
1 + vm 1 - Vp
+
2k, 2kp
where
omg = tangential matrix stress at the particle-matrix interface,

oph = hydrostatic stress in the particle,

A% = temperature range over which stresses are not relieved by a
diffusive process,

= Poisson's ratio (m - matrix, p - particle),

= Young's modulus.

m«

Using En = 440 GPa, Ey = 550 GPa, vy = 0.19, vy = 0.10, ap = 5 x 10-%/°C,
ap = 8 x 10-6/°C, and AT = 1000°C, one ca]cu]ages ome = 1380 MPa, which is
approximately twice the value of 500 MPa obtained for the SiC-TiC system.
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Materials and methods

SiC*-TiBzT specimens were prepared for hot pressing at 0.0 and
15.1 vol % (20 wt %) TiB, with 1 wt % elemental boron# and 0.5 wt % carbon
black™ as sintering aids, The composition was wet vibro milled in iso-
propanol with 1 wt % polyvinylpyroilidonett as dispersant using 1/4-in. -
diam x 4-in.-long «-SiC rods.** Samples were hot pressed in carbon dies
Tined with graphite foil at 2000°C for 45 min at 35 MPa (5 kpsi) to final
dimensions of 38 mm in diam by 25 mm high.

Four-point-bend loading was used to measure fracture strength.
Samples were cut from each hot-pressed billet perpendicular to the hot-
pressing direction and then were ground parallel to the long axis with a
140/170-grit resin-bonded diamond wheel to 2.3 x 2.5 x 25 mm dimension.
The tensile face was ground to a 30-um finish, and the tensile edges were
beveled to eliminate edge flaws. The bars were tested at a crosshead
speed of 0.51 mn/min. The outer and inner test spans were 1.9 cm
(0.75 in.) and 0.64 cm (0.25 in.), respectively.

Some of the test bars described above were oxidized at 1000, 1200,
and 1400°C in static air for 24 h. Strength was measurad at ambient
temperature after oxidation. Specimens were also examined metallograpni-
cally to determine the extent of oxidation and to characterize the oxida-
tion products.

Results

Both the 0 vol % and the 15.1 vol % TiB, samples were hol pressed
to approximately 96.5% theoretical density. Fiqure 1 shows both the as-
polished and the etched microstructure of the SiC—15.1 vol % TiB, com-
posite. The TiB, particles were essentially equiaxed and ranged in size
from four to eight micrometers, The SiC grains were also equiaxed with an
average size of about three to five micrometers: there was no evidence of
discontinuous grain growth in the etched microstructure.

The strength of the SiC—15.1 vol % TiB, composite was significantly
higher than that of the base SiC (Fig. 2). The mean strength, &, increased
by 28% from 380 to 485 MPa with essentially no change in the Weibull modu-
Tus (11.3 vs 12.6). The strength of the SiC—15.1 vol % TiB, composite was
significantly higher than the 350-MPa strength reported by Murata and
Weber" for similar compositions produced by sintering.

*A-10, H. C. Starck Company, Berlin, Federal Republic of Germany.

tKB1 Division, Cabot Corporation, Reading, Pa.

*330 AE, Var-lLac-0id Chemical Company, Elizabeth, N.J.
**Philblack N774, Phillips Chemical Company, Borger, Tex.
TTpVPK15, GAF Corporation, New York.
¥ indly supplied by Carborundum Company, Niagara Falls, N.Y.
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Y-200972

Y-197807

(b)

. 20 pm

Fig. 1. SiC—15.1 vol % TiB, composite was hot pressed to 96.5%
theoretical density. (a) As polished. (b) Murikami's etch.
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m=11.3 m=12.6
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Fig. 2.

Strength of SiC increased on TiB, addition,

123
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Oxidation at 1000, 1200, and 1400°C for 24 h in air produced varying
degrees of attack as shown in Fig. 3. The maximum depth of attack was
~10 um at 1000°C, ~20 um at 1200°C, and > 250 um at 1400°C. The oxidation
product on the surface consisted of bubbles of glass which contained a
bright crystalline phase. Within the composite both the TiB, particulate
phase and the SiC matrix were attacked. Interconnected porosity and a
glass phase extended deep into the composite at the highest exposure tem-
perature (1400°C).

The room-temperature strength of the SiC-15.1 vol % TiB, specimens
oxidized at 1000 and 1200°C did not change as compared with the unoxidized
material (Table 1). Only the samples oxidized at 1400°C showed an appre-
ciable loss of strength after oxidation (192 MPa vs 485 MPa).

Table 1. Strength of SiC and $iC—15.1 vol %
' TiB, flexure bars

Mean Standard Number of
Sample strength deviation -
(MPa) (% of mean) specimens
SiC—0 vol % TiB, 379 10.2 g
SiC-15.1 vol % TiB, 485 9.1 9
S51C-15.1 vol ‘% TiB, 480 9.7 5
oxidized at 1000°C
5iC—15.1 vol % TiB, 498 9.9 5
oxidized at 1200°C

SiC—15.1 vol % TiB, 192 14.1 5
oxidized at 1400°C ;

Discussion

Strength

The increase in strength of the SiC—15.1 vol % TiB, composite as
compared with the base SiC ceramic probably is due to an increase in Kj¢
of the composite in analogy to the SiC-TiC system.l>2 Ki. was not
measured during this investigation; however, direct observations of cracks
were made, Figure 4 shows a crack emanating from the corner of a Vickers
identation in a SiC—15.1 vol % TiB, composite. The micrograph shows
several examples where the trajectory of the crack was deflected out of
the plane of travel by the presence of a TiB, particle. In most cases,
the crack path followed the particle-matrix interface, as predicted by
theory.l An example of crack branching, which constitutes an additional
toughening mechanism, is also shown in the center of the micrograph.
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Fig. 3. Surface damage of SiC-TiB, increased as te
raised.

semperature was
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An estimate of the magnitude of K. can be made from the increase in
strength on addition of TiB, by invoking the Griffith relationship:®

[

z Kie

Y

, (2)

of =

|

where

of = fracture stress,

Kic = critical fracture toughness,

¢ = critical flaw size,

Z and Y = geometric parameters dependent on location and shape of

flaw, stress state, etc,

If one assumes similar flaw geometries in the SiC and SiC—15 vol % TiB,
samples (i.e., constant Z, Y, and distribution of flaw sizes, c), then
Gg and Kj. should be proportional. Since G increased by 28%, from 380 to
485 MPa, a similar increase should be expected in Kic. Wei and Becherl
reported Kic for a similar SiC to be about 3.85 MPa v/M; hence, Kio for
the $iC-15.1 vol % TiB, composite is estimated to be about 4.9 MPa v/m.
The postoxidation strength behavior of the SiC—15.1 vol % TiB, com-
posites is reasonable in light of the estimated Kj. for the composite.

Fig. 4. Crack deflection in SiC-TiB,.
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Oxidative attack was limited to depths less than 20 pm at 1000 and 1200°C.
This is much less than the critical flaw size for a X[ of 4.9 MPa vm.
Assuming the Griffith relationship is valid and using Z = 1.5, Y = 2.0,
(ref. 5), and G5f = 485 MPa, one calculates ¢ = 57 pm. Only the samples
oxidized at 1400°C showed a major decrease in strength. Tnis was due to
oxidative attack to depths greater than 250 um. If the oxidation pits
acted as critical flaws, then a 250-um pit would predict [based on

Eq. (2)] a strength of about 230 MPa, which is in reasonable agreement
with the observed mean strength of 192 MPa.

Oxidation mechanism

The oxidation of the SiC—15.1 vol % TiB, composites was catastrophic;
both the dispersed TiB, phase and the SiC matrix phase were consumed.

This was in marked contrast to the oxidation behavior of SiC-TiC com-
posites® in which only the TiC dispersed phase was attacked. The dif-
ference in behavior is believed to be due to the presence of boron.

Figure 5 shows a back-scattered-electron scanning-electron-microscope
photograph of the 1400°C-oxidized sample previously shown in Fig. 3. The
bright areas are Ti-rich. Within the composite, the predominant Ti-rich
phase is TiB, from the original composite. However, electron-probe
microanalysis indicated that the Ti-rich phases which were surrounded by
glass (e.g., "A" and "B" in Fig. 5) contained large amounts of oxygen.

Y-198071

Fig. 5. Cross section at the surface of a SiC—15.1 vol % TiB,
composite sample oxidized at 1400°C for 24 h in air.



39

This indicates that the TiB, had been oxidized, probably to Ti0. An addi-
tional Ti-rich phase was present in the oxidation product on the surface.
X-ray diffraction (XRD) of the surface of this sample showed the rutile
phase of Ti0, to be the only crystalline phase present. The XRD data com-
bined with light microscopy (Fig. 3) indicate that the large bubbles
observed on the surface of the samples were composed of glass and rutile.
Also shown in Fig. 5 are large pores and gas bubbles which extend from the
interior of the composite up to the surface. The bubble in the center of
the micrograph (marked C) was pushing its way to the surface when the
sample was removed from the furnace. The gas composition in the bubbles
probably was a combination of CO and BO,.

The oxidation of the SiC-TiB, composites is hypothesized to occur as
outlined below. The main chemical reactions of concern are

T1Bz + 02 + Ti0 :*‘ BOX (X = 1—1.5) (3)
8203 + 02 + SiC » 8203—5102 (9]&55) + CO (4)
TTO + 1/2 02 e T102 . (5)

The sequence of events leading to oxidation might be as follows. First,
an isolated particie of TiB, on the surface of the composite oxidizes to
form Ti0 or Ti0, and B,0; according to Eq. (1). At the temperatures exa-
mined in this investigation (i.e., between 1000 and 1400°C), B,0; forms a
very fluid, volatile glass, which has a high capacity for transporting
oxygen., The boria glass then combines with SiC to form CO and a high-
boron-content borosilicate glass, which is also very fluid. As the 5iC
matrix is attacked, additional TiB, particles are encountered; these pro-
vide more boron to flux the SiC matrix. The high oxygen transport capac-
ity of the fluid borosilicate glass allows oxygen to penetrate deeper
into the body of the composite, which leads to additional attack on the
TiB, and the SiC.

Support for this hypothesis comes from the response to oxidation of a
composite containing only 7 vol % TiB,, Fig. 6. When this material was
pxidized at 1400°C for 24 h, the maximum depth of attack was limited to
only about 10 to 15 um. The TiB, particles were spaced farther apart than
in the 15.1 vol % TiB, composite; hence, more SiC matrix phase had to be
dissolved before the next TiB, particle could be oxidized. Apparently,
not enough boron was available to attack such a thick layer of SiC,

Movement of the titanium to the surface of the composite appears to
have been by viscous transport in the glass phase. As the glass was blown
to the surface by gas bubbles containing BO and CO, oxidized TiB, particles
(now Ti0 or Ti0,) were carried along in the glass. Several examples of
this type of transport are shown in Fig. 5, especially near the bubble
marked "C", Microprobe data suggest that the Ti concentration in the
glass decreased between the interior and the surface, indicating that Ti
might precipitate out of solution as the oxygen potential in the glass
increased.
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YP-398

Fig. 6. Oxidation attack depth in the 5iC—7.0 vol % TiB8, was limited
to about 10 um. Sample oxidized at 1400°C for 24 h.

Summary and conclusions

SiC~15.1 vol % TiB,~1 wt % B + 0.5 wt % C composites were hot pressed
to about 96.5% theoretical density at 2000°C. Addition of the TiB, in-
creased the strength of the composite by 28% as compared with the base
SiC. These composites were attacked by oxidation at temperatures between
1000 and 1400°C, with the rate of attack increasing with increasing tem-
perature. Ambient-temperature strength determined after oxidation showed
no reduction in strength for samples oxidized at 1000 or 1200°C; however,
strength fell 60% for samples oxidized at 1400°C. Oxidative attack
involved both the TiB, particulate phase and the SiC matrix phase. Large
bubbles containing glass and Ti0, formed on the surface of the samples.
Boron oxide is postulated as a fluxing agent that accelerates the attack
of the SiC matrix by forming a nonprotective oxide glass layer on the sur-
face of the composite.
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1.2.3 Oxide Matrix

Si1C-Whisker-Reinforced Ceramic Composites
T. N. Tiegs, P. F. Becher, and R. K. Williams (0Oak 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 highlights

Modification of SiC whiskers

We are investigating ways to modify the SiC whiskers in order to
change the interface between them and the matrix to maximize the mechani-
cal properties.

Because of the encouraging results where the fracture toughness of a
20 vol % SiC whisker—Al,0; composite was increased to 9.4 MPa-ml/2 after
milling the whiskers for 8 h, a study was undertaken to quantitatively
assess the effect of milling on the whisker size distribution.

Whisker batches were milled 1 h, 4 h, and 16 h and then hot pressed
with an Al,03; matrix at 20 vol % whisker concentration into samples.
Metallography showed good distribution of the SiC whiskers with no major
defects. Analysis of the milled whiskers by scanning electron microscopy
(SEM) show that the averaye whisker length after milling 1 h is 18 to
20 um; however, the distribution is large (1—100 pm). After milling 4 n,
the average length is 10 to 12 pm, but the distribution is much narrower
(>90 % less than 30 um). Further milling up to 16 h only reduces the
average length to 9 to 11 pm, but the distribution is further reduced (>90
% less than 20 um).

The mechanical properties were determined on specimens machined from
the hot-pressed billets and are presented in Table 1. As shown, the
flexural strengths are the same or nigher than normally observed for a
similar composite using unmilled SiC whiskers (wnhich is typically
650 MPa). However, the fracture toughness values indicate that some
severe degradation of the SiC whiskers has occurred. We speculate that
the whisker surfaces are damaged during milling in addition to the reduc-
tion in aspect ratio., We plan to examine some archive samples by trans-
mission electron microscopy to determine the extent of any damage. The
initial samples wnere we observed increases in fracture toughness with
milling times were processed by milling the Al,0; and SiC whiskers
together. The presence of the Al,03; particles may help to cushion the
whiskers during the milling operation and reduce any whisker surface
damage,
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Table 1. Summary of mechanical properties
of A1,0;-20 vol % SiC whisker composites

Sample “Whisker Flexural Fracture
mill strength? toughness Ic
number 4 e (h) (MPa) (MPa-ml/2 E
SCW-76 1 655 6.3
SCW-77 4 - 755 5.7
7.3

SCW-78 16 705

Measured by four-point bend test.
MMeasured by multiple-indent method.

The vast majority of testing to date has been with the SiC whiskers
produced by ARCO Chemicals Co. However, we are looking at other sources
of SiC whiskers: Tateho Chemical Industries Co., Versar Manufacturing
Inc., and Los Alamos National Laboratory (LANL). Prev1ously, we had ex-
amined and tested SiC whiskers from Tokai Carbon Co.! With the exception
of the LANL whiskers, all are available in commercial quantities. At the
present time, we have fabricated Al,05—20 vol % SiC whisker composites
from these alternate sources and plan to test the mechanical properties.,
These will be compared to the results previously obtained on composites
made with whiskers from ARCO Chemicals and Tokai Carbon.

Rice-hull remnants

An A1,05-20 vol % SiC whisker sample was fabricated by hot pressing
and machined into bend bars to determine Weibull statistics on these com-
posite materials. The mean strength of the samples in four-point bend
tests was about 550 MPa or about 100 MPa less than previous composites
with comparable whisker concentrations. Examination of the fracture sur-
faces revealed large flaws at the fracture origins. Further examination
with SEM (Fig. 1) showed the flaws to be remnants of rice hulls used to
produce the SiC whiskers. We have now determined that the rice-hull rem-
nants can be removed from the whiskers by flotation in water and are now
cleaning all whiskers prior to use in making test composites.

Pressureless sintering

Several batches of SiC whisker—Al,0; composites were fabricated with
whisker concentrations ranging from 5 to 20 vol %. They were sintered
under similar conditions, and the results are summarized in Table 2. As
shown, high densities were achieved for whisker concentrations up to
10 vol %. As the whisker concentrations approach 20 vol % the densities
drop dramatically and illustrate the fact that some pressure assistance is
probably needed to densify composites at high whisker concentrations.
Other avenues for improving the pressureless sinterability of the SiC
whisker—Al,0; composites are being explored.
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100 um

Fig. 1. (a) Fracture surface of Al,03720 vol % SiC whisker composite
showing rice-hull remnant at origin. (b) Rice-hull remnant removed from
SiC whiskers by flotation in water.
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Table 2. Summary of results on sintering of
Al1,05—51C whisker composites with various
whisker concentrations

Whisker volume

concent ration Sintered density  Fraction of theoretical

(%) (Mg/m3) density (%)
5 3.81 97.1
10 3.70 85.2
11.3 3.65 93.4
15 3.10 80.6
20 2.90 75.0

Low~thermal-conductivity matrices

For-applications in certain areas of the uncooled diesel engine, the
use of composites having a matrix material with low thermal conductivity
is desirable.

The materials considered as candidate low-thermal-conductivity
matrices in ceramic composites for structural applications were mullite,
zirconia, alumina-zirconia, and alumina-chromia solid solutions, The
reinforcements considered were SiC and Si;N, whiskers and also Al,03 and
ir0, fibers. A series of composites were fabricated by hot pressing
(Table 3). As shown, not all of the sample fabrications were successful
in this initial scoping of low~thermal-conductivity composites. On the
other hand, some of these first fabrications were very successful.

The composites having muilite as the matrix material [with only one
exception (SCW-80)] were easily fabricated; consequently they provided
most of the mechanical test data. Examination of ceramographic polished
sections showed Tittle interaction between both the SiC and Si,N, whiskers
and the mullite matrix. When the Zr0, was added to the mullite matrix
(SCW-80), there was interaction between the Zr(0, particles and SiC whiskers
and not the mullite, Similar interactions between the Zr0, particles and
5iC whiskers were observed in the A1,0;~7r0, matrix composites,

The composites in which Zr0, was the matrix showed the most interac-
tions with the reinforcement materials. Some of the problem, we believe,
is due to the 12 vol % Y,0; stabilizer used, and the same interaction
problems could be anticipated in partially stabilized zirconia when Y,04
is used.  Further development of processing controls may help alleviate
some of these interaction problems.

The incorporation of Cr,05 into A1,05 to form a solid so]utlon has
been shown to significantly Tower the thermal conductivity.? However,
when S5iC whiskers are added and samples fabricated at elevated tem-
peratures, reduction of Cr,05 to metallic Cr by the SiC occurs. The
resulting microstructure shows that none of the whiskers remain unaffected
after fabrication,
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Table 3. Summary of fabrication of whisker-reinforced low-tnermal-
conductivity matrices
. . . Density .
Sample Matrix Reinforcement o Comments
(% T.D.)
SCW-49 Mullite 20 vol % SiC 100.0 Good sample
whiskers
SCW-49A4  Mullite 20 vol % SiC 100.0 Good sample
whiskers
SCW-50 Mullite 10 val % SiC 100.0 Good sample
whiskers
SCW-81 Mullite 20 vol % SigN, 99.3 Good sample
whiskers
SCW-81AP  Mullite 20 vol % SijsN, 99. 4 Good sample
whiskers
SCW-80 Mullite—30 vol % 20 vol % SiC N.D.¢ Melting
ir0, whiskers ohserved
SCW-84 Mullite—12 vol 4 20 vol % SiC 99.7 Good sample
Zr0 whiskers
SCw-484 Lro, %12 wt % 10 vol % SiC 85.0 Whisker-matrix
Y,03) whiskers interaction
SCW-66 r0, (12 wt % 20 vol % SigN, 90.0 Whisker-matrix
Y,03) whiskers interaction
SCW-75 Ir0, (12 wt % 20 vol % SigN, 91.2 Whisker-mat rix
Y,03) whiskers interaction
SCW-88 Ir0, 312 wt % 20 vol % SigN, 92.5 Good sample
Y,04) whiskers
SCW-87 Ir0, ?12 wt % 20 vol % Al,0, 93.1 Melting
Y,03) fibers observed
SCW-18 A1,05—12 vol % 20 vol % SiC 95.9 Whisker-matrix
frO2 whiskers interaction
SCW-85 Al,05712 vol % 20 vol % SiC 99.4 Whisker-matrix
r0, whiskers interaction
SCW-85A A1,05712 vol % 20 vol % SiC 100.0 Good sample
iro, whiskers
SCW-86 Al,04 20 vol % £r0, 98.7 Melting
fibers observed
SCW-21 Al ,03710% 20 vol % SiC 95.5 Whisker-matrix
Cr,04 whiskers interaction

aSmaller grain size than SCW-49.

bsmaller grain size than SCW-81.

CNot determined.

dpressureless sintered instead of hot pressed.
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The mechanical properties of selected composites were determined on
specimens cut from the hot-pressed samples. Those results are summarized
in Table 4. As shown, significant Tevels of flexural strength were
observed with the mullite and A1,0;-Zr0, matrices. While the mechanical
properties for the zirconia matrix composites are not extraordinary, they
are typical of values reported for fully stabilized zirconia,

Many comparisons can be wmade between the different sets of mechanical
property data. One of the first is the effect of any whisker-matrix
interaction (i.e., SCW-75 vs SCW-88 and SCW-85 vs SCW-85A). In every case
degradation of the mechanical properties results when any 1nteract10n
occurs between the matrix and the reinforcement.

Table 4, Summary of mechanical properties of whisker-reinforced
Tow-thermal-conductivity matrices

Flextral Fracture
Sampie Matrix Reinforcement strength@  toughness
(MPa) (MPa~m1/2)
SCW-49 Mullite 20 vel % SiC 422 4.7
whiskers
SCW-49A¢  Mullite 20 vol % SiC 490 3.84
whiskers
SCW-50 Mullite 10 vol % SiC 419 3.60
whiskers
5CW-81 Mullite 20 vol % SigN, 268
whiskers
SCW-BIAY  Mullite 20 vol % SijzN, 338 1.64
whiskers
5CW-75f  Zirconiad 20 vol % SigN, 108
whiskers
5CW-~88 Zirconia¥ 20 vol % SizNy 125
whiskers
SCW-85F  A1,03-12 vol 2 20 vol % SiC 390 8.4d
Ir0, whiskers
SCW-85A  Al,05712 vol % 20 vol % SiC 675 7.84
ZrQ, whiskers

AMeasured by four-point-bend test.

bMeasured by applied moment double cantilever beam method.
CSmaller grain size than SCW-49,

dveasured by multiple indent method.

2Smaller grain size than SCW-81.

fReaction occurred between matrix and whiskers.
gstabilized with 12 wt % Y,0;.
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The type of whiskers (SiC vs SijN,) also affects the final mechanical
properties. Comparing the mullite matrix composites indicates that the
SiC whiskers are more effective as a reinforcement than the SigN, whiskers
are. The reasons for this difference are unclear at the present time.
Differences in whisker size distributions, chemical interactions, and
processing procedures may all contribute to the disparity in the final
properties,

By using a comparative method3 the thermal conductivities of several
ceramic composite samples have been determined near room temperature, The
results are presented in Table 5, and tests with standard specimens! show
that the experimental uncertainty is 3% or less. Data for a hot-pressed
A1,03 sample are also included, and these thermal conductivity values are
about 10% smaller than the recommended values3 for this compound.

Additions of 20 vol % SiC whiskers increase the thermal conductivities
of both Al,0; and mullite, but the percentage change is larger for the
mullite. The values for mullite—20 vol % SiC are about 25% larger than
literature data“ for this compound. The results for hot-pressed Al,0;—
20 vol % SiC also show that the thermal conductivity does not depend on
sample (SiC whisker) orientation,

Table 5. Thermal conductivity values for SiC-
toughened ceramics

Thermal
Sample Temperature conductivity

(W/meK)

Al1,0; (hot pressed) 303.6 32.3
331.6 29.0

362.6 26.1

Al1,0575 vol % SiC4 303.2 29.5
sintered) 331.6 26.4
362.9 23.8

A1,05—20 vol % SiC 303.3 35.2
%hot pressed, parallel to 331.5 32.0
pressing direction) 362.8 29.4
A1,04—20 vol % SiC 303.1 35.1
fhot pressed, perpendicular 331.4 32.1
to pressing direction) 362.8 29.5
Mullite—20 vol % SiC 303.2 7.27
(hot pressed) 331.7 7.16
362.9 7.06

ASample also contained sintering aids that formed a
glassy phase at grain boundaries. Results cannot be com-

pared with those for hot-pressed sampies.
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Status of milestones

The following milestone was scheduled for completion in this reporting
period, '

Milestone: Complete initial investigation of whisker-reinforced low-
thermal-conductivity matrix composites. Submit progress report. March
1985,

The milestone was completed, and the results are summarized in the
bimonthly progress report and in the program semiannual report. All other
milestones are on schedule,
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Sol-Gel Oride Powder — W, D. Bond, P. Angelini, P. F. Becher, and
T. N. Tiegs (0ak Ridge National labaratory)

Objective/scone

Sol-gel processes have the potential for the synthesis of materials
that can be processed at modest temperatures while obtaining hignly uni-
forim 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 synthesizing
powders of phase-stabilized zirconia and alumina and for coating whiskers
to control their interface properties to matrix phases. Sol-gel processes
take advantage of the highn degree of homogeneity that can be achieved by
mixing on the colloidal scale and tne 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 which is also sup-
ported by the DOE Materials Sciences Program at (Oak Ridge National
l.aboratory (ORNL). The Materials Sciences 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 done in a colla-
borative effort with the research on SiC whisker-reinforced composites
under way at ORNL in the Industrial Conservation Program. The Industrial
Conservation Research includes the necessary research on the fabrication
and properties of composites reinforced with the sol-gel-cocated whiskers.

Technical progress

Sol-gel studies this report period were concerned with a study of the
effect of temperature on the precipitation of hydrous alumina by urea
hydrolysis, the effects of the pH and concentration of alumina sols in the
coating of SiC whiskers by sol-gel metnods, and the preparation of gel-
derived powders of Zr0,-HfO,. The powders Zr0,-Hf0, will be evaluated in
the Material Sciences Program with regard to the high-temperature (up to
1000°C) stability of the tetragonal Zr0, phase.

The rates of precipitation of hydrous alumina and the nature of the
precipitates produced by thermal hydrolysis of urea were investigated.
Precipitations were effected by heating 1 L of a 0.1 M AINO3~C.1 M NH,NO;
solution in a reflux vessel in tnree experimental runs at temperatures of
60, 70, and 80°C. The time required for precipitation was observed
visually. The precipitates were separated by centrifugation, washed free
of NH,NO;, dried in air at ambient temperatures, and examined visually in
a microscope. The precipitation rates were very slow, requiring about
5 days at 60°C and about 3 days at 80°C. Gel precipitates were formed at
the Tower temperature conditions (60 and 70°C), whereas granular precipi-
tates were formed at 80°C. The average size of the precipitated particles
was about 1 um, and the particles formed at 60°C appeared to be the most
uniform in size.
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Preparations of alumina-coated SiC whiskers by sorption of colloidal
alumina from sols were investigated with regard to effects of the pH and
A1,0; concentration of the sols. To promote good contact during coating,
ultrasonic agitation was used to disperse the SiC whiskers into an aqueous
Al1,04 concentration of the sols. Experiments have been carried out with
3015 at two concentration levels of Al,05 (11 and 34 g/L). In each
experiment, 0.5 g of SiC whiskers were coated while holding the mass ratio
of Al,03 to SiC constant at 1.7. Examination of the coated whiskers by
electron microscopy showed that the whiskers were comp]ete]y coated at all

conditions and that the coating thickness increased with increasing Al,0;
concentration and decreasing pH of the sol. The coatings applied at

pH = 3.5 were very uniform, whereas the coatings at pH = 2.5 were not.
The coatings formed at pH = 2.5 were not uniform in thickness along the
lengths of the whiskers.

Gel powders were prepared by direct gelation and by gelation of pre-
cursor Zr0,-Hf0, hydrosols. Both methods were used to prepare several
20~g batches of glassy, semi-transparent, Zr0,-Hf0, gel particles con-
taining 8 and 16 wt % HfO,. In the direct gelation method, the Zr0,-Hf0,
gels were precipitated by using a large excess of 8 M NHQOH at 25°C. The
gel precipitation was carried out by slowly adding a 0.3 M solution of the
metal salts (1.5 mL/min) to 1 L of 8 M NH,OH while rapidly stirring. At
25°C, gel precipitates were obtained by thlS procedure, whereas at 50°C
gfanu1ar precipitates resulted. The gel was separated from the mother
Tiquor by filtration. Subsequently, the gel filter cake was washed and
dried. Gels were prepared from Zr0,-Hf0, precursor sols by water evapora-
tion. The Zr0,-Hf0, sols were synthes1zed from Zr0,-Hf0, gel precipitates
that were precipitated by the direct gelation procedure.

Important findings and observations

Initial results of the influence of Al,0; concentration and pH sols
on the coating thickness of alumina-coated SiC whiskers suggest that the
coating process is governed by typical adsorption isotherms for colloidal
particles., According to these isotherms, the magnitude of the driving
force for adsorption is increased by increasing the solution concentrations
of the colloidal sorbate and by increasing electrostatic attraction between
the colloidal sorbate particles (e.g., Al,03) and sorbent surface (e.g.,
SiC). The pH of the system determines the electrostatic attraction because
the H* or OH~ ion concentrations determine the sign of the charges on the
colloidal sorbate particles and on the sorbent surface and the magnitude
of those charges.
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Advanced Transjormation-Toughened Oxides
(University of Michigan)

No report received.



1.2.4 Silicate Matrix

Mullite SiC Whisker Composites
>. Musikent and 5. Samento ({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 A1203

2 $10p) matrix ceramic composite. In addition, the enhancement of

the mullite matrix fracture toughness by the incorporation of transformation
toughening by additions of Zrg_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,
A-30 X 106 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 ZIr0s. Since the coefficient of thermal expansion (CTE) is about

half that of Zr0p, mullite experiences far lower thermal stresses than
Zr0o when exposed to the same thermal gradient. ‘

Similarly, in comparison to alumina, mullite is intrinsically superior
with respect to thermal shock because of mullite’'s Tower 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 MPam .

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 %. 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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3. Investigate the addition of & transformation toughening agent,
Irgy gHfp 502, to mullite/SiC compositions to enhance the fracture
toughness of the matrix material.

4, 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).

5. 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.

6. Characterize the composites for mechanical, physical, chemical

and thermal properties at room temperature and at elevated temperatures,

TECHRICAL MIGHLIGHTS

Summary of Work to Date

In the previous reporting period, muliite/SiC whisker composites were
prepared with 20 w/o and 30 w/o as received SiC whisker content. The
highest density after sintering measured was 85% of theoretical density
which is too low for practical usefulness and also, due to connected
porosity, too low to subject to hot isostatic pressing operation without
canning, The key issue identified in this early work is to achieve

a sufficiently high density composite by sintering without resorting

to hot pressing. If this can be accomplished, then a containerless
HIP'ing operation can be expected to fully densify the composite.

During the current reporting period we have investigated three different
approaches to achieving higher density inciuding:

1) Milling of whiskers to reduce the1/d ratio and thus enhance ability
to densify during sintering.

2) The use of a Si02-A1203 glass plus additions of Al;03 to achieve
a liquid phase during sintering followed by diffusion of the excess
A1203 into the glassy phase to approach the mullite composition.



55

3) The use of Nbp0g as a sintering aid as well as for its potential
to form a carbide diffusion barrier on the 5iC whisker.

A series of sintering experiments were conducted and the highest density
achieved was 90.8% using mullite, milled SiC whiskers and NbpOg in

a 70/30/10 weight ratio. These experiments as well as the earlier ones
previously reported are summarized in Table I and in the following
paragraphs.

Compositions 1 through 3 were composed of mullite powder and as received
Arco SiC whiskers.

Compositions 4 through 7 were composed of muilite powder, as received

ARCO Sic whiskers and two compositions of S5i02-A1703 glasses. The

Si0p-A1203 phase diagram shows a eutectic glass at approximately 4.2

m/o A1703 (Ref. "Phase Diagrams for Ceramics“, E. M. Levin, . R. Robbins,

and H. F. McMurdie, American Ceramic Society, 1964). In each of these

batches, additional alumina was added in an attempt to achieve a stoichiometric
mullite matrix in the final sintered body.

In compositions 8 through 12, the effect of milling the SiC whiskers
was investigated. In general, the milling of the SiC increased the
densities to the 87% of theoretical density range.

Compositions 13 and 14 incorporated Nby0g as a sintering aid. Sample
14 achieved the highest density, 90.8% of theoretical, in this series
of experiments.

Composition 15 was similar to composition 1, except that the mullite
whisker mixture was prepared as a slury with pH adjustments to attempt
to achieve a more homogeneous dispersion of the whiskers in the mullite
matrix. The slurry was concentrated by boiling off the water, dried
and further processed as described in Table I.

DISCUSSION

During this reporting period, we have prepared mullite - 5iC whiskers
(70/30 wt %) compositions with and without an additive or a sintering
aid. The baseline mullite (Baikowski mullite, planetary ball milled

1 % hours), Baikowski mullite ball milled for 48 hours, and 2 newly
available, deagglomerated, finer particle size variety of muilite from
Baikowski Corp. were investigated as the starting matrix material.
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SiC whiskers from Arco Metals Co. were also milled for various periods
of time to obtain shorter (lower 1/d) fibers before incorporating into
a mix composition. Also, we investigated the use of Si0p~A1703 glasses
(and their subseguent re-crystallization to mullite) and niobium oxide,
Nb20g, in order to promcte sintering by the presence of a liguid phase
at the sintering temperature (1650°-1670°C). A few compositions were
also tried with Zr02-Hf0s (1:1 molar) addition to achieve transformation
toughening in the system. The compositions investigated along with
their processing methods and densitites of sintered composites ave
summarized in Table I. In general, powder mullite-SiC whisker batches
were cold isostatically pressed (CIP) at 40-55 KSI and sintered in

air at 1650-1670°C for 2-3 hours. Sintered composite billets exhibited
a thin oxidized, white layer on the surface. A swall piece from inside
(greenish) was saw cut from each billet for density determination.

As seen in Table I, density of the sintered composites ranged between
approx. 80-21% theoretical. The highest density of about 91% theoretical
was obtained with the composition #14 containing 10 weight % NboOg.
Sintered specimens containing Nbp0s have a blackish color (probably

due to NbC formation), unlike other materials, which are similar to

the original greenish color of SiC whiskers. Based on the data shown,
several other observations are mentioned as follows:

(1) NMew, as-received, deagglomerated Baikowski mullite is superaior
to the milled earlier Baikowski mullite.

(2) Use of Si03-A1703 glasses {composition nos. 4-7, Table I) in the
composites batches did not develop sufficient liguid phase(s)
to improve densification of the material at the sintering temperature.
The use of such glasses and other sintering aids needs to be investigated
further.

(3) Addition of a toughening agent, such as, Zr0p~Hf0p, did not exhibit
any transformation toughening in the system, probably because
of the high porosity in the sintered composite.

(4) Use of slightly milled SiC whiskers improves the composite density
(comps. #10-14). Milling the as-received (10-80.4.m) whiskers
for about % hour, wet or dry, in a planetary ball mill breaks
down the major fraction of the fibers to < 10-12 4. m in length,



Figures 1 and 2 show SEM photomicrographs of SiC whiskers in batch
composition #10 (whiskers wet milled in PBM for % hour) and after %

hr PBM dry {whiskers used in compositions #13 and 14). Figures 3 and

4 show fiber structures in powder batches of the compositions #11 and

12 respectively. Figure b shows the presence of much longer whiskers

i: akbatch of composition #15 prepared by wet dispersion and with unmilled
whiskers.

A few small pieces of sintered mullite-SiC whisker composites were
also sent to GE-CR&D, Schenectady, NY for canning/encapsulating in

a Mo foil by electron beam welding for HIP'ing experiments. Initial
weldings of the foils were not successful, Further work is under way.

WORK PLANNED

During the next reporting period, the following tasks are planned:

(1) Continue to investigate the use of a glass Nbp0g or other sintering
aid(s) to achieve further densification during sintering of muilite
- SiC whiskers composites. The principal aim is to achieve high
enough density {no open porosity) of a sintered composite, which
could be densified further by hot isostatic pressing {HIP).

{2) Investigate HIP'ing of a sintered composite(s) after encapsulation
in a refractory metal {Mo or Ta) or glass to produce a denser
composite.

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

(4) Study of mechanical properties and microstructures of a few selected
composites prepared.

STATUS OF MILESTONES

Table II, contract management summary report, lists the milestone plan

and our current status. At this time, milestones 1.1, 1.2 are complete.
Milestone 1.3, Characterize Initial Specimens, is partially compiete.
However, to date we have not achieved, by sintering, properties equivalent
to those of the hot pressed samples made during our earlier IR&D program
and reported in our Proposal C-03083 (January 24, 1984). Until we

achieve densities in the range of 95% of theoretical, we will hold

up on any extensive characterization.

Likewise, Milestone 3.1, Detailed Test Plan, has been held up pending
achievement of higher density samples. However, this task will be
completed during the next reporting period.
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COMMUNICATIONS/VISITS/TRAYVEL

During this period a progam review was conducted {March 12, 1935) at
General Electric Co. with T. Tiegs and D. R. Johnson.

PUBLICATICONS

No publications have been preparad on the work to date. However, a

paper based on our eariier IR&D study on the same subject was deliverad
at the American Ceramic Society Symposium on Composites and Advanced
Ceramics, Cocoa Beach, FL, January 1985: "SiC Whiskers Reinforced Ceramic
Matrix Composites”, S. C. Samanta and S. Musikant.

PROBLEMS ENCOUNTERED

The primary objective in the present stage of this investigation is

to achieve a high density composite without resorting to hot pressing.

So far we have achieved a maximum of 90.8% of theoretical using a 70:30:10
weight ratio of mullite: milled SiC whiskers: Nbp0g. Nb0s has 2

melting point of 1479°C,

Future work will attempt to achieve a higher density by sintering prior
to containerless HIP'ing.



Table |

Mullite-Sic Whisker Composites Prepared

NO. COMPOSITION PARTS BY PROCESSING CONDITIONS DENSITY
WEIGHT {% THEORETICAL)
1 Mutlite (1) 70 Blended in planetary mill for 15 minutes, 84.6
SiC Whiskers 30 cold isostatically pressed at 40,000 psi
and sintered at 1650°C in air for 3 hours.
Sintered billets & 2.5" X 1.0 X 1.0"
2 Mullite (1)}/1:1 70 " B4.5
molar Zr0-Hf0»
SiC Whiskers 30
3 Mullite {2) 70 " 85.5
SiC Whiskers
4 Mullite {(2) 70 Same as above, except the powder B2.6
SiC Whiskers 30 batch was CIP-ed at 55,000 psi
Glass I 10
Alumina 24
5 Mullite {2} 70 " 89.0
SiC Whiskers 30
Glass 1 30
Alumina 72
6 Mullite (2) 70 Same as above, except sintered 81.4
SiC Whiskers 30 at 1670°C/3 hrs
Glass 11 1¢
Alumina 18.5
7 Mullite (2) 70 " 81.3
SiC Whiskers 30
Glass Il 30
Alumina 55.5
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Table 1 {Continued)

NO. COMPESITION P??ES By PROCESSING CONDITIONS DEESITY
WEIGHT {% THEQRETICAL)
3 Mullite (3} 70 Same as bove, exce i ‘
" | 2 , except sintered at 33.56
%48 Whiskers {Miiled} 30 1650°C/3 hrs 4 billets  1.8" X
{).5" ;{ D'ﬁn -
9 Mullite {3)/1:1 70 " 85.4
1rQy-Hf07
SiC whiskers {Mi1led} 30
10 Mullite (3) 70 Same as above, except sintered 88.¢
$iC Whiskers {Het at 1570°C/3 hrs.
willed 1/2 hour) 30
11 #uitite {3} 7G » 87.7
SiC Whiskers {¥el
Milled 1 hour} 30
12 ¥ullite 13} 73 " 856.0
5iL wniskers {WHet
Milleg 2 hours) 30
13 Mullite {3) 70 Same as above, excepi sintered 85.6
$iC Whiskers {dry at 1670°C/2hrs.
milled 1/2 hour) 30
ﬁbzﬁs 5
14 Multite {3) 70 " 90.8
$iC ¥hiskers {dry
milled 142 Hour)} 30
Hb, 0 10

275
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Table I {Continued)

NO. - COMPOSITION PARTS BY PROCESSING CONDITIONS DENSITY
WEIGHT (% THEORETICAL)
15 Mullite (3) 70 Pre i i
U ‘ pared by wet dispersion on B4.6
5iC Whiskers 30 mixing in a Waring blender at

PH 11.0, re-adjusted the PH to

7.0, concentrated the slurry by

boiling off water and then dried.

Dry batch powder CIP-ed at

355000 psi, and sintered at 1670°C/
rs.

NOTE: Raw Materials

Mullite (1) - Baikowski mullite, ball milled, wet, 48 hours, dried and planetary ball milled,
dry, 15 minutes.

I:1 molar Zr0p-HfOz - Prepared by sol-gel method, calcined 750°C/2 hours, wet planetary ball

milled 8 hours, dried and then planetary ball milled for 15 minutes.

SiC Whiskers - SILAR SC-9 from ARCO Metals Co.

Mullite (2) - New, deagglormerated, as-received Baikowski Mullite

Glass I - Si0p/A1p03, 95/5 mole %, melted and ground, - 325 mesh

Glass Il - Si0p/A1,03, 85/15 mole %, melted and ground, - 325 mesh

Alumina - Nortion Co, grade 38-900

SiC Whiskers {milled) - SILAR Sc-9 whiskers milled in a planetary ball mi1l for 10 minutes

Mullite (1}/1:1 ZrDp-Hf0p - 90/10 Vol %

Mullite (3)/1:1 Zr0p-HfO, - 90710 Vol %

Mullite {3} - Baikowski mullite, planetary ball milled, wet, 1 1/2 hours, dried and then
planetary ball milled, dry, for 15 minutes

5iC Whiskers (compositions 10,11 & 12) - wet milled in planetary ball mill for 1/2 hr., 1 hr, & 2 hrs.,
respectively; dried & then PBM dry, 15 min.

SiC Whiskers {compositions 13 & 14) - PBM, dry, 1/2 hour

NbZGS - Kenametal Co.

19
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Table II

Development of Ceramic Matrix Composites for Application in the Ceramic

Technology for Advanced Heat Engine Program — Mullite Si C Whisker Composites

Subcontract 86X-00218¢C

Task
1.1
1.2

1.3

2.1

2.2

3.0

Milestone Schedule

Feasibility demonstration
Establish performance goals
Fabricate initial specimens
Characterize initial specimens
Develop process flow sheets
Develop low cost near net shape process
Fabricate initial liquid phase sintered specimens
Fabricate initial HIP specimens
Fabricate improved liquid phase sintered specimens
Fabricate improved HIP specimens
Select best process for optimization
Develop optimized process
Document optimized process flow sheet for intermediate
level of optimization
Document process flow sheet for final level of
optimization
Property measurements
Characterize microstructure of each stage of process
development
initial

improved

Date

12/14/84
1/7/85

2/1/85

4/1/85

4/5/85
8/2/85
8/2/85

1/3/86

5/2/86

8/1/86

5/3/85

2/6/85
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December 1, 1984 : Page 2 of 2
Task Date
3.1 intermediate optimization : 5/2/86
final optimization ' 8/1/86

3.2 - Submit detailed test plan to ORNL 2/1/85
3.3 . Property measurements
3.3.1  (a) Measure MOR, Ky~ at RT and 1200C 5/3/85%

(b) Measure MOR, E, Kyp CTE, k at RT and 1200C. 9/6/85

Thermal soak at 1000C/500 hrs. and repeat tests.
{c) Repeat (b) 7/4/86
3.3.2 Perform cyclic fatigue test and fatigue crack 5/16/86
propagation test |
3.3.3 Model MOR of composite ' 8/16/85
3.3.4 Perform thermal shock analyis 8/15/86

4.0 Reports
Milestone schedule 12/1/84

Bimonthly reports 1/15/85
3/15/85

5/15/85

7/15/85

9/15/85

11/15/85

1/15/86

3/15/86

5/15/86

7/15/86

Semi annual reports 6/15/85
12/15/85
6/15/86

Final report 10/31/86
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Figure 1: 1/2 hour PBM, wet, SiC whiskers in composition #10 batch

Figure 2: 1/2 hour PBM, dry, SiC whiskers
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1.3 THERMAL AND WEAR COATINGS

1.3.2 Zr0,=Cr,05 Coating Evaluation

Zr0y~Cr,0;3 Coating Evaluation
T. M. Yonushonis (Cummins Engine Company, Inc.)

Obijective/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 spraved zirconia.
The chrome oxide wear coatings have been applied to cylinder liners
for wear protection, while plasma sprayed zirconia has been used for
thermal protection of piston crowns in advanced adiabatic engines.

The tasks and subtasks for this program are as follows:

Task

Microstructural and Property Characterization
Microstructural and Chemical Analysis

Thermal Stability and Thermal Fatique

Thermal Conductivity

- Mechanical Properties

friction and Wear Characteristics

Post Engine Test Coating Characterization

i

i

!

Task
Task

{

1
A
8
C
0
2
3

}

It is anticipated that this 24 month program will provide
detailed characterization procedures, design properties, and improved
ceramic coatings for wear resistant surfaces and thermal barrier
surfaces utilized in advanced adiabatic diesel engines.

Jechnical Progqress

Task 1A - Microstructural and Chemical Analysis

Most characterization efforts on this task during this reporting
period have been conducted at the University of I1linois under the
direction of Irena Dumler. TEM, SEM, and electron microprobe analysis
have been used to analyze the Kaman Sciences coatings and the Plasma
Technics plasma sprayed zirconia. Data reduction is in-progress on
these samples.

Results of the optical analysis were reported in the previous
semiannual report.
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Task 18 - Thermal Stability and Thermal Fatigue

Static oxidation tests of the chrome oxide and piasma spray
coatings have been completed at 538°C (1000°F) for 1000 hours.
Optical microscopy of cross sections of the samples revealed that the
iron/coating interface was deteriorating due to oxidation of the
iron. Improved substrate materials will be requived if 538°C (1000°F)
metal temperatures are required in advanced diesel engines.

Task 1C ~ Thermal Conductivity

Mo activity during this reporting period.

Task 1D - Mechanical Properties

Vickers hardness values were obtained for the Kaman SCA on cast
iron at approximately 25°C, 250°C, 400°C, and 500°C at ORNL with the
assistance of Wavne Clark. The coating hardnesses wer2 measured at
500 gram and 1000 gram loads in vacuum., Vickers hardness was
calculated using the formula:

DPH = 2 P SIN 9/2 where P = lead in Kg
d?2 2 = 136°
d = diagonal length in mm
Vickers hardness values are reported in the following Table:

Vickers Hardness

500 Gram Load

Standard
Approximate Average Reviation Number of
Temperature (Kg/mm?) (Kg/mm?) Tests
25°C 468 39 3
250°C 517 120 9
425°C 432 62 a
1000 Gram Load
260°C 417 16.8 5
400°C n 65 9
500°C 332 71 6

Analysis of the 500 gram data by a T-statistic revealed that the
coating hardness did not change over the temperature range tested.
Calculation of the indentation depths based on diamond geometry
confirmed indentation depths did not exceed the coating Lhickpess.
Indentation depth was approximately 1/5 to 1/3 the coating thickness.
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Hardness values were lower than normal for this material based on
comparison to other values which is probably related to a slightly
different measurement technique. Therefore, hardness values reported
in the previous table can only be used for relative comparisons within
the table. The difficulty in finding the impressions forced us to use
another microscope for measurements of the indentations.

Dr. Graham, Pennsylivania State University, has had some
difficulties measuring the elastic modulus of the chrome oxide and
plasma sprayed zirconia coatings on the iron substrates because of
ultrasonic attenuation of the iron. Another set of coatings on steel
substrates appears to minimize this problem and the effort is
progressing.

An investigation was conducted to determine the adherence and
fracture toughness of three coatings: 5CA, zirconia, and SCA
infiltrated zirconia. This effort also develops coating mechanical
property data of cocatings in diesel engines that is critical for
successful application.

A Vickers diamond indentation technique was evaluated as a means
of determining coating adherence and fracture toughness. A second
method, double cantilever beam {DCB), was used to establish a lower
bound for SCA fracture toughness. The information generated by these
techniques can be used to predict coating performance and to develop
improved coatings.

Pask Research and Engineering has evaluated the indentation
method of determining coating adherence and coating fracture toughness.

A summary of the major findings of the indentation method were as
follows:

. The Kaman SCA coating contained many cracks and porosity.
These defects prevented Pask Research and Engineering from
measuring the fracture toughness of the coating.

. Significant differences in crack lengths were observed at
the edges of ithe indentation for cracks parallel and
perpendicular to the plasma spray direction in the plasma
sprayed zirconia. This result indicates residual stresses,
anisotropy of material, or both. Toughness was greater
normai to the surface than parallel to the surface by
approximately 145%.
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- Hardness of the zirconia was affected by the SCA treatment.
However, the fracture toughness appeared unaffected by the
SCA treatment as shown in the following table. This result
indicates that the SCA treatment does not substantially
improve the bond strength of plasma sprayed zirconia.

Hardness and Toughness of SCA Infiltrated Zirconia

Toughness, #Paldl (KSI in)

Location Hardness, Kg/mm2 _ Paralle! to Surface _ Normal to Surface

Near SCA Layer 1200 = 80 2.1 £ 0.5 (1.9 £ 0.5) 3.0 £ 0.6 (2.8 « 0.6}
Center of ZIr0p 10650 + 60 2.0 £ 0.5 (1.8 £ 0.5) 2.5 £+ 0.6 (2.7 + 0.5}
Near Bond Coating 960 =+ 80 2.0 + 0.5 (1.8 = 0.5) 3.2 + 0.6 (2.9 = 0.6)

A DCB Technigue [1] was used to determine the Tower bounds of
fracture toughness for the Kaman SCA coating at Cuminins. The
technique was considered to yield a lower bound fracture toughness due
to the change in coating application methed necessary to obtaim
samples. Although the processing was identical to SCA processing the
method of bonding cast iron cantilevers was not previously attempted
by Kaman Science. The following fiqgure shows a schematic of the DCB
specimen with a thin laver of SCA coating between the cantilever beams.
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The DCB samples were precracked in tension using an Instron at
0.002 in/min crosshead speed. The crack length was determined by a
binocular microscope and measured with a scale. The sampie was then
placed in the Instron for rapid fracture at a 0.2 in/min crosshead
speed. Table 1 presents the data. Fracture toughness was calculated
by the following formula [1].

Kic = 3.45 pa [ +0.7 (h)]
b h377 (a}]

where h = 0.4 in.

b = 0.05 in

W= 2.7% in

Fracture Toughness values are shown in the following table.

DCB Test Data and Fractuire Toughness of Kaman SCA

Crack Pop In Kic Kic Kic
Test Length Load Load (MPa KSI
# (in) (1bf) (1bf) m72)  vin_
1 1.7% 45 2.4 1.47 1.35
2 0.66 21 4.4 1.23 1.713
3 0.93 27.5 4.0 1.44 1.32
4 0.64 29 5.1 1.40 1.28

Average Kic = 1.39 MPam 1/2 (1.27 KSI vin)
S.D = 0.099 MPam /2

B

Average fracture toughness was 1.39 MPa ml/2 (1.27 KS1 +1in) which
is approximately double the fracture toughness of glass [2] and
approximately equivalent to porcelain enamels [3].. This fracture
toughness value is considerably lowered than cast iron, 44 Mpam!/2
(40 XSI vin.) Therefore, the Kaman SCA is much less tolerant to
damage than cast iren.

References For Section 1.0

1. A.G.Evans, "Fracture Mechanics Determinations", in Fracture
Mechanics of Ceramics, Vol 1, edited by R.C.Bradt, D.P.H.
Hasselman, and F.F.lLange (1973).
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2. S.M.Wiederhorn, A.G.Evans, and D.E.Roberts, *A Fracture Mechanics
Stiudy of Skylab Windows®, Fracture Mechanics of Ceramics, Vol 2,
edited by R.C.8radt, D.P.H. Hasselman, and F.F.lLange (1974).

3. W.G.Clark,Jdr. and W.A.Logsdon, "The Applicability of Fracture
Mechanics Technology To Porcelain®, Fracture Mechanics of
Ceramics, Vol 2, edited by R.C.Bradt, D.P.H. Hasselman, and
F.F.Lange (1974).

Task 2 - Friction and Wear Tests

A statistical experimental design approach was selected for this
wear test investigation.

Test matrix was comprised using the following constants and
variables.

Jest Conditions

Constants Variables
Speed - 500 rpm Ring coating - CrC + Mo
- Alp03 +
Ti0p
0il Temperature - 175°C Block Coating - gray iron,
{350°F) (no coating)
Test Time - 15 Hours Kaman SCA 10X €1
Ring Diameter - 34.99 mm 0i1 Type - Life 011
(1.3775 1in.) {SDL-1 Type)
Block Width - 6.35 mm Exxon 7808 (Mil1-L-23699)
{0.25% in) Initial Stress Level

High ~ Approximately 400
MPa (60 KSI)

Low - Approximately 200
MPa (30 KSI)

The following fractional factorial design matrix was developed to
determine the influence of coating type, lubricant, and stress level
on the total test block wear.



74

fractional Facterial Design Hatrix

Liner Coating

Gray lron From Liner
Ring Coating _ _Kaman SCA 10X C-1  _ Coating

CrC + ¥o 1* 2 2 1 1 4 2 1
A1203 + Tiﬂz 2 1 1 2 2 1 1 2

% Number of tests
011 1 - Life 1 = 400 MPa iaitial
0il1 2 - Exxon 2380 7 = 200 WPa initial

The materials selected for this investigation are being evaluated
for wear control in advanced engines. A low alloy aray iron liner was
selected as a baseline, since it represents a standard cylinder liner
material. A liner coating consisting of $i03/Cry03/A1,03**
was also selected. The ring coatings included plasma spraved
CraCo/NiCr/Mo* and Alp04/Ti05%*.

A block-on-ring test machine*** ASTM Practices G77-83, was used
to determine the wear volumes and frictional behavior of the
materials.

A 2% factorial experimental design was used to minimize the
number of tests and assist in interpretation of the results. 1In this
testing, one-half of the matrix was replicated. The model statement
selected was to evaluate the major effects of liner coating, ring
coating, lubricant, load and two-way interactions between the major
effects.

* Kopper's Co., Baltimore, MD
*% Kaman Sciences Corp., Colorado Springs, CO
**% Falex Corp., Aurora, IL
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The test sequence was randomized. The desired ring, block,
lubricant and load combinations were selected, the lubricant reservoir
was heated to 175°C, and the testing was initiated. Test duration was
15 hours. The samples were removed and catalogued. The wear was
determined by averaging the width of the wear scar in three
locations. Frictional forces were obtained from a load cell and these
values were recorded during the test.

The coatings and wear scars were examined optically and by
scanning electron microscopy.

Ring surface roughness measured by stylus techniques was
approximately 0.8 um AA for the as-ground surfaces. Surface
porosity in the plasma sprayed coating was partially responsible for
the high surface roughness compared to standard rings, approximately
0.15 um AA. Block surfaces were 0.5 um AA which was comparable to
standard liner surfaces.

Material characterization revealed that the plasma sprayed ring
coatings and the liner coatings had a complex microstructure. X-ray
diffraction of the SCA revealed that this coating consisted of
a-quartz, chromia, and alumina. Only the NiCr and Mo phases were
detected by X-ray diffraction in the Cr3Cy/NiCr/Mo coating.

Al,03 was observed by X-ray diffraction in the Al,03/710p

coating. Energy dispersive X-ray analysis of optical sections was
able to detect discrete Cr3C, particles and Ti0p stringers in

the respective coatings. Due to the low volume fraction of Cral;
the average coating hardness was approximately 480 HKgqg.

The coefficients of friction and wear volumes obtained from the
Tubricated block-on-ring tests were analyzed by regression analysis
procedures. Wear volume was modeled as log {wear volume) due to a
higher correlation coefficient compared to the wear volume model.
Mean values of the coefficient of friction and wear volume are shown
in the following table.



Mean Value Of The Coefficient Of Friction and Wear Volume

Number of Wear Volums
_Tests ug _ (mmdy
Liner Material
Gray lron 10 0.16 8.4
SCA 12 0.22 0.4
Lubricant
MIL-1L-23699 10 0.14 0.7
SE/CD 15W-30 12 0.22 5.9
L.oad
High 12 0.15 6.7
Low 10 0.23 1.0
Ring Coating
A1203/7109 11 0.18 1.2
CrgCa/NiCr/Mo 11 0.20 7.0

Analysis of the interactions revealed that the oil and load have a
significant interaction on the measured coefficient of friction. The
SE/CD 15W-30 Tubricant at low load had a significantly higher average
coefficient of friction than any other combination of variables (99%
confidence), following table.

Coefficient of Friction For Lubricanit/lLoad Interacticns

Lubricant * lLoad

L.oad
Lubricant 35C N/cm 70 N/cm
MIL-L-23699 0.16 0.12
SE/CD 15KW30 0.3 0.14

From this data set, the effects of lubricant and load couid not be
separated due to the interaction. The other significant factor was
that the SCA coating had a nigher average friction coefficient than
gray iron (96% confidence). Because of this interaction the lubricant
and load coefficient of friction could not be separated.
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Analysis of the wear volume demonstrated that the high load
yielded a higher average wear volume {99% confidence), which was
expected. The block and lubricant interaction may be easily seen.
The gray iron block tested with SE/CD 15W-30 011 had a higher average
wear volume than any other combination tested.

Log {Wear Volumes) for Block/Lubricant Interactions

. Block
Lubricant Gray lIron SCA
MIL-L-23699 -0.44 ~0.66
SE/CD 15W-30 +0.83 -0.97

it should be noted, however, that the contact stresses change
rapidly with increasing wear scar width. Therefore, the rings tested
with the SCA coatings have experienced a higher contact stress
throughout the 15 hour test than when the rings were tested against
gray iron. This factor complicates the analysis, but a possible frend
was observed indicating that greater ring wear may occur when cylinder
tiners are coated with harder wear resistant coatings.

Surface roughness measurements of the block surfaces and the ring
surfaces verified that the surfaces were degrading during the testis.
Optical examination of the ring coatings indicated that they had
exhibited considerable wear when evaluated with the more wear
resistance SCA coating. The gray iron blocks had a negligible effect
on the plasma spray ring ceatings.

Additional Falex #1 wear testing was compieted on two Kaman
coatings, DES and C-7. The wear test conditions, 445 N normal load at
500 rpm, resulted in a wear through of the coatings in less ithan one
hour. Tests of these coatings were stopped, since these coalings did
nol appear to have adequate wear life for liner applications.

Summary - Block-on-ring tests were used to obtain information on
the wear behavior and coefficients of friction for boundary lubricated
surfaces at conditions which simulate advanced engine operations.
Although the test method has considerable short-comings, inadequate
temperature capability and varying contact stress with wear, it did
yield information on potential problem areas {increased ring wear with
harder liner coatings) and detected interactions between
lubricant/load combinations and Tubricant/liner combinations.
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Task 3 - Post Engine Test Coating Characterization

A SCA coated liner which was engine tested at Cummins has been
analyzed by Auger microscopy. Because of surface contamination from
diesel 0il, fuel and other areas, it was not possible to determine if
chemical species at the interface prevented bonding during the

original processing.

The following table presents the status of the milestones for this

investigation.

Major Milestones for “"Characterization of

Chromium Oxide Based Ceramic Cecatings for
Advanced Heat Engines

Milestone
Identification Milestones
1.3.1.1 Sample Preparation for Task 1 Evalua-
tion from SCA-1002 Family of Silica-
Chromia-Alumina, Thin Chromia Coatings
and Plasma Spray Zirconia Infiltrated
with SCA-1002 or Thin Chromia
1.3.1.2 Task 1 - ®icrostructural and Property
Characterization
A - Microstructural and Chemical
Analysis
B - Thermal Stability and Thermal
Fatigue
C - Thermal Conductivity
D - #Mechanical Properties
1.3.1.3 Sample Preparation for Task 2
Friction and Wear Tests
1.3.1.4 Task 2 - Friction and Wear Tests of
SCA-1002 Coatings, Thin
Chromia Ceatings, and Plasimia
Spray Zirconia Infiltrated
with SCA-1002 or Thin Chromia
1.3.1.5 GO/NO G0 Decision Point on Components
‘ for Engine Evaluation, Selection of
Components, and Procurement
1.3.1.6 Task 3 - Pgst tnging Test Coating

Characterization

1.3.1.7 Final Report

Approximate
Percent
Completion

95%

85%

95%

30%
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Publications

A paper on "Evaluation of Chrome Oxide Coatings and Wear Resistant
Plasma Spray Coatings® by T. M. Yonushonis and G. W. Wolter was
presented during the 9th Annual Conference on Composition and Advanced
Ceramic Materials, Cocoa Beach, FL, January 20-24, 1985.
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1.4 JOINING

1.4.1 Ceramic-Metal Joints

Active-Metal Brazing of PSZ to Iron
J. P. Hammond and 5. A. David (Oak Ridge National Laboratory)

Objective/scope

The purpose of this work is to develop brazing processes for joining
ceramic insulation components to nodular 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 previous reporting period, progress was made in the
following areas. A new macro shear testing apparatus that more accurately
measures the shear strength of ceramic-metal joints was developed, and
work was initiated to establish room- and elevated-temperature data on the
braze joint interfaces of interest. Also, progress was made toward
characterizing the structure and composition of the ceramic-to-filler-
metal bond zone responsible for the good fabrication results obtained in
the PSZ/NCI joints. The results in these areas are reviewed below,

The former shear testing apparatus was adapted from a push-off,
sessile drop tester. Although the old tester had certain shortcomings
tnat were overcome with the new design, results with the former unit were
shown to qualitatively agree with data gathered with the new apparatus.
The principal improvements made in the shear tests dealt with minimizing
torsional and normal (to shear plane) stressing that may superimpose on
the shear stress, and increasing the area of shear to minimize any
strengthening effect that may arise from the braze fillet.

Importance is being placed on the shear test as the primary test for
evaluating the effects of joint fabrication and design variables for the
following reasons. First, failures in ceramic-metal joints most often are
by the shearing mode. Moreover, shear strength is the mechanical property
considered to be most important in the piston cap application. Further,
the particular shear test specimen we are using reguires no damaging
machining operations, and the specimen is by far the most economical to
produce of the various types of mechanical properties specimens that may
be considered. The Maco (uniaxial) tensile test provosed earlier will
require specimens very difficult and costly to produce, and the results of
such tests on ceramic-metal joints generally have had poor consistency.!
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The shearing component of the new test apparatus is illustrated in
Fig. 1. It operates in a 44.5-kN Instron tensile machine, equipped with a
clam-shell furnace and quartz line (for protective atmosphere) for
optional testing at elevated temperature. The test specimens are shown in
the lower right portion of the photograph. Part B fits concentrically
into assembly A, while part C (shown in inverted position) bolts to part B
to constrain the shearing action of the claw (marked by arrow in A) against
the bar of the test specimen. The claw engages the bar adjacent to the
braze interface just above the braze fillet. The pad is held secure in
the specimen recess by a set screw in the back of part B that holds the
specimen pad flush against the surface of part C. The surfaces of the bar
(except for the braze interface) are free except along the line where the
bar is engaged by the claw,

Y-201887

{ ﬁﬁb&?i&if.?i&ié
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©)

Fig. 1. Pad/bar shear tester (disassembled to show functional parts)
uses specimens that are easy to fabricate and produces predominantly shear
stress at braze interface.



82

The unit uses pad/bar specimens of 12.7 mm x 12.7 mm x 5.1 mm/12.7 mn
x 5,1 mm x 3.4 mm size compared with 9.5 mm x 9.5 mm x 5 mn/9%9.5 mm x
3.4 mm x 3.4 wm for the former specimen., This results in a snear interface
area of about 43 mm2 compared with 21 mm? for the former specimen.

Room~temperatuire shear strength data developed for the
PSZ/titanium/NCI and PSZ/NCI joints by using the new test apparatus are
presented in Table 1. Joints of both types were fabiricated by the active
substrate (AS) and active filler metal (AFM) methods. The results for the
former method of brazing will be presented first.

For the PSZ/titanium transition piece braze interface two ceramic
materials, Nilsen grade MS (partially stabilized with Mg) and Coors TZP
(partially stabilized with Y), were tested, The former was fabricated
both at 735 and 800°C.

The latter ceramic has a predominantly tetragonal crystai lattice,
whereas grade MS is predominantly cubic with largeiy the tetragonal phase
constituting the remainder. Grade 8003 iron [552 MPa (80 ksi) yield
strength] was used for the nodular cast iron. A titanium sput of 0.5 um
thickness was employed on the ceramic pieces, while 0.05 mm of copper was

Table 1.
prepared by active substrate (AS) and

Shear strength data® on joint interfaces

active filler metal (AFM) brazing®

Room temperature

Brazing N e
Specimen temperature shear strength
(°C) (Mpa) (ksi)
PSZ/Ti/NCI joint by AS brazing
PSZ(MS)/Ti 735 140.1 + 18.1 20.34 + 2.73
PSZ(MS)/Ti 800 41.7 + 5.9 6.05 + 0.86
TZP/TH /35 161.8 + 11.4 23.46 + 1.66
NCI/Tid 735 253.0 + 23.4 36.70 £ 3.39
PSZ/NCI joint by AS brazing
PSZ(MS)/NCI 735 136.5 £ 7.6 19.80 + 1.11
PSZ/Ti/NCI and PSZ/NCI joints by AFM brazing
PSZ/(MS)/Ti 980 121.7 + 8.3 17.65 + 1.20
PSZ{MS)/NCI 980 78.0 + 18.4 11.32 + 2,67

9Tests performed with new shearing apparatus with a
shear interface area of 43 mm?.

bBrazed 10 min in vacuum of 6.6 mPa.

CVYalues are a mean of four tests, with the tolerance
values being the standard deviation.
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electroplated on the NCI., The usual 60 Cr-30 Ag-10 Sn (wt %) alloy as

0.07-mm foil was used for filler metal. The shear strength values are

the mean of a total of four tests, whereas the tolerance values are the
standard deviation.

Observe that the standard errors for these data range from 0.86 to
3.39, which attests to the excellent precision of the test method. It
should be further noted that the test trends of the brazements prepared
by the AS method parallel those of the earlier results with the smaller
specimen.? Indeed, the individual values come remarkably close to the
earlier ones considering that the earlier values were an average of only
two tesis.

Concerning the PSZ/titanium/NCI joints, the NCI/jtitanium braze
interface is substantially stronger than the PSZ/titanium interface as
experienced earlier.? The strength of the braze interface of the directly
joined PSZ/NCI joint is about equivalent to that of the PSZ/titanium
interface of the indirectly brazed joint (compare test values for speci-
mens brazed at 735°C). Significantly, the TIP/titanium joint prepared
from the Coors ceramic stabilized with yttrium and containing predominantiy
the tetragonal crystal phase is about 20 MPa stronger than this joint when
prepared from the grade MS ceramic that is stabilized with wagnesium and
contains predominantly the cubic phase. As in earlier tests, the PSZ(MS)/
titanium joint brazed at 800°C is much weaker than the same joint brazed
at 735°C, Finally, it should be emphasized that the shear strength values
acnieved for all of the braze interfaces formed by AS brazing at 735°C are
in excess of expected design requirements for the piston cap application.

Typical shear test specimens of the PSZ(MS)/titanium, NCI/titanium,
and PSZ(MS)/NCL braze interfaces joined at 735°C are shown in Fig. 2. The
favorable brazing characteristics of joints processed by the active
substrate method will be apparent from the wetting and excellent filleting
between bars and pads.

Close examination of the bars in Fig. 2 reveals a 6-mm radius on
their front end where they engage the claw (Fig. 1). The purpose of this
radius is to ensure that the principal shearing force is applied through
the center of the shear area to avoid any possible secondary torsional
forces which may arise from the claw engaging a misaligned bar of flat
nose,

The fabrication results on braze interfaces associated with the
pSZ/titanium/NCI indirect and PSZ/NCI direct joints fabricated by active
filler metal brazing (Table 1) are rather sparse, but they nevertheless
show encouraging strength for the more critical interface of the indirect
joint. A shear strength value of 121.7 + 8.3 MPa (17.65 * 1.20 ksi) is
recorded for the PSZ(MS)/titanium interface compared with a value of
140.1 + 18.1 MPa (20.34 + 2.73 ksi) for this brazement fabricated by the
active substrate method. On the other hand, the direct PSZ(MS)/NCI joint
fabricated by active filler metal brazing shows a shear strength of only
73.0 £ 18.4 MPa (11.32 + 2.67 ksi).

The latter braze interfaces were fabricated by heating 10 min in
vacuum [6.6 mPa (5 x 10-° torr)] at 980°C using a 54 Ag-36 Cu-10 Ti (wt %)
active alloy ribbon for the filler metal. The NCI was electroplated with
0.05 mm of copper.
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Fig. 2. Enlarged view of shear test specimens [PSZ(MS)/titanium and
NCI/titanium at top; PSZ(MS)/NCI at bottom] shows the excellent brazing
characteristics of joints fabricated by active substrate brazing., Brazed
10 min at 735°C in vacuum [6.6 mPa (5 x 10~ torr) using 60 Ag-30 Cu-10 Sh
(wt. %) filler metal, 1/2 wm Ti sput, and 0.05 mm copper electroplating
(for NCI).

Photomacrographs of the active filler metal brazed pad/bar shear
specimens, which illustrate the quality of tne braze joints, are shown in
Fig. 3. The PSZ/titanium joint exhibits wetting and excellent filleting,
whereas in the PSZ/NCI joint the wetting and filleting are rather poor.
This correlates quite well with the shear strength results. In the PSZ/
titanium joint, the substrate discoloration is very intense (a dark black}),
which appears to have been caused by the titanium bar dissolving in the
liquid filler metal as tne brazing proceeds. In spite of the severe black-
ening of the substrate, the ceramic held together quite well during testing,
with the fracturing occurring completely at the ceramic-metal interface.
That the brazement performed so well probably is attributable in part to a
good coefficient of expansion matchup at the interface. The merits of
titanium for the transition piece (TP) were previously documented,?

Active filler metal brazing with the titanium transition piece as a two-
stage fabrication process will be investigated further in the future.
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Fig. 3. Shear test specimen [PSZ(MS)/titanium at left, PSZ{MS)NCI at
right] fabricated by active filler metal brazing. Brazed 10 min at 980°C
in vacuum [6.6 mPa (5 x 10-° torr)] using 54 Ag-36 Cu-10 Ti {wt. %) filler
metal and 0.05 mm copper electroplating (for NCI).

The examination conducted on the bond zone formed between PSZ and
filler metal with 750°C active substrate brazing using electron-probe
microanalysis and X~-ray diffraction as tools of investigation revealed a
number of significant features. A photomicrograph of the filler metal
deposit and the adjoining structural materials is shown in Fig. 4, The
thickness of the bond zone (between ceramic and filler metal) in relation
to that of the filler metal deposit, which consists of a eutectiferrous
solid solution phase of predominantly copper in a continuous ductile
matrix of solid solution silver, is apparent.

An insight into the composition of the bond zone and adjoining filler
metal was gained by dot mapping the elemental constituents Zr, Ag, Ti, Cu,
and Sn, as shown in Fig. 5. From this and from rate meter line profiles
of these elements as viewed in backscatter electron {BSE) micrographs of
the zone (Fig. 6), the following information was gained. The original
sput coating (black layer in BSE images) and the eutectiferrous copper and
silver solid solution phases are readily recognized in bhoth Figs. 5 and 6.

The dot maps (Fig. 5) show that in addition to the copper and con-
tinuous silver phases having some mutual solubility for one another (the
Ag-Cu constitution diagram indicates a solubility of about 12 at. % Cu and
2 at. % Ag, respectively, at the brazing temperature?), considerable Sn
is dissolved in both phases, especially in the copper. Additionally, the
Sn tends 1o segregate just off the titanium sput along with the copper
constituent.,

The line profiles taken across the bond zone confirm the presence of
Ti, Cu, and Sn in the layer adjacent to the original sput.* Thus a ternary
intermetallic compound containing these three constituents is indicated.

*The heights of the respective profile peaks in Fig. 5 have no sig~
nificance because different rate settings were used for the individual
profiles.
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Fig. 4. Microstructure of the braze joint between titanium tran-
sition piece and PSZ(MS) ceramic, using the 60 Ag-30 Cu-10 Sn (wt. %)
alloy as filler metal. Brazed in vacuum [6.6 mPa (5 x 1075 torr)]. As
polished.

The nature of the layer between this intermetallic compound and the
PSZ substrate was explared by performing X-ray diffraction analyses on
titanium sputter coated (0.5, 1.0, and 2.0 pm thicknesses) ceramic speci-
mens that had been subjected to the simulated braze cycles (10 min and 3 n
at 750°C) without the presence of the filler metal. These tests showed the
presence of the cubic zirconia phase (the substrate), cubic Ti0 phase, and
possibly hexagonal titanium metal phase (the latter depending on the sput
coating thickness and brazing period). The ceramic substrate adjoining
the sput coating was darkened in the usual manner, Because the braza cycle



87

ORNL-PHOTO 7884-84

Fig. 5. Electron-probe dot maps of the elemental constituents in the
PSZ(MS)/FM bond zone. Active substrate brazed 10 min at 750°C in 6.6 mPa

(5 x 10> torr) vacuum using 1 pn titanium sput on the ceramic and 60 Ag-
30 Cu-10 sn alloy as filler metal.
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Fig. 6. Electron probe rate meter line profiles of the elemental
constituents in the PSZ(MS)FM bond zone. Brazed 10 min at 750°C in

6.6 mPa (5 x 107° torr) vacuum.
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was performed in vacuum, the Ti0 phase clearly 1is formed by a reaction of
the sput with the substrate, ostensibly from oxygen diffusing outwardly
and thus creating the observed oxygen-improverished, darkened region.

It was concluded from these experiments that the bond zone responsible
for the good fabrication results in the PSZ(MS)/NCI joint employing the
60 Ag-30 Cu-10 Sn alloy as filler metal consists of sequential layers of
PSZ, darkened zirconia, Ti0, possibly titanium metal, the Ti,Cu,Sn, inter-
metallic compound, and filler metal deposit. A requirement for” successful
brazing appears to be the formation of the intermetallic phase. When the
sput coating is too thin in relation to the intensity of the braze cycle
(e.g., 0.1 um relative to 10 min at 750°C), the sput transforms completely
to Ti0 and TiyCu,Sn, does not form. As a result, wetting, which is essen-
tial to bonding, fails to occur,

Status of milestones

Milestone 2, scheduled for completion in September 1985, is progress-
ing on schedule. A high-precision macro shear testing apparatus with a
43-mm? shear area was perfected, and room-temperature shear strength data
were developed for PSZ/titanium/NCI and PSZ/NCI joints fabricated by both
the active substrate (one-stage) and the active filler metal (two-stage)
processes., Additional shear tests at room temperature are needed, while
elevated-temperature shear tests and the assessment of environmental
effects are yet to be initiated. Our present shear test, which will con-
stitute the main mechanical propertias test method during the first-phase
work, has produced very consistent data. For PSZ/NCI joints fabricated by
active substrate brazing, mean value shear strengths (sets of four tests)
of joint interfaces have exceeded 138 MPa (20 ksi), which is amply in
excess of expected desiagn requirements for the piston cap application,
Standard errors have ranged from 7.6 to 23.4 MPa (1.11 to 3.39 ksi),
attesting to the excelient precision of the test method,

Also noteworthy is the achievement of a shear strength of 161.8 %
11.4 MPa [23.46 + 1.66 (SE) ksi] for the TZP/titanium interface joined by
active substrate brazing. This is 20.7 MPa (3 ksi units) higher than for
the same interface when grade MS P57 is used for the ceramic. The T7P
ceramic is Coors tetragonal zirconia partially stabilized with yttrium.
Additionally, good shear strength results [121.7 + 8.3 MPa (17.65 #
1.20 ksi)] were obtained for the PSZ(MS)/titanium interface brazed with
54 Ag-36 Cul0 Ti (wt. %) ribbon by the active filler metal process {(joined
at 980°C and intended for two-stage fabrication).
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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 wethods for
optimizing mechanical properties through microstructural control, for pre-
dicting and controlling interfacial bonding and minimizing interfaciai
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

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 (Si3Na) and silicon
carbide (SiC) ceramics. Prior studiesl-3 have determined that Si3Ng and
SiC 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 method, electron beam
physical vapor deposition (EB-PVD), as the coating process because of
high control of composition, thickness, and morphology. Three substrate
materials were selected for investigation: reaction-bonded silicon
nitride (RBSN), sintered silicon nitride (SSN), and sintered silicon car-
bide (SSC)**. The RBSN and SSC were selected because substantial baseline
strength and contact data were available. The SSN was selected to provide
a nonporous Si3N4g to compare with the porous RBSN.

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

0 Task 1 - Coating Adherence and Characteristics Investigation

0 Task 2 - Advanced Pretreatment and Coating Studies***

] Task 3 - Contact Stress Testing and Friction Measurements

0 Task 4 - Post-Contact Strength Measurement

Technical progress

During this reporting period, Task 1 was completed and Task 2 was
initiated. The emphasis of Task 1 was to deposit a controlled zirconium
oxide coating on Si3N4 and SiC substrates having various surface pre-
treatments, evaluate coating adherence characteristics, and determine the
mechanisms of coating adherence. Task 1 efforts did not yield a coating/
substrate system with adherence characteristics satisfactory for heat
engine applications. However, directions for improved coating adherence
investigation were identified. Based on the results of Task 1, the program

*Research sponsored by the U.S. Department of Energy under DOE/CE
EE 0400 00 0, Ceramic Technology for Advanced Heat Engine Program
WRS SC-I-2.2.1.

**RBSN  and SSN  from the AijResearch Casting Company, Torrance,
California, and SSC from the Carborundum Company, Niagara Falls, New
York.

***Task 2 was "Strength of Baseline and Coated Specimens" prior to the
program revision approved by Supplemental Agreement 2.
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was restructured to continue screening evaluations of substrate pretreat-
ment and coating evaluations in Task 2. The statistical strength testing
originally planned for Task 2 was postponed until Task 3 so that optimized
coating/substrate systems could be developed. Advanced pretreatment and
coating evaluations under Task 2 are progressing. Technical progress
made under Tasks 1 and 2 during the reporting period are discussed in the
following paragraphs. '

Task 1 - Coating adherence and characteristics investigation

Task 1 efforts during this reporting period included preliminary
line contact tests and microstructure/chemical analysis. The preliminary
Tine contact tests were conducted in the GTEC contact rig to demonstrate
the feasibility of line contact tests for adherence assessment and de-
velop test procedures for future adherence assessment analyses. Micro-
structural/chemical analysis was conducted at University of California,
Berkeley {UCB), to determine the mechanisms of coating adherence degrada-
tion observed after static air oxidation exposures.

Preliminary line contact tests. Preliminary line contact tests were
conducted at GTEC to determine the feasibility of using the GTEC contact
rig to assess coating adherence. Originally, the contact rig was only
planned for use in Task 3 of the program in determining the coefficients
of friction and the resistance to contact damage (strength retained after
contact testing) for optimized coating/substrate systems. However, the
indentation tests used earlier in Task 1 for adherence evaluations were
too severe for oxidized specimens having reduced adherence. When the
debonding, which is the measurable result of the indentation test,
extends to the edges of the specimen (Figure 1), it does not provide
comparative information. The contact rig is attractive for adherence
assessment tests because line contact testing better simulates the type
of stresses expected in a heat engine. Indentation testing exaggerates
the contact stress conditions and might lead to elimination of a coating/
substrate system, which may be acceptable.

Line contact testing was conducted with the GTEC test apparatus
illustrated in Figure 2. With this apparatus, a normal force is applied
to the specimen through a dead weight lcad system while a tangential force
is applied through displacement of the crosshead. This mode of loading
was identified in prior studies to be a critical condition to evaluate in
terms of contact stress damagel-3. However, the purpose of the prelimi-
nary testing under the present program was only to demonstrate the feasi-
bility of using this type of loading for coating adherence assessment
tests.

Two types of line contact tests were conducted:

0 Static bi-axial load; i.e., a normal load (perpendicular to

the surface) plus a tangential load sufficient to cause a
bi-axial surface stress distribution, but insufficient to
cause sliding.

0 Sliding bi-axial load; i.e., a normal load plus a suffi-

cient tangential Toad to cause sliding.

Exploratory studies began using static bi-axial Toading on specimens
subjected to post-coating oxidation exposures to determine the threshold
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Figure 1. Debonding extended to the edges of the coating making
the indentation test inclusive.

bi-axial stress conditions for visible damage to the coatings. The oxi-
dized specimens have reduced coating adherence relative to as-coated spec-
imens (determined by indentation testing) and therefore, were chosen to
find the minimum Toads necessary to initiate damage.

During initial testing, the average threshold appeared to be about
222 .4 Newtons (50 pounds) normal load with 44.5 Newtons (10 pounds) tangen-
tial load. Based on the above observation, the test conditions for the
remaining oxidized specimens were selected and are shown in Table 1.

In subsequent tests, the coatings neither chipped nor spalled re-
gardless of material substrate or pretreatment. In some cases debonding
was evident but only in the line of contact and not outside the contact
region. Some specimens exhibited no debonding. The results suggest that
static bi-axial load testing is advantageous to indentation in that spec-
imens having poor coating adnherence can be evaluated. However, the degree
of damage to the system vesulting from the test cannot be guantitatively
measured as it can for the indentation technique. The results of the
static mode tests also suggest that the adherence of oxidized specimens
may be more acceptable than indentation tests indicated.
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Figure 2. Contact stress test apparatus.

Table 1. Load conditions for static mode tests on oxidized specimens.

Normal Load, Tangential Load,
Newtons (pounds) Newtons (pounds)
133.4 (30) 26.7 (6)
177.9 (40) 35.6 (8)
222.4 (50) 44.5 (10)
266.9 (60) 53.4 (12)

In addition to static mode tests, sliding contact tests also were
conducted. Reserve as-coated specimens were utilized to demonstrate the
feasibility of using this type of loading for adherence assessment.

As a starting point, a normal load of 44.5 Newtons (10 pounds) was
selected for the sliding contact tests; the total sliding motion was 1.52
mm. No damage was done to any of the specimens tested under these condi-
tions. The normal load was increased at 22.2-Newton (5-pound) intervals
to 111.2 Newtons (25 pounds). At this load, visible damage to the coat-
ings occurred on approximately one-half of the specimens. Based on these
results, 111.2 Newtons (25 pounds) was selected as the normal load for
subsequent sliding contact tests on remaining specimens. At this normal
load, the maximum tangential load just prior to sliding is approximately
48.9 Newtons (11 pounds) and the tangential load during sliding is 31.1
Newtons (7 pounds). Static mode test conditions were also selected for
the as{cogted specimens. The contact testing conditions are summarized
in Table 2.
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Table 2. Test conditions for as-coated specimens.

Static Mode: 266.9 Newtons (60 pounds) normal load
53.4 Newtons (12 pounds) tangential load

Stiding Mode: 111.2 Newtons (25 pounds) normal load
1.52 mm total sliding motion

Five as-coated specimens were tested under the conditions in Table
2. Test results are tabulated below:

Specimen Static Mode Sliding Mode

SSC (machined) Debond Line Chipped
light oxidation

pretreatment

(Figure 3)

SSN (1apped) Debond Line Debonded Area
no pretreatment
(Figure 4)

RBSN (Tapped) Debond Line No Damage
light oxidation

pretreatment

(Figure 5)

RBSN (Tapped) Debond Line No Damage
light oxidation
pretreatment

SSC (machined) Debond Line No Damage
no pretreatment

No chipping or spalling occurred for the static tests of the as-coated
specimens. However, all tests resulted in a debond line at the line of
contact - note that only the most severe of the test conditions used for
the oxidized specimens, 266.9 Newtons (60 pounds) normal 1load, 53.4
Newtons (12 pounds) tangential, was used in testing the as-coated spec-
imens. For sliding tests, varying results were observed; some specimens
exhibited chipping or debonding while others showed no visible damage.

Based on preliminary results, both the static and dynamic contact
test appear useful as durability or proof tests for the coatings. The
conclusion is that contact tests, along with indentation tests, should be
more appropriate for assessing coating adherence than indentation testing
alone.

Microstructural/chemical analysis. Microstructural/chemical analyses
were conducted at UCB to determine the mechanism of coating adherence
degradation during static air oxidation exposures. Earlier Task 1 adher-
ence evaluations showed excellent coating adherence to SiC and Si3Na
substrate surfaces but less than adequate adherence after oxidation
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STATIC TEST

266.9 N {60 LB} NORMAL
534 N (12 LB) TANGENTIAL

J SLIDING TEST

111.2 N (25 LB} NORMAL
1524 mm (0.060 IN) DISPLACEMENT

MACHINED SSC
LIGHT OXIDATION PRETREATMENT

Figure 3. Debonding at line contact for static test;
coating chipped during sliding contact test.

exposures. The Zr0p coatings used are permeable to oxygen so some type of
interaction at the coating/substrate interface was expected. Polished
sections of as-coated and oxidized specimens were prepared to allow coat-
ing/substrate interfaces to be examined using a scanning transmission
electron microscope (STEM). The STEM was used as a high resolution SEM
{STEM has higher resolution than conventional SEM due to smaller electron
beam radius). Initial observations at UCB revealed the presence of a
silicate layer at coating/substrate interfaces. For as-coated specimens,
STEM did not reveal silicate layers topographically on micrographs, but
silicate Tlayers at coating/substrate interfaces were identified chemi-
cally. The silicate layers in as-coated specimens are probably a result of
the presence of oxygen in the coating chamber during Zr02 deposition. The
stoichiometry of the Zr02 is controlled through the partial pressure of
oxygen during coating. Because the coating temperature is 980C, subse-
quent substrate oxidation may occur. For specimens with post-coating
heat treatments, silicate layers were topographically and chemically
recognizable. Figures 6 and 7 illustrate the coating/substrate inter-
faces for two systems as seen using STEM. Figure 6 shows the interface on
both as-coated and oxidized (post-coating) RBSN. A silicate layer is not
visible for the as-coated RBSN (although chemical analysis revealed its
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266.5 N (60 LB) NORMAL
534 N (12 LB) TANGENTIAL

4 sLninG TesT

111.2 ¥ (25 LB] NORMAL
1524 mm (0.060 IN) DISPLACEMENT

LAPPED SSN
HO PRETREATMENT

Figure 4. Debonding at line contact for static test; coating
debonded in front of contact line during sliding test.

presence), while for the oxidized specimen the silicate layer appears to
be one micron in thickness. The same features were observed for SSN
(Figure 7), i.e., no visible silicate layer for the as-coated SSN, and a
visible silicate layer approximately two microns thick for the oxidized
specimen,

The hypothesis of these preliminary studies is that the growth of the
silicate layer is directly responsible for reduced coating adherence
after post-coating static oxidation. Although submicron silicate layers
are present in as-coated specimens, the adherence is relatively good.
Only after growth of the silicate layer during subseguent heat treating is
adherence severely degraded. Also, there is some indication that impuri-
ties in the silicate layer from the substrate and/or coating may have an
effect on the post-coating oxidation kinetics, thus affecting coating ad-
herence. A more detailed analysis is being conducted under Task 2.

Task 2 - Advanced pretreatment and coating studies

As mentioned previously, the program was restructured to delay stat-
istical strength testing until Task 3 in order to continue screening
evaluations in Task 2. The rational for the changes included the follow-
ing:
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STATIC TEST

266.9 N (60 LB} NORMAL
53.4 N (12 LB) TANGENTIAL

SLIDING TEST

111.2 N (25 LB) NORMAL
1.524 mm (0.060 IN) DISPLACEMENT

LAPPED RBSN
LIGHT OXIDATION PRETREATMENT

Figure 5. Debonding at line contact for static test; no
critical damage resulting from sliding contact;
only abrasion of coating evident.

0 Coating adherence after oxidation for the pretreatments
and coatings studied in Task 1 was determined to be less
than desired.

0 The Task 1 studies identified further directions for pre-
treatment and coating wmodifications that could yield
increased understanding of the adherence mechanisms and
lead to improved adherence after oxidation exposure.

0 Limited strength testing during Task 1 indicated that the
surface pretreatments and coating procedures caused no
significant strength reduction of 5iC and Si3Ng4 substrate
materials. ‘

Several new coating/substrate system approaches are being evaluated
during Task 2. These studies are separated into the following seven
subtasks:

Oxidation

Oxygen Diffusion Barrier
High Purity Interlayer
Diffusion/Gradation Zone
Coating Variation
Surface Preparation
Mullite Coating

SNOYOT RGN =
s & 9 e x e o



100

& ZrQp

I 1um

RBSH

CRACK OCGURRED
DURING POLISHING

AS-COATED RBSH
SILICATE LAYER NOT VISIBLE

SILICATE LAYER

s

POST-CCATING OXIDIZED RBSN
SILIGATE LAYER VISIBLE

Figure 6. STEM micrographs of zirconia/RBSN interfaces.
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AS-COATED SSN
SILICATE LAYER NOT VISIBLE

POST-COATING OXIBIZED SSN
SILICATE LAYER VISIBLE

Figure 7. STEM micrographs of zirconia/SSN interfaces.
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Each of the subtasks and the progress made within are briefly de-
scribed below:

Subtask 1: Oxidation. Task 1 results determined that adherence degrada-
tion after static oxidation was due to the growth of a silicate layer at
the coating substrate interface. For this subtask, detailed microstruc-
tural/chemical analysis will be conducted on ZrQ2 coated RBSN, SSN, and
SSC subjected to various static air heat treatments.

As-machined substrates were EB-PVD coated with Zr02-20%Y203 at
Temescal. The specimens then were subjected to various oxidation heat
treatments and flexure tested in four-point bending at GTEC. Based on
visual examination of the coating/substrate systems after flexure test-
ing, longer duration oxidation heat treatments (200 hours versus 100
hours at 1200C) did not result in a significant additional decrease in
coating adherence, although adherence was degraded from the as-coated
condition. However, higher temperatures (1400 versus 1200C for 200-hour
durations) resulted in decreased adherence for the RBSN and SSN sub-
strates but not for the SSC substrates. Selected specimens will be sent
to Dr. A. Evans at UCB for detailed chemical analysis of the oxide layers
at the coating/substrate interface. Also, the fracture surfaces of some
specimens will be studied using SEM at GTEC.

Subtask 2: Oxygen Diffusion Barrier. Because coating adherence degrada-
tion after static oxidation is believed to be due to the growth of an
oxide Tlayer, an oxygen diffusion barrier at the coating/substrate inter-
face may reduce or eliminate the observed adherence degradation. The
candidates for evaluation are Al203, AIN, and mullite.

Alumina interlayers were applied to the three substrate materials by
chemical vapor deposition (CVD) at Kennametal's Philip M. McKenna Labora-
tory through Dr. Dennis Quinto. The results were very encouraging. The
A1203 coatings are 2 to 2.5 um in thickness and appear adherent. The
coatings were examined at Philip M. McKenna Laboratory using SEM and X-ray
diffraction. SEM showed the coating microstructure to consist of nodular
grains approximately 1 to 3 um in size (Figure 8). X-ray diffraction
revealed that the as-coated alumina is a mixture of a«-A1203 and x-A1203.
Subsequently, the specimens were heat treated at 1200C for 20 hours in air
to convert the k-A1203 to the a-phase. X-ray diffraction after the heat
treatment indicated complete conversion to «-Al1203. Three coated speci-
mens of each of the substrate materials were sent to Temescal for EB-PVD
zirconia coating. One of each was kept at GTEC for further analysis of
the A1203 coating.

Alumina interlayers also are being applied by a sol-gel technique at
Signal UOP Research Center. These interlayers are expected to be ultra-
pure a-A1203, 1 to 2 pum in thickness, and contain a large fraction of
micropores (approximately 50 percent).

Temescal is presently procuring feed materials for the application
of alumina and mullite by EB-PVD. Eight substrates of RBSN, SSN, and SSC
each were supplied to Temescal for development coating.

Twelve substrates of each material also were supplied to Battelle
Northwest for exploratory coating experiments to apply aluminum nitride
interlayers by reactive sputtering.




103

Figure 8. Microstructures of CVD-A1203 coatings on
SiC and Si3Ng substrates.
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Subtask 3: High Purity Interlayer. Preliminary chemical analysis con-
ducted during Task 1 revealed the presence of impurities in the silicate
layer at the coating/substrate interface in oxidized specimens which may
have originated from the substrate material. This subtask will concen-
trate on using an ultrapure CVD-5iC interlayer to determine the effect of
substrate purity on coating adherence. CVD-SiC on SSC specimens from a
previous GTEC program will be utilized for initial studies. If the
results are encouraging, all three substrates will be CVD coated then
screened.

Silicon carbide specimens naving CVD-SiC coatings were EB-PVYD coated
with Zr02-20%Y203 at Temescal. Three specimens have been subjected to
various heat treatments in static air to determine the effect of a high
purity SiC interlayer on coating adherence after oxidation. The analyses
to be conducted include flexure testing and fractography, indentation
testing, line contact testing, and chemical analysis.

Subtask 4: Diffusion/Gradation Zone. Because all specimens evaluated in
Task 1 had an abrupt discontinuity between the coating and substrate,
gradation or interdiffusion zones between the coatings and substrates
will be evaluated. The candidate approaches are ion implantation, ion
mixing, and alloy sputtering with chemical compositions, which may chemi-
cally "root" the zirconia to the substrate.

Efforts in the area of a diffusion/gradation zone have not been
initiated. Some effort with ion implantation and ion mixing, to achieve a
graded interlayer, will be pursued at Oak Ridge National Laboratories.

Subtask 5: Coating Variation. Studies with metal substrates determined
that coating adherence can be increased by increasing coating tempera-
ture. Prior plasma spray studies suggest a similar condition for ceramic
substrates.

As-machined specimens of the three substrate materials were zirconia
EB-PVD coated at 1040C instead of at the standard 980C temperature. Visu-
ally, these coatings seemed as-clean and as-adherent as the 980C coat-
ings. The specimens were subjected to various heat treatments in static
air, then flexure tested at room temperature. The adherence degradation
effects of the heat treatment on the 1040C coatings did not differ much
from the effect on 980C coatings with respect to flexure testing. The
specimens will be indentation tested at UCB to make an assessment of
coating adherence.

Subtask 6: Surface Preparation. Adherence of Task 1 specimens was
strongly influenced by the surface condition of the original substrate.
This task will explore techniques of roughening the surface. Candidates
include 150- to 200-grit machining (compared to 320 grit), HF etching
(before and after oxidation exposure), abrasive grit blasting, and laser
machining. Surface modification experiments will be conducted and spe-
cimens selected for coating and adherence evaluation.

An HF etch study was conducted to determine the effect of etch treat-
ments on the surface topography of both as-machined and oxidized sub-
strates. The surface topography was characterized using SEM and the
results are shown in Figure 9.
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Figure 9. SEM micrographs showing the surface topography of
baseline and oxidized substrates after HF etching.

The change in surface roughness observed suggests that HF etching should
not significantly improve coating adherence through mechanical inter-
locking of the coating with substrate surface features. Also, the HF
etching is expected to reduce substrate strength although that conclusion
cannot be drawn from this study. Subsequently, efforts with HF etching
have been discontinued.

A laser machining study is being conducted that uses a CO2 laser to
produce a matrix of pits on substrate surfaces with one diameter spacing.
Preliminary studies revealed a strength reduction of about 20 percent for
the substrate materials. However, the pits produced by the laser were
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very acicular, and measured approximately 0.1 mm in diameter and 0.3 mm
deep. The laser power was reduced for each type of substrate to decrease
pit depth and increase strength. These specimens were sent to Temescal
for Zr02 coating.

Subtask 7: Mullite Coating: Several coating runs will be conducted to
determine if mullite columnar layers can be deposited on RBSN, SSN, and
SSC. Mullite is a better oxygen barrier than zirconia and has a closer
thermal expansion match to the SiC and Si3Ng substrate materials.

Temescal is procuring material for the application of mullite by EB-
PVD as a coating to compare to the presently used Zr02-20%Y203. Temescal
also is looking at EB-PVD mullite as an interlayer under Subtask 2.

Summary

During this reporting period Task 1, Coating Adherence and Charac-
teristics Investigation, was completed. Task 1 efforts included prelimi-
nary line contact testing and microstructural/chemical analysis. The
results are summarized below:

0 Both static and sliding bi-axial load contact testing are

advantageous to indentation testing in that specimens hav-
ing poor coating adherence can be evaluated. However, the
degree of damage to the system resulting from the test
cannot be quantitatively measured as it can for the
indentation technique.

) Contact testing, along with indentation testing should be
more appropriate for coating adherence assessment than
indentation testing alone.

0 Based on preliminary contact test results, the coating
adherence of oxidized specimens may be closer to accept-
able than indentation testing implies.

0 Microstructural/Chemical analyses using STEM revealed the
presence of a silicate layer at the coating/substrate
interfaces. In as-coated specimens, the silicate layer
was only chemically detected. In oxidized specimens, the
silicate layers were both chemically and visibly detect-
ible and were approximately one to two microns in thick-
ness.

) The growth of the silicate layer during post-coating oxi-
dation is thought to be directly responsible for reduced
coating adherence after oxidation.

) Some impurities were detected in the silicate layers and
may have a significant effect on oxidation kinetics, thus
affecting coating adherence.

During this reporting period Task 2, Advanced Pretreatment and Coat-
ing Studies, was initiated. The results of Task 2 efforts thus far are
summnarized below:

0 Oxidation heat treatments at 1200C resulted in significant

coating adherence degradation. Increasing the heat treat-
ment duration from 100 to 200 hours does not appear to
result in additional degradation. Increasing the oxi-
dation temperature from 1200 to 1400C resulted in addi-
tional adherence degradation for RBSN and SSN but not SSC.
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0 CVvD-A1703 was applied to RBSN, SSN, and SSC as an oxygen
diffusion barrier interlayer, and the interlayers appear
well adhered.

0 Increasing the EB-PVD coating temperature from 980 to
1040C does not appear to significantly affect coating
adherence.

0 Based on HF etch study results, the substrate surface
topography resulting from HF etching of as-machined and
oxidized substrates 1is not expected to significantly
~improve coating adherence; thus, this effort was discon-
tinued.

o Based on laser machining study results, the substrate sur-
face topography resulting from laser machining is expected
to improve coating adherence. However, there may be a
trade~off between coating adherence and strength.
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Status of Milestones

The program was restructured and rescheduled during this reporting
period. As a result, the program was extended from 27 to 31 months. Al]
major milestones are on schedule.

Publications

A paper, "High Temperature Coating Study to Reduce Contract Stress
Damage of Ceramics" was presented at the 22nd Automotive Technology De-
velopment Contractors Coordination Meeting in Dearborn, Michigan in Nov-
ember 1984. This paper is expected to be published in the proceedings of
the meeting (SAE Order Number P-155).
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2.2.2 Dynamic Interfaces

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

K. F. Dufrane, W. A. Glaeser, and I. Sekercioglu (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 experimental
data. The supporting experiments are to be conducted at temperatures to
1200 F under reciprocating sliding conditions reproducing 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 bases for identifying solutions to the tri-
bology problems limiting the development of these engines.

Technical Progress

Specimen Procurement

A selection was made of the materials to be studied in the initial
portion of the study. Orders were placed for the following monolithic
and coated specimens:

Monolithic Cylinder Specimens

Quantity
TS grade magnesia partially 11 Nilcra Ceramics, Inc.
stabilized zirconia
Z-191 grade yttria partially 1 NGK-Locke, Inc.
stabilized zirconia
Hexo]oyTM, sintered alpha 11 The Carborundum Co.
silicon carbide
2Y20A grade HIP'ed transfor- 5 Toya Soda Manufacturing
mation toughened alumina Company, Ltd.

Coated Specimens from Ramsey Piston
Ring Division of TRW

Coating Specimen
Material Quantity __Type,
RC-5 20 Cylinder

RC-4.1 40 Ring
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Tribaloy 40 Ring
(Co-based)
Chrome 40 Ring

Delivery times of 6 to 12 weeks were quoted for the specimens, which
were ordered in December, 1984, and early January, 1985. However, only
the silicon carbide specimens were delivered as of April 15, 1985. The
silicon carbide cylinder specimens appear to be in excellent condition
and suitable for direct use in the test apparatus. Since all of the
ring specimens are based on coatings, the initiation of actual experi-
ments has been delayed awaiting the delivery of the ring specimens.

Experimental Apparatus

Modifications to the experimental apparatus have been completed. A
photograph is presented in Figure 1. A heavy-duty, four-cylinder tractor
engine provides the basic structure and reciprocating motion. A variable-
speed 7-horsepower electric motor drives the engine at rotational speeds
from 500 to 2200 rpm. The two reciprocating ring specimens are mounted
on a specimen holder attached to the top of one of the pistons. The ring
specimens are trapped between the two cylinder specimens, one of which
is fixed and the other mounted on linear bearings to provide the load on
the contact surfaces. The cylinder specimens are flat, for convenience
of production and for ease of surface examinations. The ring specimens
are flat along the longitudinal axis, but have the surface profile of
actual rings in the vertical (sliding direction).

Temperature control is provided by an insulated stainless steel
enclosure around the specimens and electric heaters within the enclosure.
A 6-horsepower single cylinder diesel engine provides exhaust gases to
the enclosure to reproduce the actual diesel-cylinder environment.
Electric heaters in the exhaust stream from the engine raise the gas
temperature to the desired operating temperature. The apparatus is
designed for operation to 1200 F.

Literature Review

In support of the wear modeling efforts of the program, a literature
search was conducted on the topic of wear of ceramics. Approximately 50
pertinent abstracts were identified in the machine search of government
and open literature. Full copies of the reports and papers have been
procured and reviewed for background information pertinent to the study.
A critical review of this literature will be prepared to provide a
starting point for the wear modeling associated with the experiment
pbservations of the current study.

Status of Milestones

Delays in receiving the coated ring specimens have delayed the
first milestone, the initiation of the actual experimental program.
With a promised delivery of late April, 1985, the first experiments
should begin in May, 1985. Progress on the wear modeling is on the
expected schedule.
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Publications

None.

FIGURE 1. HIGH TEMPERATURE CERAMIC
WEAR TEST FACILITY
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2.3 NEW CONCEPTS

2.3.1 New Concepts

Advanced Statistics*
W. P. Eatherly (0Oak Ridge National Laboratory)

Objective/scope

The third and fourth moments of a statistical distribution (the
skewness and kurtosis) can be extensively used in analyses for outlier
tests, for goodness-of-fit tests, and for characterization in the Pearson
scheme of generalized distributions. This effort is an attempt to calcu-
late these moments for the Weibull distribution for m~-values from one to
infinity in preparation for Monte Carlo calculations on finite samplings
from this distribution.

Technical progress

The calculation of an asymptotic series for the higher moments of
the Weibull Distribution has been completed, and a second draft of a
topical report is in preparation., Since it will yet be some time until
this report is issued, the numerical results are tabulated here.

The behavior of the higher moments is of considerable theoretical
interest but is also of direct practical interest in our treatment of
the statistical failure criteria for ceramics. Since most of the sta-
tistical machinery available to us is built around normal distributions,
we are forced to give up a great deal in going to a Weibull-type distri-
bution to describe any aspect of strengths for brittle materials. In
particular, we lose or weaken the theory of variance analysis, the
ability to express confidence and tolerance limits, and to make goodness-
of-fit tests appropriate to tails of a distribution.

Qur interest in this problem was initiated by concern over goodness-
of-fit tests in particular. The best test on a distribution as a whole
is the Kalmogorov-Smirnov One-Sample Statistic, for which critical
values are given in various books containing statistical tables.l! This
test compares the expected differences between an observed finite sample
and an assumed continuous distribution independent of that distribution,
The test, however, is not highly sensitive to the tails but is dominated
by the central part of the assumed distribution.

The normal distribution contains two independent parameters, the
mean p and the standard deviation o. The Weibull distributions at first
glance appear to have only one free parameter, the mean p, but in practice
contain a second parameter that places the zero of the scale. Thus, in
both distributions one . is forced to the third and fourth moments for a
goodness-of-fit test sensitive to the tails of the distribution. Hence
our interest in these higher moments.

*These studies are being jointly supported by the Ceramic Technology
for Advanced Heat Engines Program and the HTR Technology Program.
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In Table 1, we give the scaled mean p/86 and the coefficient of
variance o/p as a function of the Weibull exponent m as calculated from
15-place tables (1, 2; 0.005) of the T-function,? using quartic interpo-
lation., Also given are the third and fourth normalized central moments,
defined as:

1 g2
Brn = — f (@ = )" pdf(x) da .
s 0

It will be noted, even to this degree of accuracy of the T'-function, that
values for the fourth moment become unusable above m > 50. Although
m-values for ceramics have generally been observed only in the range

6 < m< 20, higher values of m become of interest for other materials,
These values are plotted in Fig. 1 superposed on uncertainty contours3
for the normal distribution for which g3 = 0 and 8, = 3. This figure
must be interpreted in the light that around any given m-value there

Table 1. Normalized moments of the Weibull Distribution for
various values of the exponent m calculated by quartic
interpolation on 15-place table of the T-function

m /o af p B3 By
1 1. 1. 2. 9.
2 0.886227 0.522723 0.631111 3.245089
3 0.892980 0.363447 0.168103 2.729464
4 0.906402 0.280544 -0.087237 2.747829
5 0.918169 0.229053 -0.254110 2.880290
6 0.927719 0.193774 ~-0.373261 3.035452
7 0.935438 0.168022 ~0.463190 3.187182
8 0.941743 0.148369 -0.533727 3.327676
9 0.946965 0.132863 -0.590657 3.45521
10 0.951351 0.120310 -0.637637 3.57016
12 0.958286 0.101216 -0.71074 3.76697
14 0.963510 0.087371 -0.76509 3.92777
16 0.967580 0.076866 -0.80712 4,06076
18 0.970838 0.068621 -0.84063 4,1724
20 0.973504 0.061976 -0.86797 4.2670
25 0.978438 0.049902 -0.91846 4.4513
50 0.988844 0.025289 -1.0248 4.879

100 0.994326 0.012733 -1.081 5.1

200 0.997139 0.006390 -1.11 5.
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Fig. 1. Values of the moments 84 and 8, of the Weibull Distribution
superposed on the 90% significance contours of the bivariate moments for
the Normal Distribution, Figures on the contours are the sample size from
the Normal Distribution., Figures on the points are the values of the
Weibull exponent m. The upper branch of the curve has negative skewness.
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will be a further set of contours relevant to the uncertainty in deter-
mining the b3 and b, values from a finite sampling. Clearly, for m near
4, extremely large samplings (n > 1000) would be required to distinguish
between the Weibull and Normal distributions. This is the problem yet
to be solved: How large a sampling is required to distinguish between
the two distributions?

In Table 2 we supply for selected m-values the third and fourth
normalized central moments as calculated by the asymptotic series. The
terms have been calculated and summed (Sg) to the eighth order and an
extrapolation formula has been used to estimate the sum to infinite
order (5,). We note in passing that while the central moments approach
zero as m tends to infinity, the normalized central moments do not.

Finally, in Table 3 we present "best" values of the quantities of
Tables 1 and 2 truncated to six decimal places where these are known.

In regions of weakest overlap between the values calculated from the
r-function table and the asymptotic series, only four and five decimal

Table 2. Normalized moments of the Weibull Dis-
tribution for various values of the exponent

m calculated from the asymptotic series to
eighth order (Sg) and with the correction
term added (S.)

m Order Ba Bq
10 Sq 0.6 4.
Seo ~-0.6378 3.6
20 Sg -0.8678 4.3
Seo -0.8679 65 4.267
50 Sg -1.0248 4.8779
Se -1.0248 5300 4.8777 82
100 Sg -1.0810 737 5.1234 5
Seo -1.0810 7376 0 5.1234 456
200 Sg -1.1100 166 5.2591 46
Se -1.1100 1656 9 5.2591 4541
500 Sg -1.1276 6270 6 5.3427 698
Seo -1,1276 6270 6 5.3427 6980 1

@ -1.1395 4710 0 5.4000 0000 4
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Table 3. "Best" values for the normalized moments and
associated quantities of the Weibull Distribution for
various values of the exponent m

m u/e of p B3 Bu
1 1. 1. 2. 9.
3 0.8929 80 0.3634 47 0.1681 03 2.7294 64
4 0.9064 02 0.2805 44 -0.0872 37 2.7478 29
5 0.9181 69 0.2290 53 -0.2541 10 2.8802 90
6 0.9277 19 0.1937 74 -0.3732 61 3.0354 52
7 0.9354 38 0.1680 22 -0.4631 90 3.1871 82
8 0.9417 43 0.1483 69 -0.5337 27 3.3276 76
9 0.9469 65 0.1328 63 -0.5906 57 3.4552 1
10 0.9513 51 0.1203 10 -0.6376 37 3.5701 6
12 0.9582 86 0.1012 16 -0.7107 4 3.7669 7
14 0.9635 10 0.0873 71 -0.7650 9 3.9277 7
16 0.9675 80 0.0768 66 ~0.8071 2 4.0607 6
18 0.9708 38 0.0686 21 -0.8406 3 4.1724
20 0.9735 04 0.0619 76 -0.8679 65 4.2670
25 0.9784 38 0.0499 02 -0.9184 55 4.4528
50 0.9883 44 0.0252 89 -1.0248 53 4.8777 82
100 0.9943 26 0.0127 33 ~1.0810 74 5.1254 46
200 0.9971 39 0.0063 90 -1.1100 17 5.2591 45
500 0.9988 50 0.0025 61 ~1.1276 63 5.3427 70
o 1. 0. -1.1395 47 5.4000 00

places are determinable. More extensive tables will be available in the
topical report under preparation. The extrapolation formula carrying
the partial sum Sy toward S, has not yet been bounded, so significant
figures made available from this extrapolation have been estimated by
comparison with the direct calculation from the T-functions,

A program to calculate values of b3 and b, for finite samplings by
Monte Carlo means is now being studied under a subcontract for the
Ceramic Technology for Advanced Heat Engines Program.

Important findings and observations

Our major conclusions as a result of these calculations, not all
demonstrated here, are:

1. The unnormalized central moments p, tend to zero as (1/m)",
2. The normalized central moments 8, = pn/c”/2 are all finite and are
also nonvanishing for all »n > 2.
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3. Discrimination between the Normal and Weibull distributions by a
co-variant moment test will almost certainly be difficult unless
sample sizes are very large (100s to 1000s of data points). This
conclusion, of course, ignores discrimination by fracture location
or, equivalently, volume effects.

4. Representation of the Weibull distribution within the Pearson
scheme appears unprofitable because of the relative size of the
moments as their order »n increases.

A topical report presenting these results is in preparation.
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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 application 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 life testing and microstructural analy-
sis of Si3N, and SiC ceramics, (2) time-temperature strength dependence of
Si 3N, 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

3.2.1 Time-Dependent Behavior

Characterization of Transformation-Toughened Ceramics
L. J. Schioler (Army Materials and Mechanics Research Center)

Objective/scope

Because of their unusual combination of properties, transforma-
tion toughened zirconias (TTZ) are leading candidates for cylinder
liners, piston caps, head plates, valve seats and other components
for the adiabatic engine. These materials age-hardened ceramic alloy
systems and as such, they are likely to be susceptible at overageing
and loss of strength at Tong times at high temperatures (i.e., close
to the age hardening temperatures). The possibility of overaging
with its likely negative impact on materials performance was identi-
fied as a critical area of ignorance in the preliminary technology
assessment on ceramics for diesel engines previously prepared by
AMMRC. Accordingly, a task was initiated to a) define the extent and
magnitude of the overageing (if any) and b) develop toughened ceramic
alloy systems which would not be susceptible to overageing at temper-
atures which may be encountered in advanced diesel engines (1000C -
1200C). Figure 1 gives an overview of the objective and approacn of
these two tasks. Note that in-house as well as contractural efforts
are involved.

Technical Progress

(Army Materials and Mechanics Research Center)

Analysis of the second generation of TTZ and University of
Michigan zirconia toughened alumina (ZTA) materials is nearing
completion. Fractography of the >300 breaks is proceeding well.
Preliminary results indicate that the fracture origins are processing
defects or machining damage.

SR and STSR of the U. Mich. ZTAs 1is complete; analysis is
proceeding. Tests of the second generation materials nas been
initiated. These tests will not be complieted until well into 1985
as only three furnaces are available.

Status of milestones

(Army Materials and Mechanics Research Center)

A search for appropriate Japanese materials to examine in 1985
is under way. Submission of the purchase requests for the materials
and for the machining has been delayed as 1985 funds have not yet
arrived.

The annual report is delayed in order to include the results on
the second generation TiZs and ZTAs.
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FIGURE 1
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Time-Temperature Dependence of Advanced Ceramics
G. D. Quinn (Army Materials and Mechanics Research Center)

Objective/Scope:

Stepped temperature stress rupture (STSR) testing and limited
supplemental standard stress rupture (SR) tests are performed to
obtain a preliminary evaluation of strength retention with time under
load at various temperatures for new high performance ceramics.

Technical Progress:

Testing has continued without interruption and all equipment is
functioning smoothly. New high temperature flexural fixtures that
have rolling load bearings are in use. Some effort was expended in
increasing the operational capabilities of the Mechanical Behavior
and Testing Branch from three to six furnaces. In the meantime,
eight furnaces in the Ceramics Research Division have been allocated
to this task.

Two materials were tested during this six month period:
University of Michigan siliconized silicon carbide and Ford sintered
silicon nitride, grade RM-20. Technical highlights are described
below. A report has been written and delivered to the Technical
Reports Branch for the former material, but a decision whether to
document the RM-20 results has not been made.

The University of Michigan siliconized silicon carbide material
was developed by Professor E. Hucke. A polymer precursor is carbon-
ized to form a very fine carbon skeleton which is then infiltrated
by silicon. The basic premise of this approach is that since strength
often scales in direct proportion to microstructure size, then a very
fine microstructure will lead to high strength. This objective has
been demonstrated since the AMMRC measured fast fracture strength is
680 MPa, higher than any other form of siliconized SiC. High temp-
erature testing indicates this material had excellent oxidation, static
fatigue and creep resistances. This material has been able to sustain
high stresses at 1200°C and above. One trial is still underway (4500
hours) at 1200°C and 450 MPa. Unfortunately, strength scatter is high,
due in part to mulitiple flaw populations and microstructural non-
uniformity. Surface Tayer irregularities_also are of concern as is the
low inherent fracture toughness (2.5 MN/m'-?) of this material.
Attempts to fabricate stronger material will not likely succeed since
machining damage (incurred despite very careful preparation) will be
Timiting. Increased microstructural uniformity should be a goal.
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The Ford RM-20 sintered silicon nitride is being developed as a
possible AGT material and is additionally slated for detailed studies
in the Life Prediction Methodology Task VI. A very small Tot of
specimens was received and a truncated test sequence was performed.
STSR testing revealed a significant strength loss from room to 1000°¢C
although no catastrophic instability occurred. Additional strength
105585 and mediocre creep and static fatigue resistance at 1200° and
1300~°C indicate further material development is necessary.

GTE Wesgo SNW-1000 grade of sintered silicon nitride was received
and flexural specimens prepared. Testing was terminated after it was
determined that room temperature strength was too Tow because of a
processing problem. A new lot is being prepared by GTE to replace the
unrepresentative lot. A three month delay is our testing is therefore
projected. This material is also a candidate for further studies in
Task VI, Life Prediction Methodology, and has been chosen for IEA round
robin testing activities.

Lucas Syalon, heat engine grade, has beenreceived and flexure
specimens are being prepared. Kyocera sintered silicon nitride SN-220
is on order.

Milestones:

University of Michigan siliconized SiC tested, evaluated and a
report written.

Ford RM-20 evaluated.
l.ucas Syalon procured.

GTE Wesgo SNW-1000 procured and tested. Testing suspended due
to unrepresentative Tot.

GTE Ad-6 results published.

Publications:

1. "Static Fatique of a Sintered Silicon Nitride", AMMRC Tech-
nical report. TR84-40, dated QOctober, 1984 was released in April 1985.

2. "Mechanical Property Evaluation at Elevated Temperature for
Sintered Beta Silicon Carbide." This report has been prepared as an
AMMRC Technical Report, but will also be submitted to Elsevier Pub-
lications for their High Technology Ceramics Journal.

3. "Static Fatigue for a Siticonized Silicon Carbide" has been
sent to AMMRC's Technical Report Department.
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Fracture Behavior of Toughened Ceramics
P. F. Becher and J. C. Ogle (0ak Ridge National Laboratory)

Objective/scope

Because of their excellent toughness, oxide ceramics such as partially
stabilized zirconia (PSZ), dispersion-toughened alumina (DTA), and whisker-
reinforced ceramics are prime candidates for many diesel engine components,
The enhanced toughness of the PSZ and DTA 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 materials are still susceptibie 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 toughness and strength. Again, it is essential that mechanisms
responsible for both the slow crack growth and aging behavior be well
understood., Similarly the toughening behavior in whisker-reinforced cera-
mics and their high-temperature performance must be evaluated in order to
develop materials for particular applications.

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 responsibie 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.

Toughening by whisker reinforcement

Studies of the toughening behavior of alumina ceramics reinforced by
single-crystal SiC whiskers revealed that the primary toughening mode can
be altered. Initial results showed that crack deflection by the whiskers
was the primary toughening mechanism (Fig. 1).! 1In this case the increased
toughness saturates at SiC whisker volume fractions (Vf) of 0.2 to 0.3.
The fracture toughness (Kic) level at which saturation occurs increases
with increasing whisker length (1) to radius (r) ratio.? However, whisker
pullout can be promoted by lowering the fiber-matrix interfacial shear
strength (vj), by decreasing the whjsker length, or by increasing the
fracture strength of the whisker (of). The magnitude of tj will be deter-
mined during pullout by the radial stress on the fiber-matrix interface
(or) and the static coefficient of friction (ug) of the interface. The
radial stress results from the difference between the thermal expansion
coefficient of the whisker (ay) and matrix (ap) and is introduced during
post-fabrication cooling. When ay > oy, op is tensile; v; will be very
small and fiber pullout is promoted., This is the case in the SiC-fiber-
reinforced LAS and glass matrices, Fig. 1, where ty is =2 MPa (i.e., 5 »
0) (ref. 3).

In the case of the alumina matrix, ay > a, and op is compressive so
that the whisker is effectively clamped by the greater contraction of the
matrix and < is increased. On the basis of this analysis one can see
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Fig. 1. Toughening behavior in ceramics reinforced with SiC whiskers
and fibers, Data for and observations with continuous-SiC-fiber-reinforced
ceramics indicate that fiber pullout is the primary mode of toughening.
However, in SiC-whisker-reinforced alumina, initial results indicated that
crack deflection by the whiskers was the primary toughening process.
Changes in whisker properties and characteristics (especially whisker
length) and interfacial shear strength can be utilized to enhance toughen-
ing by whisker pullout.

that changing the matrix to influence the value of (ay — ay) can signifi-
cantly alter the contribution of whisker pullout. This analysis of 14
assumes that no chemical bonding occurs at the fiber-matrix interface so
that <ty is dominated by n and o.. In fact for composites where improve-
ments in toughness by whisker pullout are sought, one wants to avoid
significant chemical bonding at the fiber-matrix interface because t; will
increase,

In composites where oy > o, one can decrease the whisker length (1)
and promote toughening by pullout, This occurs because stressing a whisker
crossing the crack plane results in an increase in tensile stress in the
whisker as a function of distance from the crack plane. When 1 > 1., the
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tepsile stress acting on the whisker exceeds the whisker fracture strength
(of). Fracture of the whisker rather than pullout occurs then for 1 >

T¢c. By reducing 1 to values below 1., pullout is promoted and greater
toughness is achieved.

Studies of the influence of stressing rate particularly at elevated
test temperatures on the mechanical properties of alumina reinforced with
20 vol % SiC whiskers with and without densification additives were ini-
tiated. The initial results obtained at room temperature are given in
Table 1. Briefly these results reveal that the hardness is decreased with
the use of the Mg0 and Y,0; additives. The Tower flexural fracture
strength in sample SCW-60-1, Table 1, may not be solely a result of the
additives, although the Y,0; results in formation of at least Y3Al;0;,
second-phase regions that could act as flaws or defects. In addition,
though, large pyrolyzed remanents of the rice hulls from the SiC whisker
growth are found in the composites and often act as failure initiation
sites. One can see that the composites containing the Mg0 and Y,0,
additives apparently exhibit some anomalous dependence of Ki¢c on stressing
rates at room temperature. Test results at 1000°C are being evaluated.

Transformation-Toughened PSZ

Studies of the change in the mechanical properties of a PSZ ceramic
as a result of exposure to an applied flexure stress for up to 1000 h at
temperatures of up to 1000°C were recently completed. Previously it was
shown that when subjected to an applied stress equivalent to 60% of the
fast fracture strength at a given temperature (i.e., t = 0 h) the Nilsen
TS grade PSZ ceramic (lot 83-065) exhibits a decrease in retained flexure
strength (at temperature) with increasing exposure time at 1000°C but not
at 500°C."* The current results, Fig. 2, include the changes in retained
strengths at temperature observed for exposure times of up to 1000 h at
800°C.

In comparing these data, first notice that the incubation time for
the initial increase in retained strength (t > 24 h) increases as the tem-
perature is decreased. Second, it appears that strength changes are not
occurring at 500°C.

After the initial strengthening effects, there is an associated
decrease in the retained strength with increase in exposure time.
Finally, after a 1000-h exposure, the ratio of the retained strength to
that after the 24-h exposures increases from 0.82:1 to 1:1 as the tem-
perature decreases.

These results can be used for two purposes here. First they indicate
that this particular lot of PSZ material exhibits mechanical strengths
that are quite stable for Tong periods of exposure to temperatures up to
at least 500°C and to applied stresses up to 60% of the fast fracture
strength, For many applications this characteristic stability of the
mechanical properties is critical,

Second, screening of materials by similar testing but at only one
temperature — either with or without an applied stress — does not give a
sufficient assessment of the material's performance. For example at
1000°C this PSZ would not look very promising, but at room temperature it



Table 1.

Mechanical properties of alumina composites containing

20 vol % SiC whiskers at 22°C, 40% relative humidity

Mechanical properties

Flexural fracture with polished surfaces

strength, MPa

Mechanical properties with multiple
controlied DPH indent {1.39 N load)
flaws polished tensile surface 1 HPA

Samp1e with 180 grit 1 HPA
d;amogdtsugf?ce Indent oPH Stressing Final flaw R??:lﬁigt Fracture
950“? ei ;P: {MPa vm) (GPa) rate radius strenath toughness
urface 156N 1oad (MPa/s) () (Mpag (MPa Vi)
SCW-60-1 472 + 56 8.6 * 0.6 17.20 + 0,98 9.3 x 102 361 = 63 261 £ 9 9.3 + 1.1
5.5 wt% MgC
g.o lti Y203 ~1 x 102 7.9 + 0.3
98.6% T.D. 9.3 x 1072 292 = 21 222 + 9 7.0 £ 0.5
SWC-61-1 607 + 77 8.8 + 0.8 22,18 + 2,94 6.1 x 102 262 = 27 248 + 8 7.4 + 0,3
89.9% T.D.
~1 x 102 7.8 + 0.7
6.1 x 10-2 342 + 128 240 = 26 8.1+ 1.5

921
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Fig. 2. Strength changes occur when PSZ samples are subjected to a
flexure stress for various exposure periods at temperatures greater than
500°C. Note that the applied stress used for each test temperature is 60%
of the fast fracture strength (t = 0 h). Retained strengths are determined
at the same temperature as that used in exposing the samples to an applied
stress.

has high fracture strength and toughness.“ Thus one needs to characterize
the response of the materials over a range of temperatures to accurately
describe their performance capabilities.
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Cyelic Fatigue of Toughened Ceramics
K. C. Liu and C. R. Brinkman {0Oak Ridge National Laboratory)

Objective/scope

The objective of this work is to develop a system of bend-free tensile
load train column capable of performing tension-tension dynamic fatigue in
uniaxial mode for high-temperature structural ceramics and other brittle
materials., Attention is focused on two areas of research involving
(1) design, fabrication, and demonstration of a self-aligning grip housing
and a load train column assembly that can transmit the uniaxial load
passing through the center of the specimen cross-section without intro-
ducing bending stresses; and {2) design and analysis of tensile specimen
geometry for cyclic fatigue testing.

Technical highlights

Development of self-aligning grip system

Gas bearings are used in some tensile machines intended for self
alignment, and they eliminate the bending of uniaxially loaded tensile
specimens. Theoretically speaking, they should work and serve the purpose
if they operate under ideal conditions. Two basic requirements are that
the gap between the two spherical bearing surfaces must be uniform and the
lifting pressure be applied uniformly over the bearing area. DOrawbacks
are that neither the gap nor the pressure distribution can be measured
directly to ensure proper operation. Furthermore, it remains questionable
whether the gas bearings will operate properly under dynamic cyclic
loading, which is the major mode of operation of interest here. Lack of
reliable methods to monitor the performance was an important reason why
the gas bearings were not selected in the current system design. Moreover,
the gas bearings are expensive, and the cost of operation is also high.

The newly developed ORNL grip system consists of eight individual
supporting mechanisms that carry equal shares of the load applied to the
pull rod. Because each of the reactive loads can be measured directly
with Toad transducers, the eccentricity of the loading point of the
resultant force can be analyzed quantitatively. Good design versatility
also permits an unlimited choice of tensile specimens, which can be either
rods or plates. :

Performance was evaluated for the self-aligning grip housing with a
special load applicator instrumented with strain gages. Four sets of full
bridge circuits were used as load transducers to monitor the distribution
of the reacting loads supported by the eight mechanisms built in the grip
housing. The outputs of the total applied load and strain gages were
recorded continuously by a data acquisition system while cyclic loading
was being applied to the grip housing. To avoid unconscious bias in the
measuring method and to balance out inherent errors in the measuring
system, the load applicator was rotated one-eighth turn successively
at each test run so that the loads imposed on the supporting mechanisms
were measured by different bridge circuits. The maximum offset from the
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linearity between the applied load and strain gage outputs was less than
0.5% for a full-scale loading of 5000 1h, A typical distribution of the
divided loads was measurad to be 624.26, 624.49, 627.88, 623.17, 624.64,
624.61, 624.9, and 626.05 1b, respectively, on each of the eight sup-
porting subsystems., The maximum deviation from the average value of

625 1b was 0.46%. On the basis of these test data, the eccentricity of
the resultant load was calculated to be less than 0.001 in. for a first
calibration test and less than 0.0006 in. in the second calibration test.
A matching set of the grip housing for the lower grip and a complete set
of the pull rod assembly are now being fabricated for a final evaluation
test.

Analysis of tensile fatigue specimen

Stress analyses were performed for a dog-bone-shaped tensile specimen
(Fig., 1) by using a finite-element analysis technique. Shown alsc in
Fig. 1 is a finite-element grid for the fourtn quadrant of the specimen.
To avoid abrupt changes 1in stress, the ftransition between the uniform gage
section and the specimen shank is blended smoothly with a double-flexure
elliptical fillet having a major-to-minor diameter ratio of 4. The analy-
ses were made for specimens in the shape of a solid rod as well as that of
a flat plate assumed to have the same profile and to use the same finite-
element grid.

Results of the stress analyses are summarized in Figs. 2 and 3,
Figure 2 shows the distribution of dimensionless tensile stress under
elastic loading. Four curves numbered from 1 to 4 delineate the change of
the tensile stress along four rows of the grid elements labeled accord-
ingly from the row next to the center line toward the outside. Failure
to bring all four curves into a single line indicates that the tensile
stresses are not ideally uniform in the transition section. However, they
fall reasonably close to each other in the area immediately outside the
gage section and somewhat apart in the section between the flexure point
and the specimen shank. The situation is more bpronounced, but only
slightly so, in the plate specimen compared with that in the rod specimen.
The nonuniformity of the stress distribution in the lower stress range is
not important here. The stress riser in the outer elements adjacent to
the end of the gage section is about 1% for the rod specimen and about 2%
for the plate specimen., In both cases, the stress concentration normally
occurring at the junction between the gage section and short circular
transition fillet 1is virtually eliminated.

Elastic~plastic analyses were performed for the same specimen
geometry, and the results are summarized in Fig. 3. Only the elements
falling between the flexure points were loaded plastically. No signifi-
cant changes are observed in the stress pattern due to the redistribution
of inelastic stresses developed in the plastically deformed elements.
Hence, no significant new information was gained.

In summary, the above finite-element analyses indicate that no
significant stress riser will occur in the dog-bone-shaped tensile fatigue
specimen provided the transition between the uniform gage and shank is
blended smoothly by using a double-flexure elliptical fillet with a major-
to-minor diameter ratio of 4 or higher.
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Fig. 2. Tensile stress distribution for rod (A) and flat plate specimen [8) subjected to elastic
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Status of milestones

321401 Complete design fabrication, installation, and initial phase
of evaluation of tension-tension fatigue grips for testing
advanced ceramic materials. (Sept. 30, 1985)

Initial evaluation has been completed for the tension-tension fatigue
grips, and the progress is on schedule,

Communications/visitaors/travel

K. C. Liu visited the National Bureau of Standards and Naval Research
l.aboratory in Washington, D.C., on November 20—21, 1985, for discussions
and an exchange of information concerning specimen preparation, surface
finishes, and experimental techniques of conducting tension-tension dynamic
fatique testing of high-temperature ceramics. The general concensus was
that the ceramics community clearly needs a reliable but relatively simple
and cost-effective technique to generate useful information, which can be
obtained preferably by using uniaxial testing methods. All agreed that
the exchange of information was mutually beneficial.

Problems encountered

None.

Publications

None,
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3.4 FRACTURE MECHANICS

3.4.1 Fracture Mechanics

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

Objective/Scope

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

Technical Progress

This is the first semi-annual progress report of this program.
During this period, efforts have been made to obtain the structural
ceramic materials MgAl,0,, SiC, and Si N, from commercial sources and
to set-up and make preiiminary runs to adapt the laser interfermetric
strain gage technigue (LISG) to ceramic materials, first at room temper-
ature and then at elevated temperatures. The MgAl1,0, has recently been
received and specimens are now being prepared. Receipt of the SiC and
Si;N, materials is expected in the near future.

Initial difficulties with the LISG displacement measurement
technique have been overcome by modifying the indentation fiducial
markings using platinum foil. This has substantially enhanced the inter-
tference fringe pattern intensity and permitted preliminary testing of a
dense alumina. Satisfactory elastic modulus and fracture tougnness
values were obtained for a notched three point bend specimen.

Status of Milestones

Difficulty in obtaining commercial materials has delayed the
initiation of the extensive testing of those materials. However, the
necessary {(LISG) modifications probably would have caused similar delays.
With the exception of this brief delay, other aspects are on schedule.

Communications/Visits/Travel

During the early portion of this report period, Mr. Michael Jenkins
a graduate research assistant visited the laboratory of Dr. W. N. Sharpe
at John Hopkins to become familiar with the LISG technique.

Problems Encountered

These have been discussed in the technical highlights section.

Publications

None during this report period.
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Testing and Evaluation of Advanced Ceramics at High Temperature
tn Uniaxial 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 fatique strength, alomg 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 (Periodic)

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

During the past six (6) months attentions were given simultaneously
to all Tasks 1-5 with special attentions to Tasks 1 and 2. Various testing
machines were reviewed during the reporting period and a mechanical testing
equipment that will be ideal for tensile testing of ceramic has been
selected. The selected machine seems to have the expected alignment,
stiffness and stability required for the uniaxial tension tests of ceram-
ics. The force transducer used in this system seems to be very accurate
and the control system seems to be a superior one. A detailed description
of this equipment has been sent to ONRL project manager for his approval.

As far as Task 2 is concerned, silicon nitride (Si3N4) is selected
as the candidate material for this program.

Although the choice is wide open between both silicon carbide (SiC)
and silicon nitride (Si N4), the silicon nitride is selected basically to
go along with the decisidon taken by the International Energy Agency (IEA)
for their research programs. By selecting the same candidate (GTE -
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Si,N,) as that of the IEA, the results of the various programs can be
co%pgred for better understanding of the material and a comprehensive
picture can be obtained. A request for the approval of this material is
already with ORNL project manager.

Various specimen configuration (Task 3} and testing grips (Task 4)
used by the previous investigators are also under review. The aim is to
find a specimen configuration and gripping mechanism allowing minimal cost,
minimum machining, simplicity and ease of alignment.

Status of Milestone

Both Tasks 1 and 2 are complete as scheduled and are waiting for the
project manager's approval.

The procurement of the testing machine and control will start after
hearing from the project manager. The procurement of the Si N4 specimens
will not start until after identification of the specimen co%f1guration.
Since specimen geometry will influence the gripping mechanism and vice
versa, attention is given to both of them simultaneously. Both high
temperature extensometry and furnace specifications are also under review.
Although all these tasks are moving as planned, it is projected that there
may be slight delay in coming up with the proper combination of all these
items, suitable for tensile testing of ceramics.



138

3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT

3.5.1 Nondestructive Evaluation Development

Nondestruetive Characterization
R. W. McClung {Oak Ridge National Laboratory)

Objective/scope

The purpose of this program is to conduct nondestructive evaluation
(NDE) development directed at identifying approaches for quantitative
determination of conditions (including both properties and flaws) in
ceramics that affect the structural performance. Those materials that
have been seriously considered for application in advanced heat engines
are all brittie 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.

Technical progress

In order to determine nondestructively the presence of critical and
subcritical flaws in structural ceramics and assess their impact on such
parameters as fracture toughness and strength, it is necessary to probe
the interior of the sample with ultrasonic waves of considerably higher
frequency than are normally used in structural metals. This is because
of the higher wave velocity and much smaller critical flaw size in
ceramics. For example, in silicon nitride (compressional wave velocity
~10.4 kmes~1) the flaws of interest probably lie in the range 25 to
100 um. If an average diameter of 50 um is assumed, then the scattering
transition from Rayleigh to stochastic scattering, which is roughly the
point of maximum scattering from such flaws, can be calculated from
theory to occur at about 66 MHz. Below this frequency, the scattering
decreases with the fourth power of the frequency and is insensitive to
flaw shape. For these reasons, hardware capable of operating above 50 MHz
is a necessity in studying the effect of flaw size and concentration on
the mechanical properties of ceramics.

We have assembled an ultrasonic system able to generate and detect
elastic waves in the frequency range 1 to 100 MHz. Figure 1 shows the
response of the equipment using a special-order 100-MHz transducer.
Defining the bandwidth by the —6 dB points, this unit is seen to be usable
in the region from 45 to 100 MHz (lower frequencies may be cbtained simply
by changing transducers). This spectrum may be thought of as the input
signal to the specimen, which then modifies the response thirough scat-
tering losses, intrinsic absorption, etc. The spectra of Fig., 1 and those
to be shown below have not been corrected for nonspecimen losses (chiefly
diffraction). They are also normalized to the amplitude at the peak fre-
quency and do not reflect absolute losses, although this information is
contained in the raw data,
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Fig. 1. Spectral response of a 100-MHz broad-band ultrasonic
transducer.

Figure 2 shows the spectrum of an ultrasonic wave which has propa-
gated through a silicon nitride modulus of rupture (MOR) bar. Note that
there is relatively less high-frequency content and relatively more low-
frequency content than for Fig. 1. This is consistent with frequency-
dependent scattering losses, which preferentially remove the higher
frequencies, The differences between these spectra contain information
about the average scattering center size and concentration.

Figure 3 shows the result obtained after propagation through a
zirconia MOR bar., Note that virtually none of the energy above about
70 MHz has survived. In addition, the total energy transmitted is much
less than for silicon nitride.

These results can be quantified by removal (via deconvolution) of
the transducer characteristic response and by correcting for diffraction
effects, calculations which we routinely apply to low-frequency attenuation
measurements. In the present case, however, a suitable high-frequency
buffer material will have to be obtained to ensure operation in the
radiation far field of the transducer for the highest frequencies present.

In order to detect the presence of critical flaws in structural
ceramic materials, some form of volumetric inspection will be necessary.
We currently have an automated system capable of performing such an
inspection with a scan resolution of 25 um, although the maximum frequency
obtainable is limited to about 25 MHz with the present equipment. Never-
theless, five zirconia MOR bars (excess specimens from an external source
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Fig. 2. Response of a silicon nitride MOR specimen to 100-MHz broad-
band ultrasonic excitation.
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Fig. 3. Response of a zirconia MOR specimen to 100-MHz broad-band
ultrasonic excitation.
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betng used Tor MIT development) were scanned by using a 30-MHz fTocused
transducer,  Several indications, some of which correspond in amplitude
to the signal from a 280-um standard Flaw in zirconia, were recorded.
Figure 4 shows the resylts, where the bars were staggered o aid delinea-
tion of the samples, These indications were quite repeatable, and

s smidler indications waere detected whs.h wera t@” small to record

It is untikely that the presence of such large discontinuities

in hpae samples can be considered innocucus.,

CORENL-DWG 86/1914

Fig. 4. Scan of zirconia WOR bars showing ultrasonic indications.

Because the data of Fig. 4 were produced by recording only those
signals which exceeded a certain threshold, the dynamic range of the
dispiay s rather restricted, and the ampiitude resclution is probahly
of the order of 1 to 2 dB. To a@]QV?at9 these difficulties, 3 digital
interface to the scanner and a gray scale software package were added

¢ the system. With these modifications, a dynamic range of 48 d8 is
svailable, and any subset of the pixel values may be spread over the
entire dynamic range to yield an amplitude resolution of about 0.1 dB,
Because of hardware Hmitations, however, for preasonable scan rates this
system i3 Timited to about 20 MHz. Accordingly, a 100-MHz gated peak
detector has been ordered that should allow us 1o record Slgn&]a far
smaller than is now possible. We are able to detect very small discon-
tinuities {(at this stage we cannot assign a size) with our current
equipment, but the recording system cannot respond to signals above
about 20 MHz at reasurable scanning rates. The new equipment should
alltow recording of signals from voids of diameters 20 to 50 TN

0F ¢critical interest in the ultrasonic testing of ceramics
behavior of the material attenuation as a function of freguency.
sych materials the primary less is that due to scattering from ve :
inciusions, and grain boundaries and i35 strongly fregjcqcywuape“ﬁe\ﬁo
For example, Fig. 5 shows the calculated scattering cross %Pf*'
for spherical voids in g silicon nitride host medium, Mers ki
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Fig. 5. Differential scattering cross secti
the wave npumber and A4 is

frequency for voids in silicon nitride. & is

2

the radius of the scattering center,

ector (= 2n/1) of the ultrasonic radiation and o is the radius of the
scatterer, Tine scattering is cnaracterized by a low-freguency region
* reases with t

(Rayleign regime) helow ka ~ 1 where the scaltteris the
fourtn pawer of the frequency and a high-freguency
differential scattering cross section is 0<L11|at0'y
are caused by interference between the direct unv 5
and a "cireeping wave," which propagates around the sur
Since the velocity in the host medium is known, tne perjodicity of these
oscillations can be used to determine the diameter of the scattering
centers, assuming uniformity of size. I many practical cases, however,
the creeping wave is either greatly attenuated or wmissing, 1In tiis case
the osciilations of Fig., % are veplaced by an

i
reg?on wherg the
qr111at1ons

average value, and the
transition freguency at ka ~ 1 may be used to estimats the size of the
scatlering centar.
Wrion trnie scattering centers are nobl wunitorm in size, the situation
becomes more complicated. In the Rayleigh regime, the scattering varies
xth power of tne scatterer diameter, while in the high-freguency

as the si

regime 12 varies inversely with aia cuer. ihus, in principle, one can at
jeast garner information about the extreomes of the size distyibution from
the scattering behavior,
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4,0 TECHNOLOGY TRANSFER

4.1 TECHNOLOGY TRANSFER

D. R. Johnson
O0ak Ridge National Laboratory

A trade-show-quality portable display for the project has been com-
pleted. It was used at the Automotive Technology Development Contractor's
Coordination Meeting, October 29-November 2, 1984, Dearborn, Michigan, and
at the ASME Gas Turbine Conference and Exhibit, March 17-21, 1985, Houston,
Texas. A photograph of the exhibit is shown in Fig. 1. The exhibit con-
sists of two light box displays that describe the scope of the project. A
rear-projection slide show unit includes both a continuous 20-slide over-
view presentation and a random-access projector with an 80-slide set that
can be used for detailed discussion of any task in the project. A lighted
display box encloses a set of various ceramic engine parts loaned to us by
numerous U.S. companies. An architect's model of the High Temperature
Materials Laboratory completes the display. The purpose of the exhibit is
to make the Ceramic Technology Project known to ‘as many potential par-
ticipants as possible. We plan to use the exhibit next at the Annual
Meeting of the American Ceramic Society in Cincinnati, Ohio, in May 1985.
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