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Preface 

This volume contains papers presented in the Mechanical Behavior and Structural 
Design of Monolithic and Composite Ceramics symposium of the 32nd Internation- 
al Conference & Exposition on Advanced Ceramics & Composites held on January 
27-February 1,2008 at Daytona Beach, Florida. 

This long-standing symposium received presentations on a wide variety of topics 
providing the opportunity for researchers in different areas of related fields to inter- 
act. This volume emphasizes some practical aspects of real-world engineering ap- 
plications of ceramics such as corrosion, fatigue, wear, reliability analysis, and frac- 
tography as associated with systems ranging from thermoelectric devices to solid 
oxide fuel cells. 

The papers from the symposium represented research from 20 countries and 
demonstrate the worldwide interest in the properties and design of ceramic materi- 
als and components. The organization of the symposium and the publication of this 
proceeding were possible thanks to the professional staff of The American Ceramic 
Society and the tireless dedication of many Engineering Ceramics Division mem- 
bers. We would especially like to express our sincere thanks to the symposia orga- 
nizers, session chairs, presenters and conference attendees, for their efforts and en- 
thusiastic participation in the vibrant and cutting-edge symposium. 

Jonathan Salem 
NASA Glenn Research Center 

Edwin R. Fuller 
National tnstitute of Science and Technology 

ix 
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Introduction 

Organized by the Engineering Ceramics Division (ECD) in conjunction with the 
Basic Science Division (BSD) of The American Ceramic Society (ACerS), the 
32nd International Conference on Advanced Ceramics and Composites (ICACC) 
was held on January 27 to February 1,2008, in Daytona Beach, Florida. 2008 was 
the second year that the meeting venue changed from Cocoa Beach, where ICACC 
was originated in January 1977 and was fostered to establish a meeting that is today 
the most preeminent international conference on advanced ceramics and composites 

The 32nd ICACC hosted 1,247 attendees from 40 countries and 724 presenta- 
tions on topics ranging from ceramic nanomaterials to structural reliability of ce- 
ramic components, demonstrating the linkage between materials science develop- 
ments at the atomic level and macro level structural applications. The conference 
was organized into the following symposia and focused sessions: 

Symposium 1 

Symposium 2 

Symposium 3 

Symposium 4 
Symposium 5 
Symposium 6 

Symposium 7 

Symposium 8 

Symposium 9 

Mechanical Behavior and Structural Design of 
Monolithic and Composite Ceramics 
Advanced Ceramic Coatings for Structural, Environmental, 
and Functional Applications 
5th International Symposium on Solid Oxide Fuel Cells 
(SOFC): Materials, Science, and Technology 
Ceramic Armor 
Next Generation Bioceramics 
2nd International Symposium on Thermoelectric Materials for 
Power Conversion Applications 
2nd International Symposium on Nanostructured Materials 
and Nanotechnology: Development and Applications 
Advanced Processing & Manufacturing Technologies for 
Structural & Multifunctional Materials and Systems (APMT): 
An International Symposium in Honor of Prof. Yoshinari 
Mi yamoto 
Porous Ceramics: Novel Developments and Applications 

xi 



Symposium 10 
Symposium 1 1 

Focused Session 1 Geopolymers 
Focused Session 2 

Basic Science of Multifunctional Ceramics 
Science of Ceramic Interfaces: An International Symposium 
Memorializing Dr. Rowland M. Cannon 

Materials for Solid State Lighting 

Peer reviewed papers were divided into nine issues of the 2008 Ceramic Engi- 
neering & Science Proceedings (CESP); Volume 29, Issues 2-10, as outlined be- 
low: 

Mechanical Properties and Processing of Ceramic Binary, Ternary and Com- 
posite Systems, Vol. 29, Is 2 (includes papers from symposium 1) 
Behavior and Reliability of Ceramic Macro and Micro Scale Systems, Vol. 
29, Is 3 (includes papers from symposium 1) 
Advanced Ceramic Coatings and Interfaces 111, Vol. 29, Is 4 (includes papers 
from symposium 2) 
Advances in Solid Oxide Fuel Cells IV, Vol. 29, Is 5 (includes papers from 
symposium 3) 
Advances in Ceramic Armor IV, Vol. 29, Is 6 (includes papers from sympo- 
sium 4) 
Advances in Bioceramics and Porous Ceramics, Vol. 29, Is 7 (includes papers 
from symposia 5 and 9) 
Nanostructured Materials and Nanotechnology 11, Vol. 29, Is 8 (includes pa- 
pers from symposium 7) 
Advanced Processing and Manufacturing Technologies for Structural and 
Multifunctional Materials 11, Vol. 29, Is 9 (includes papers from symposium 

Developments in Strategic Materials, Vol. 29, Is 10 (includes papers from 
8) 

symposia 6, 10, and 1 1, and focused sessions 1 and 2) 

The organization of the Daytona Beach meeting and the publication of these pro- 
ceedings were possible thanks to the professional staff of ACerS and the tireless 
dedication of many ECD and BSD members. We would especially like to express 
our sincere thanks to the symposia organizers, session chairs, presenters and confer- 
ence attendees, for their efforts and enthusiastic participation in the vibrant and cut- 
ting-edge conference. 

ACerS and the ECD invite you to attend the 33rd International Conference on 
Advanced Ceramics and Composites (http://www.ceramics.org/daytona2009) Janu- 
ary 18-23,2009 in Daytona Beach, Florida. 

TATSUKI OHJI and ANDREW A. WERESZCZAK, Volume Editors 
July 2008 
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CORROSION RESISTANCE OF CERAMICS IN VAPOROUS AND BOILING SULFURIC 
ACID 

C.A. Lewinsohn, H. Anderson, and M. Wilson 
Ceramatec Inc. 
Salt Lake City, UT, 841 19 

T. Lillo 
Idaho National Laboratory, 
Idaho Falls. ID 

A. Johnson 
University of Nevada - Las Vegas 
Las Vegas, NV 

Large amounts of hydrogen can be produced using thermochemical processes, such as the 
Sulfur-Iodide (SI) process for thermo-chemical decomposition of water. The success of the SI 
processes is dependent on the corrosion properties of the materials of construction. Ceramic 
materials are required for high temperature decomposition reactors, since the creep and oxidation 
properties of super-alloy materials remain problematic due to the extreme temperatures (900C) 
and corrosive environments. In cooperation with the U.S. Department of Energy and the 
University of Nevada, Las Vegas (UNLV), ceramic based micro-channel decomposer concepts 
are being developed and tested by Ceramatec, Inc.. In order to assess the viability of ceramic 
materials, extended high temperature exposure tests have been made to characterize the 
degradation of the mechanical strength and estimate the recession rates due to corrosion. 
Corrosion has been investigated in vapour environments and in boiling, liquid-sulfuric acid. The 
results of these corrosion studies will be presented with additional analysis including surface and 
depth profiling using high resolution electron microscopy. 

INTRODUCTION 
The SI process for production of hydrogen from water involves continuously 

decomposing sulfuric acid (H2S04) into oxygen, S02, and water and generating fresh sulhric 
acid by removing the oxygen and reacting the SO2 and water with iodine. The iodine removes 
some hydrogen from the water to form hydrogen iodide (HI) that can then be decomposed to 
form hydrogen, which is captured, and iodine, which is recycled. The remaining water reacts 
with the SO1 to form fresh sulfuric acid and the cycle continues. Utilization of the sulfur-iodine 
thermochemical cycle to produce hydrogen involves the decomposition of sulfuric acid at 
elevated temperatures: 850-950°C I .  This decomposition step creates a potentially corrosive 
environment, the effect of which on potential materials of construction is poorly characterized. 

Some studies of the corrosion behavior of ceramic materials in high-temperature 
environments containing sulfuric acid were performed in the late 1970’s and early 1980s after 
the SI process was proposed as a means to generate hydrogen for use as an energy carrier. 
Studies performed by Irwin and Ammon of the Westinghouse Electric Corporation, in 1981, 
found that silicon and materials containing significant amounts of silicon, such as silicon carbide 
and silicon nitride, have the greatest resistance to attack by boiling sulfuric acid.’ In 1979, 
Femanda Coen-Porisini of the Commission of the European Communities JRC Ispra 

3 
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Establishment performed corrosion studies in sulfuric acid at 800°C and found that alumina, 
mullite, and zirconia, which were the few ceramics tested, were unchanged or had only coatings 
on the surface while all the metals tested displayed considerable to severe corrosion3. T. N. 
Tiegs of Oak Ridge National Laboratory also tested the corrosion resistance in simulated 
decomposed sulfuric acid of Sic,  Sialon, MgO, ZrOz(Mg0) and ZrO~(Yz03) in 19814. Tiegs 
identified silicon carbide as the best material at 1000 and 1225°C in the simulated sulfuric acid 
decomposition environment. Tiegs recommended further testing for the S i c  materials at 
conditions more representative of an actual sulfuric acid decomposition environment, that is, at 
temperatures of 800 to 900°C and pressures up to 3 MPa. More recently, Ishiyama et al. report 
the percent weight change and corrosion rate of samples resulting from 100 hours of exposure to 
high-pressure boiling sulfuric acid. As seen from the results, S i c  was the most corrosion 
resistant followed by Si-Sic and then by Si3N4. Also in Ishiyama’s overall rating of the materials 
after 1000 hours of exposure the three above mentioned materials were listed as all being the 
least affected by the long exposure. 

Based on the findings of these studies, silicon carbide and silicon nitride were selected as 
candidate heat exchangeridecomposer materials warranting further corrosion testing. This paper 
will describe the results from a series of corrosion tests to investigate the influence of the 
concentration of sulfuric acid and temperature on the corrosion of candidate ceramic materials 
for compact microchannel heat exchangers. Weight change, surface analysis, microscopy and 
mechanical testing were used to evaluate the effects of corrosion on the candidate materials. 
Alumina samples were included in the test matrix to verify the superior corrosion resistance of 
silicon-based materials and to compare their behavior with a material without silicon. 

METHODS 
1 - Experimental Setup 

Samples were exposed to sulfuric acid at three conditions of temperature and pressure: 

1. 85O-95O0C, atmospheric pressure (0.8 bar) 
2. 375-400°C, 14 bar 
3. 400°C, atmospheric pressure (0.8 bar) 

The corrosive environments for these exposure testing were selected to mimic the decomposition 
and boiling environments of sulfuric acid in the SI process. In the S1 process, decomposition 
will occur under pressure of up to 80 bar. Therefore, the second experimental setup was used to 
begin to investigate the effects of pressure on material behavior. 

The high-temperature, sulfuric acid vapour corrosion test setup consists of a long quartz 
tube partially housed inside a split tube furnace. The long quartz tube itself holds three large 
quartz cups and three small quartz cups as displayed in Figure 1. Starting at the top is a large 
quartz cup filled with quartz chips which acts as an evaporator and gas preheater. Below the 
evaporator cup sit the three small cups that hold the samples. Below the three sample cups are 
two large condenser cups, the top of which is filled with Zirconia media and the bottom with S i c  
media. The long quartz tube is capped on top by a solid Teflon manifold with a pliable Teflon 
gasket so that the sulfuric acid vapor and decomposition products stay trapped in the tube. This 
manifold is fitted with gas (aidoxygen) feed and a liquid (sulfuric acid) feed. In addition, the 
condensate is collected and disposed of in an appropriate waste barrel. 

ASTM Standard C 1161-02C bend bars were scribed, weighed and randomly positioned 
within three small sample cups for sulfuric acid exposure. The simulated conditions were 60% 
H2S04, 30% H20 and 10% air at 900°C. These sample cups were then loaded into the quartz 
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tube and the furnace was heated up to 900°C with flowing argon gas. Once at temperature, the 
simulated sulfuric acid environment was attained by switching over to air or oxygen from argon 
and by dripping in the acid solution. At predetermined intervals (100, 200, 500 and 1000 hours), 
samples were removed, weighed and fractured according to ASTM Standard C 1161-02C 
procedures. Table I describes the materials that were tested. 

Figure 1. Sulfuric acid vapour exposure apparatus. 

Table I 

Carbide 1 s Sintered I 
Silicon I Tape 1 Ceramatec I Sic-LS 
Carbide 1 Laniinated 1 I I 

The intermediate temperature, high pressure corrosion apparatus was designed by Dr. T. 
Lillo at The Idaho National Laboratory. Various precautions were taken to minimize contact 
between the liquid sulfuric acid or acid vapours and the pressure containment vessel which is 
made of C-276, a metallic alloy. The experiment setup is shown in Figure 2. The typical 
volume of sulfuric acid in the experiment was 60 ml while the surface area of the samples was 
on the order of 160 mm2, for a ratio of sulfuric acid volume to specimen surface area of 0.37 
mL/mm2 (ASTM G 31 indicates a minimum ratio of 0.2 mL/mm2). The vessel was purged with 
UHP argon by pressurizing the vessel to approximately 500 psi and then releasing the pressure to 
approximately 50 psi. This was repeated three times to remove most of the air from the vessel 
prior to heating. At this time it is not known to what extent airloxygen will be present in the 
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system. At the target temperature of 375°C very little oxygen is expected to be present due to 
the large amount of activated carbon in our corrosion testing system. Heating to temperature 
took 1-2 hours and then was stable (+SIC of set point) throughout the experiment. 

The sample was tested in the as-received condition, other than a brief ultrasonic agitation 
in ethanol to remove any residual grease and/or loose particles. The sample dimensions were 
measured to 20.01 mm and weighed to +0.00008 grams. The vessel was cooled after exposure 
experiments lasting up to 698 hours, opened and the sample rinsed, dried and weighed to yield a 
corrosion rate, according to ASTM G 3 1. The sample was then loaded back into the vessel with 
fresh acid and the experiment was continued. A total exposure time of 300-700 hours was 
targeted for each sample. 

Figure 2. High temperature, high pressure, liquid sulfuric acid exposure apparatus 

Experiments in boiling sulfixic acid, at atmospheric pressure, were conducted in a glass, 
reflux unit shown in Figure 3. The unit consisted of a heated flask and a reflux condenser cooled 
by recirculahng, chilled water. ASTM Standard C 1161-02C bend bars were scribed, weighed 
and randomly positioned in a quartz fixture with three levels. Samples on the lowest level were 
submerged in sulfuric acid; the upper, only in contact with vapour. On the middle level, the 
interface between the liquid sulfuric acid and the vapour was at approximately the mid-plane of 
the samples. After 100 hours of exposure the samples were removed, wighed again. fractured, 
and examined by microscopy. 

6 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 



Corrosion Resistance of Ceramics in Vaporous and Boiling Sulfuric Acid 

Figure 3. Boiling sulfuric acid apparatus 

RESULTS AND DISCUSSION 
Vupour exposure 

As reported earlier, all of the materials experienced an increase i n  weight as a result of 
exposure to a sulfuric acid decomposing environment at YO0 "C. X-ray photoelectron 
spectroscopy (XPS) and Energy dispersive X-ray (EDX) analysis on a scanning electron 
microscope (SEM) indicated that the reaction products were silica. After exposure, both the 
silicon carbide and silicon nitride specimens exhibited a slight increase in strength, presumably 
due to the blunting of surface flaws by the formation of silica. 

High-presrure, liquid exposure 
As expected from previous corrosioii experiments on other Si-based materials, the 

measured corrosion rates were relatively low. The weight loss behavior and calculated corrosion 
rate as a function of time for two silicon carbide specimens made using the materials and 
processes for making the proposed decomposition reactors are shown in Figure 4. A logarithmic 
curve fits the corrosion rate data best. The experimental data in Figure 4 suggests a very slightly 
decreasing corrosion rate with time. By normalising the weight change to the surface area of the 
specimens, recession rates of 125 &year and 62 pm/year were calculated for the silicon 
carbide and silicon nitride materials, respectively. 

Corrosion, Wear, Fatigue, and Reliability of Ceramics . 7 
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Figure 4. Corrosion behavior of the Ceramatec Sic  laminated samples. The solid line is 
fitted using the data from both samples. 

Figure 5 .  Comparison of exposed (375"C, 14 bar, 230 hours in 96 wt% H2SO4) and as- 
received Ceramatec Laminated Sic samples, let? and right respectively. 

Figure 6. Specimen surface after 698 h of exposure (375"C, 14 bar, 230 hours in 96 wt% 
HzS04). 

The optical micrographs of the exposed samples provide evidence for simple dissolution. A 
comparison between an unexposed sample and the sample exposed for 230 hours is shown in 

8 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 
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Material, conditions Avg. Strength 
Ceramatec Sic  

untreated 403 MPa 
boiling liquid, submerged 378 MPa 

boiling liquidhapour interface 396 MPa 

Fig. 5. The exposed sample retains many of the machining marks seen in the unexposed sample. 
However, a slight change in color and reflectivity indicate some level of reactivity, although the 
attack is not extensive. After 420 hours the machining marks have disappeared and after 698 
hours there is little change in the macroscopic surface appearance. At higher magnification, 
however, needle-like grains are clearly visible, Fig. 6. There is no evidence of the formation of 
corrosion products or corrosion layer which would result in a decreasing corrosion rate with 
exposure time. Therefore, it appears this material degrades by simple dissolution and the 
corrosion rate can be expected to be nearly constant and independent of exposure time. 

Boiling, liquid exposure 
Silicon carbide specimens, made at Ceramatec, Inc., and gas-pressure sintered silicon nitride, 

manufactured by Ceradyne, Inc., were exposed for 100 h in the boiling, liquid exposure 
apparatus (Figure 3). The measured strength values and the calculated corrosion rates of the 
specimens are shown in Table 11. The data indicate that corrosion is most severe in the boiling, 
liquid sulfuric acid. The corrosion rates of samples at the interface of the liquid and vapour, or 
completely in the vapour, exhibit much lower corrosion rates than those submerged in the liquid. 
It is possible that the formation of a silica film by oxidation in air inhibits corrosion by sulfuric 
acid. The silicon nitride specimens exposed to the sulfuric acid vapour, however, exhibited a 
degradation in strength due to the exposure, contrary to the results of exposure t sulfuric acid 
vapour at higher temperatures. Microscopy and surface analysis will be performed to understand 
this behavior. 

95% Confidence Interval Corrosion Rate 

21 MPa 
40 MPa 523 pdyr 
44 MPa 1 pdyr  

Ceradyne Si,Na 
untreated 

boiling liquid, submerged 
boiling liquidhapour interface 

vapour 

I vauour I 381 MPa 1 62 MPa I 2um/vr I 

708 MPa 36 MPa 
717 MPa 49 MPa 299 p d y r  
707 MPa 27 MPa 70 pmlyr 
325MPa 60 MPa 59 p d y r  

Corrosion, Wear, Fatigue, and Reliability of Ceramics * 9 

SUMMARY 
In summary, silicon-based ceramics offer potential for application in sulfuric acid 

decomposition environments, such as those required in the thennochemical generation of 
hydrogen using the Sulfur-Iodide process. In vaporous environments, at elevated temperatures, 
exposure to sulfuric acid containing environments caused silica films to form on the surfaces of 
the materials and subsequently an apparent increase in the mass and flexural strength of the 
materials. The highest rates of corrosion, leading to material loss, occurred in boiling liquid 
sulfuric acid, exposing material to liquid sulfuric acid at higher temperatures and pressure was 
less severe. It is likely that pressure retards the rate of corrosion by increasing the concentration 
of products and shifting equilibrium towards the reactants. The only condition leading to the 
degradation of strength was exposure of gas-pressure sintered silicon nitride to sulfuric acid 
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vapour above boiling sulfuric acid. Additional microscopy and surface analysis i s  required to 
understand the mechanisms of this behavior. 
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THERMOCOUPLE INTERACTIONS DURING TESTING OF MELT INFILTRATED 
CERAMIC MATRIX COMPOSITES 

Ojard, G’., Morscher, G’., Gowayed, Y4., Santhosh, Us., Ahmad J’., Miller, R2. and John, R’ 

’ Air Force Research Laboratory, AFRL/MLLMN, Wright-Patterson AFB, OH 
Pratt & Whitney, East Hartford, CT 
Ohio Aerospace Institute, Cleveland, OH 
Auburn University, Aubum, AL 
Research Applications, Inc., San Diego, CA 

ABSTRACT: 

SiCISiC, are being considered for advanced gas turbine engine applications, the characterization 
of the material becomes more important. A series of tests were conducted where Pt and Ni 
sheathed Pt thermocouples were used to monitor temperature for short and long duration fast 
fracture, fatigue and creep tests. While it is known that Si forms eutectics with Pt and Ni, this 
was initially not considered an issue. But since MI SiC/SiC composite achieves much of its 
performance from the infiltrated phase of Silicon (for high conductivity and low porosity), it was 
felt that further study of possible interactions of the Si phase has to be considered. 

As high performance ceramic matrix composite systems, such as Melt Infiltrated (MI) 

Post-test real-time X-ray inspection of the mechanical time-dependent and time-independent 
testing revealed that the extent of alloying into the sample was greater than anticipated and in 
some cases extended throughout the entire gage section of the tensile bars. It was concluded that 
the interactions were limited to the Si Phase of the material and that there was no difference 
between samples affected by alloying versus those that did not. Additionally, an experimental 
approach was taken to limit the extent of the thermocouple interaction. The results of this study 
and the approach will be presented and discussed. 

INTRODUCTION 

mechanical properties are relatively constant with temperatures up to the maximum use 
temperature [I]. This is shown in the interest of CMCs for extended high temperature use where 
superalloys are usually considered [2,3]. 

As characterization of this class of material proceeds to enable such applications, interactions 
present during the characterization become important. Most mechanical testing uses strain 
gauges, extensometry and or thermocouples. Strain gauges are normally used at room 
temperature where interactions can normally be considered to be absent and will not be discussed 
further. Most extensometers use alumina rods, which can be considered inert for the CMC class 
of material [4]. In addition, extensometers have point interactions with the specimen minimizing 
the area of contact. It should be noted that the extensometer could be influenced by the presence 
of porosity near the contact point during testing that would show up as discontinuities in strain 
[ 5 ]  but this paper is focused on impact to the sample and not resulting testing impacts. 

A main part of characterization is knowing the temperature at which the characterization is 
occurring. 
pyrometry. Both of these approaches were used by the authors in characterization and testing but 
the vast amount of the work has been with thermocouples. Due to the maximum temperature 

There is ever increasing interest in Ceramic Matrix Composites (CMCs) due to the fact that 

There are two ways to know the temperature: thermocouples (TC) and optical 
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range of interest (typically 1204"C), the thermocouples used consisted of Pt with or without Ni 
sheathing. In  general CMC testing, there should be no issues with using thermocouples since the 
materials are usually inert: oxide, silicon carbide or silicon nitride matrix composite systems. 

This could be an issue with the high performance CMC system generically referred to as the 
Melt Infiltrated CMC where a silicon based alloy is melted into the material as part of the matrix 
to increase through thickness thermal conductivity as well as decrease levels of porosity. Si is 
known to have eutectic interactions with Pt and Ni as well as other metals. (Pt and Ni are 
specifically pointed out since they are present in thennocouples at the highest percentages.) In 
this paper, a series of samples were exposed at elevated temperature for long periods of time 
under load for characterization purposes: creep and dwell fatigue. After testing, real time X-ray 
was undertaken on select samples to note if there was interaction or not. In addition, testing was 
reviewed to see if there was any affect on the test results. 

PROCEDURE 

Material Description 

initially developed under the Enabling Propulsion Materials Program (EPM) and is still under 
further refinement at NASA-Glenn Research Center (GRC). This material system has been 
systematically studied at various development periods and the most promising was the 01/01 
Melt Infiltrated iBN SiCiSiC (01/01 is indicative of the month and year that development was 
frozen) [6]. There is a wide set of data from NASA for this system as well as a broad historic 
database froin the material development [7]. This allowed a testing system to be put into place to 
look for key development properties which would be needed from a modeling effort and would 
hence leverage existing data generated by NASA-GRC. 

The material chosen for the study was the Melt Infiltrated SiC/SiC CMC system, which was 

The Sylramic' fiber was fabricated by DuPont as a 10 pm diameter stochiometric Sic  fiber 
and bundled into tows of 800 fibers each. The sizing applied was polyvinyl alcohol (PVA). For 
this study, the four lots of fibers, which were used, were wound on 19 different spools. The tow 
spools were then woven into a 5 harness satin (HS) balanced weave at 20 ends per inch (EPI). 
An in-situ Boron Nitride (iBN) treatment was perfonned on the weave (at NASA-GRC). which 
created a fine layer of BN on every fiber. The fabric was then laid in graphite tooling to 
correspond to the final part design (flat plates for this experimental program). All the panels 
were manufactured from a symmetric cross ply laminate using a total of 8 plies. The graphite 
tooling has holes to allow the CVT deposition to occur. At this stage, another BN layer was 
applied. This BN coating was doped with Si to provide better environmental protection of the 
interface. This was followed by Sic vapor deposition around the tows. Typically, densification 
is done to about 30% open porosity. Sic  particulates are then sluny cast into the material 
followed by melt infiltration of a Si alloy to arrive at a nearly full density material. The material 
at this time has less than 2% open porosity. Through this process, 15 panels were fabricated in 3 
lots of material. Typical cross sections of this material are shown in Figure 1 showing the 
material phases. 

After fabrication, all the panels were interrogated by pulse echo ultrasound (1 0 MHz) and 
film X-ray. There was no indication of any delamination and no gross porosity was noted in the 
panels. In addition, each panel had 2 tensile bars extracted for witness testing at room 
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temperature. All samples tested failed above a 0.3% strain to failure requirement. Hence, all 
panels were accepted into the testing effort. 

d) Sic  particulate with Si e) Interface coating (BN) 
Figure 1. MI SiCiSIC Microstructure Images 
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Thermocouples 
Two types of thermocouples were used to monitor the temperature during testing: Type R 

and Type K. The vast majority of the testing was done with a Type R thermocouple while the 
long-term creep testing was done with a Type K thermocouple with the addition of a Ni sheath. 
A type R thermocouple is a bimetallic joint between a Platinum -13% Rhodium alloy and 
Platinum [8]. A type K thermocouple is a bimetallic joint between a Nickel-Chromium alloy 
and a Nickel-Aluminum alloy [8]. The thermocouples were held in place by wires. 

Mechanical Testing - Durability Testing (Time-dependent) 
The mechanical testing of MI SiC/SiC has been reported previously [9,10]. This work has 

been focused on the long-term durability response of the material under different loads and 
times: creep and dwell fatigue. Most of the testing was done at 1204°C with limited testing at 
815°C. 

Characterization - Real Time X-ray 

interrogated using a real time x-ray machine. This effort was done trying to understand some 
low modulus material and was instrumental in finding porosity in the material [l I]. In addition. 
it is capable of determining high-density inclusions in the material. This was one method to 
determine the presence of alloying occurring during testing. 

As an aid in understanding the material, after creep and dwell fatigue testing, samples were 

RESULTS 

Determination of initial reactions 

Scanning Electron Microscopy (SEM) analysis of the failure face was performed. This is shown 
in Figure 2 for both the Type R and Type K (with a Ni sheath) thermocouples. With a 
combination of using Energy Dispersive Spectroscopy (EDS) and consulting binary phase 
diagrams, it was determined that these were eutectic spheres of Pt-Si (Figure 2a) and Ni-Si 
(Figure 2b). In addition, since these were at the failure face, it was thought to be a post failure 
event when the TC slipped onto the fracture face before the furnace was powered off. 

During some of the initial testing efforts, thermocouple interactions were noted when 

a) Type R TC used b) Type K TC used (with a Ni sheath) 
Figure 2. SEM Images o f  Failure Faces 

14 * Corrosion, Wear, Fatigue, and Reliability of Ceramics 



Thermocouple Interactions During Testing of Melt Infiltrated Ceramic Matrix Composites 

Real Time X-ray Analysis 

sample gage region [ 1 13. This was expanded to additional samples as an aid in determining 
sample outlier status [ 1 I]. During interrogation of samples, high-density inclusions were noted 
i n  the sample away from the failure face. The resultant real time X-ray images of the sample are 
shown in Figure 3. The dark inclusions in the material are regions that have been alloyed with Pt 
during the test. (The contrast is due to the greater absorption of the X-rays from the higher 
atomic number species present in the sample [I 21.) This sample was tested at 220.8 MPa for 1.3 
hours at 1204°C suing a Type R TC. Energy Dispersive Spectroscopy (EDS) confirmed the 
presence of Pt in the SEM. 

As noted previously, real time X-ray was used to document the presence of porosity in the 

a) Normal view b) Side View 
Figure 3. Real Time X-ray of a Sample showing Interaction 

(220.8 MPa creep test at 1204°C) 

This was the first time that the presence of Pt (and in the case for the Ni sheathed Type K 
TC) was noted in the material and not at the failure face. Based on this finding, past testing was 
reviewed to note the full extent of the TC-Si interaction. The presence of alloying was greater 
than anticipated. This is shown in Figure 4 for two creep samples tested at 1204°C using a Type 
K TC with a Ni sheath. Figure 4 shows that the interaction zone is not time dependent and it can 
actually be greater in shorter duration tests. 

a) Creep test at 110.4 MPa, 1204"C, 1269 
hours - sample did not fail 

a) Creep test at 165.6 MPa, 1204"C, 477 hours 
- sample failed (Sample also shown in Fig. 2b) 

Figure 4. Real Time X-ray of Two Samples Tested Under Different Stresses 
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For duplicate tests, the interaction was not always seen. For a series of 1 Hz fatigue tests 
(1 10.4 MPa and 1204OC) with a 2.286 mm through hole, the interaction was seen on one sample 
and not the other as shown in Figure 5.  These samples were tested for 400,000 cycles and neither 
sample failed. The strain response of the material was identical. 

a) No TC interaction b) TC interaction 
Figure 5. Real Time X-ray of Two Samples Tested Under Identical Conditions 

(1 Hz Fatigue, R = 0.05, 11 0.4 MPa Peak Stress, 1204'C) 

DISCUSSION 

metal that can be alloyed with Si such as Pt or Ni) allows diffusion of another metal species into 
the material. What needs to be determined with confidence is this alloying affecting the 
mechanical results or not. (Or is the thermocouple affecting the testing outcome?) This was 
achieved by looking at the mechanical results with the insight gained by knowing if there was or 
was not any thermocouple interaction (alloying). This review was initially taken by looking at 
the creep response of some long-term creep durability samples. This is shown in Figure 6 for a 
series of samples that had a 4.572 mm through hole (Wld for the sample was set at 5 )  tested at 
1204°C for 1,000 or 2,000 hours under a net section stress of 55.4 MPa. 

As shown in the results, it is clear that the presence of a thermocouple (or the presence of a 

--Sample 1300-01-002-PO7 (TC Interaction) 
-Sample 1300-01402-PO9 (No TC Interaction) 
-Sample 13W-01-012-PO8 (TC Interaction) - 
-Sample 1300-01-003-PO5 (No TC Interaction) 

- _ -  

500 1000 1500 2000 2500 

Time (houn) 

Figure 6. Long-term creep response of samples with and without thermocouple alloying 
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As can be seen in Figure 6 ,  there was no differentiation between the displacementigage 
length behavior with or without interaction. A review of other testing within the program for 
standard tensile samples and samples with holes showed similar response in that the presence of 
alloying did not differentiate the strain or displacementigage length response. The residual 
strength testing done on samples that achieved run out backs up this conclusion. Two samples 
with a 2.286 mm through hole were tested at 110.4 MPa and 1204°C for 1,000 hours. One 
sample showed alloying to occur while the other did not. The residual tensile results plus a 
baseline sample are shown in Figure 7. As can be seen, the tensile curves show no 
differentiation. 

Figure 7. Residual tensile tests of samples with and without thermocouple alloying 
(sample with through hole size of 2.286 mm, baseline curve shown for comparison purposes) 

In addition, as further indication that there was no effect seen for the alloyed sample shown 
in Figure 7, posttest analysis showed that the hole dominated the failure location and not the 
region of alloying. This is shown in a real time X-ray image of the sample after the residual 
tensile test in Figure 8. 

Figure 8. Real time X-ray image of sample with interaction showing that the alloying did 
not affect the failure location 
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Further analysis was done to note where the alloying was within the cross section of the 
material. A sample where a Pt thennocouple was used where alloying was known to occur from 
post real time X-ray analysis was sectioned. Back-scattered images were taken in the SEM and 
the presence of Pt was highlighted this way. It was seen that the Pt was staying in the melt- 
infiltrated phase of the material. This can be seen in Figure 9. 

a) b) 
Figure 9. Back-scattered SEM image showing regions of Pt (white) alloying occurring 

within the Si Melt-Infiltrated phase of the CMC 

The sample shown in Figure 9 was a creep sample that was tested at 220.8 MPa and 1204°C 
and failed at 1.3 hours. The fracture face was probed in the SEM using EDS trying to find the 
presence of Pt at the failure face. Multiple efforts failed to reveal Pt at the failure face. This is 
consistent with the real time X-ray image shown in Figure 8 that the thermocouple alloying is not 
affecting the testing results and or failure location. What is critical in Figure 9 and the back- 
scattered SEM work done is that it clearly shows that the alloying is not interacting with the CVI 
Sic phase of the material and additionally is not getting near the fiber interface coating. It would 
be expected that if the material were able to get to the interface that an effect would be seen. 

It appears based on the work done to date that the thermocouple alloying is acting like a 
marker (tracer) within the system that is staying within the Si phase, which is around the CVI 
Sic coating o f  the fiber tows. This is clearly seen in Figure 10 where an edge on view of the 
sample taken in the real time X-ray machine shows that the alloying is present around the fiber 
tows. Since the temperature of testing where alloying occurred was always 1204°C and is above 
the eutectic point of 979°C (Si-Pt) and 993°C (Si-Ni), the alloying phase is highly mobile. 

Figure 10. Side view of sample with alloying from real time X-ray 
(Creep test at 110.5 MPa and 1204°C for 1269 hours) 
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As part of the effort to understand the interaction and to see if the effects can be minimized, a 
series of experiments were undertaken to note the presence of an interaction (or lack of an 
interaction) by having thermocouples placed on each side of the panel (from fabrication). As 
noted previously, the panel is fabricated in one of the last steps by placing Si on one side of the 
panel and then melting this through the panel. This results in one side of the panel being Si rich 
and the other side being Si poor. This is mainly seen in the appearance of the panel after 
fabrication. Thermocouples were placed on scrap material and then isothermally heat-treated at 
1093T for 12 hours. (While this was not the temperature used for testing, it was above the 
eutectic points as noted previously.) This was done for 3 samples of each condition: 
thermocouple on Si rich face and thennocouple on Si poor face. It was found that by placing the 
sample on the Si rich face that the interaction occurred on 213 of the samples while the 
thermocouples placed on the Si poor face had no interactions. The results of this experiment are 
shown in Figure 10 for the two cases studied. 

a) thermocouple on Si rich face 
Figure 10. Results of interrogating the two sides of the panel showing that the reaction can 

be seen when the thermocouple is placed on the Si rich face 

b) thermocouple on Si poor face 

CONCLUSION 

It was seen that the thennocouple did interact with the Si phase of the Melt Infiltrated 
SiC1SiC composite during testing. Considering that the standard thermocouple materials form 
eutectics with Si, this is no longer surprising. Reviewing the data generated with insight from X- 
ray interrogation of the samples, it was seen that the presence of the alloying within regions of 
the material were not affecting the results. Additionally, there was no effect seen on the failure 
location of the material. This is further confirmed by the investigative SEM work done where 
EDS and back-scattered images show that the alloying is staying strictly within the Si phase of 
the CMC and i s  not penetrating the CVI Sic around the fiber tows and not attacking the fiber 
interface coating. 

the two different sides of the panels shows that the interaction can be reduced. By placing the 
thermocouple on the Si poor side of the panel, the presence of the interaction can be reduced. 
This should eliminate this as a concern but even m4h this, care should be taken to look at 
samples to assure that alloying still has not occurred since the limited testing here could not 
cover all the conditions that could exist on the Si poor face of the material (there could be local 
spots on the Si poor face that due to the panel fabrication could be rich in Si). 

After the interaction was noted, the experimental work done by placing the thermocouples on 
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All of this work to date is for isothermal testing above the eutectic point. Micro-structural 
examination upon sample cooling did not show any eutectic phases formed considering the 
extent of the alloying seen in the real time X-ray. This may be due to the fact that sample 
cooling after testing was sufficiently fast such that the kinetics of formation of the phases could 
not occur. It is unknown at this time what would occur if the temperature were held below the 
eutectic for a sufficient time to allow the phases of the eutectic to form. Thermal cycling with 
alloying occurring that goes through the eutectic point may be a problem if the phases formed 
have different volumes. This is an area for concern in use and testing that should be studied. In 
the end, researchers should be aware of possible interactions when investigating this class of 
material (MI SiC/SiC) and take care in evaluating their results regardless of how the test is 
performed (such as the isothermal work presented here). 
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ABSTRACT 
Oxidation resistance of SiC-AIN-Re203 composites (Sic SO%wt-AIN 5o%wt) pressureless-sintered 

with an innovative and cost-effective method is reported. Yttria, Lutetia, Ytterbia and Erbia were tested 
as sintering-aids in this pressureless-sintered process which does not require the use of the powder bed 
to protect samples during the heat treatments. Sintered density was always >%%T.D. and 
microstructure was mainly composed by 2H Sic-AIN solid solution with well-dispersed grain 
boundary phases. The sintered samples, after oxidation in the temperature range 1200-1500OC over a 
period of time of 200h. showed a parabolic oxidation behaviour with diffusion of oxygen through the 
silica-based surface and interfacial reactions silica-alumina and silica-rare-earth oxides as rate- 
determining steps. 

INTRODUCTION 
Silicon carbide (Sic) and aluminium nitride (AIN) form a 2H solid solution which has received 

considerable attention owing to its high potential for application in chemically aggressive 
environments'.2. The Sic-AIN composites were preferably sintered by hot pressin in inert3 or nitrogen 

sintering with liquid-phase forming additives (LPS) was partially inhibited due to the large amount of 
evaporation loss associated with various chemical reactions'. In this case a powder bed was normally 
used to limit the effects of the decomposition of species like yttria, added as sintering aids to the SIC- 
AIN mixture, and a l~ rn ina~ .~ .  In a previous paper, we have already demonstrated that high density SiC- 
AIN ceramics can successfully be obtained by liquid-phase pressureless sintering without using a 
powder bed". In this paper, the same process was applied to SIC-A1N composites containing different 
rare-earth oxides (YbzO3, Erz03, Lu2O3) as-sintering aids. 

In addition, the evaluation of the application of ceramics to systems operating at high temperature 
depends on the mechanical reliability of the materials during thermal exposure to oxidizing conditions 
at high temperature. Therefore, it is required for this class of materials to learn oxidation behaviour at 
elevated temperature. On the basis of these considerations, the long term (200h) oxidation behaviour of 
Sic-AIN-Re203 ceramics was also analysed and compared to the high temperature resistance of 
analogous materials obtained with other sintering routes. 

EXPERIMENTAL PROCEDURE 
Commercially available a-Sic (UF 10, H.C.Starck, Germany), AIN (Grade F, Tokuyama Soda, 

Japan), Y203 (H.C.Starck, Germany), Yb2O3, ErzO3 and Lu2O3 (Cerac Inc., USA) were used as starting 
powders. Characteristics of these powders are reported in Table 1. 

Batch of powder composed by 48%wt Sic, 48%wt AIN and 4%wt Re203 was wet-mixed in 
ethanol for 12 h using Sic grinding balls. After drying and sieving, the powder was compacted by die 
pressing at 67 MPa and subsequently was pressed at 150 MPa by CIP. 

atmosphere4 or in vacuum'. Gas pressure sintering (GPS) was also developed, a while pressureless 
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Powder 

N-sir 

Purity Specific Surface Area Particle size 

>97 n 15  h n 48 
(wtV0) (m2/g) (P) 

RESULTS AND DISCUSSION 
Density and microstructure 

Bulk density, weight loss and crystalline phases of the sintered samples are reported in Table 11. 
Residual porosity (<5%) was due to the weight loss associated to the formation of gaseous products of 
redox reactions between Sic and Si02, A1203 or Re203: 

Sic  + 2Si0, w CO,, , + 3SiOfg, (1 )  

Sic+ A1,03 a CO,,, fSiO,,, + Al,O(,, 

SiC+2 Re, 0, a CO,,, +SO,,, + 4  ReO,,, 

Previous work focused on the study of LPS-SiC(Y203) clearly showed that the main contribution to 
the weight loss comes from reactions (1) and (2), while weight loss is not greatly influenced by the 
decomposition of yttria (reaction (3))". Rare-earth oxides are the species most thermodynamically 
stable among those contained in the sam les and unlikely to decompose under carbothermally reducing 
conditions at temperatures up to 2O0O0C . This is not true in the case of SiC-AIN-Yb203 system where 
weight loss is greater than the other systems and bulk density is consequently lower. Same behaviour 
was reported by Izhevskyl et al." in liquid-phase sintered S ic  with AIN and Yb,O, as sintering- 
aids. 

On the other hand, rare-earth oxides participate to the formation of the grain boundary phases 
reported in Table 11. These crystalline phases act as liquid phase that assists densification during 
pressureless sintering" and precipitates at the grain boundary during cooling. 

Furthermore, SEM micrographs, obtained with back-scattered electrons and reported in Figure 1, 
put in evidence the bright spots of the liquid phase having a higher average atomic number and 

f 2  
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Sintering was performed in a graphite elements furnace in flowing nitrogen at 1 atm with green 
bodies put inside a graphite crucible without powder bed. Sintering was performed at 19SO°C, while an 
annealing step was conducted at 2OSOOC. Thermal cycle was characterised by heating and cooling rate 
of 20-30Wmin and by dwell time of 0.5 h at the sintering temperature. 

The bulk densities of the sintered samples were determined using the Archimede method. The 
microstructures were characterized using scanning electron microscopy (SEM), while X-ray 
diffractometry (XRD) using CuKct radiation was performed in order to identify crystalline phases 
contained in the sintered and oxidized samples. 

Oxidation experiments were carried out at different temperatures in the range 1200-1500°C over a 
period of 200 h in air. Rectangular pellets (18mm x 3mm x 3mm) were prepared from the bulk 
specimen with a diamond saw. After grounding to reduce superficial roughness, the specimens were 
cleaned in an ultrasonic bath and degreased with acetone and ethanol. Dried samples were then 
weighed and the exact dimensions were measured in order to calculate the surface area. The 
experiments were conducted in a furnace having molybdenum disilicide heating elements. 
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Material Bulk density 
(%T.D.) 

S~C-AIN-Y~OI 97 

revealed that the grain boundary phases are homogenously distributed in the samples. This fact 
confms  that weight loss can be controlled during sintering even though a powder bed to protect the 
green bodies is not used”. 

Table 11. Characteristics o f  the sintered samples (mp=main phase, sp= secondary phase, gbp=grain 

Sintering Crystalline phase 
weigth loss 

(Yowt) 

3.5 2H Sic-AIN (mp), cl-SiC (sp), Y I O A I ~ S ~ ~ O ~ ~ N +  
(gbp) - 

2H SIC-AIN (mp). a-SiC (sp), LU@J (gbp), 
Lu2Si207 (gbp). Cristobalite (tr) SiC-AIN-Lu20, 97 4.6 

SiC-AIN-Er203 97 3.4 2H SIC-AIN. a-Sic, ErzO3 (gbp). Er2Si~07 (gbp) 

SiC-AI”‘” nr n .  2H Sic-AIN, a-Sic, YblO, (gbp), Yb2Si207 
IY- Y D?U3 
I 

Y J  Y. I (gbp), Cristobalite-($ 

Figure 1 : Back-scattered electrons images of pressureless-sintered a) SiC-AIN-Y203, b) Sic-AIN- 
LulOj, c) SiC-AlN-Er2Oj-and d) SIC-A1N-Y b2O~composites. 

Oxidation behaviour 
Figure 2 shows the relation between the square of the weight gain and the oxidation time for 

specimens oxidized in air at temperature between 1200°C and 1500°C. For all temperatures. oxidation 
kinetics were of the parabolic type. Thus, the oxidation beha\ iour is governed by the parabolic rate 
equation: 

AN’’ = kt (4) 
where d W  is the specific weight gain. k is the kinetic constant of  parabolic oxidation and I is the 

ovidation time. 
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Figure 2: Square of specific weight gain as a function of time at different temperature. 
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The oxidized samples at 1200°C and 1300°C with Re=Y, Yb, Er appear to show different slopes as 
function of the oxidation time. This may be caused by the rapid increase of the thickness of rare-earth 
cations depletion zone beneath the oxidized layer with increasing oxidation time, which requires longer 
time for diffUsion of additive cations, resulting in the decrease in oxidation rate with increasing time. 

On the basis of Eq.4, parabolic rate constants for each temperature were determined from the slope 
of the straight lines reported in Figure 2 (parabolic rate constants for oxidation at 1200°C and 1300°C 
were determined in the range 10-2OOh). 

The values of specific weight gains and parabolic rate constants for each Sic-AIN-Re203 
composite are summarized in Table I11 together to the experimental data of other Sic-AIN composites 
manufactured in different  condition^'^-^^. 

SiC-A1N-Y203 and SiC-AIN-Er203 respectively show the lowest and the highest oxidation 
resistance at 1500°C. whereas the comparison with other SIC-AIN materials is quite difficult due to the 
difference in the starting Sic-AIN weight ratio, in the temperature range and in the duration of 
oxidation treatments. Nevertheless, if experimental data of the materials sintered with the same rare- 
earth oxide are compared, our materials showed the best oxidation resistance together to the materials 
studied by Choi et a1.I6 and Biswas et al.”. In addition, it is interesting to note that our materials 
presented specific weight gain (and parabolic rate constant) lower than hot isostatic pressed materials 
manufactured without sintering-aid’4 and SiC-AIN-Y203 composites pressureless-sintered with powder 
bed’’. 

Parabolic oxidation behaviour of ceramics normally indicates that the rate-determining step is a 
diffusional process associated with the migration of ions’’. In the case of solid state sintered SIC, 
Luthra2’ reviewed many studies on oxidation of Sic and concluded that, although most observed 
parabolic oxidation rate, mixed diffusionheaction rate mechanism must be controlling the oxidation of 
SIC. On the basis of parabolic rate constants reported in Table 111, we were able to determine the 
activation energy between 1200°C and 1500°C on the basis of the Arrhenius law: 

k = k, exp( - -3 (5) 

where kn is a material constant, Q is the oxidation activation energy, T is the absolute temperature 
and R is the gas constant. Recently, Biswas et al?’ found high activation energies (250-560 KJimol) for 
the oxidation process in lutetia-doped Sic-AIN composites (Table 111) and consequently suggested that 
oxidation proceeds not only by the diffusion of oxygen through the silica layer, but also by interfacial 
reactions between the growing silica layer and lutetia. The same conclusion was postulated by Guo et 
aI.’* who found a Q value of 600 KJimol for oxidation of liquid-phase sintered SIC with AIN and 
En03 as sinteringaids (Table HI). 

The apparent oxidation activation energy, calculated from the slope of the straight line reported in 
Figure 3, was found to be in the range 386-500 KJ/mol (Table III), higher than the activation energy 
associated to the diffusion of oxygen both through the silica (150 KJ/mol)20 and mullite layer (260-290 
KJ/mol)22. 

These values suggest that not only the inward diffusion of oxygen through the silica-based surface 
oxide scale have to be considered as rate-controlling mechanism, but also the interfacial reaction 
between SiOz and A1203, oxidation productsof S ic  and AIN, which led to the formation of mullite: 
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Table 111. Comparison of the weight gain and parabolic rate constant (k) of the Sic-AIN composites 
developed in this study with those obtained by other authors. 
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Figure 3: Arrhenius plot of parabolic rate constants for oxidation. 

This mechanism was confirmed by means of XRD analysis performed on the oxidized surface after 
oxidation at 1500°C for 200h (Table IV). Mullite was always found as main oxidation product, without 
regard to the rare-earth oxides used. Silica could also react with Re203 to form rare-earth silicates 
(Re2Si207): 

2Sio,(,) + R e ,  0 3 ( % )  - Re, SiP , (< )  (9) 

In fact, rare-earth disilicates were also detected by XRD analysis (Table IV), while rare-earth 
oxides found in the as-sintered samples were no longer revealed after oxidation. Re2Si207 forms 
typical acicular grains as reported in Figure 4. Therefore, cristobalite is simultaneously formed by 
reaction (6) and consumed by reactions ( 8 )  and (9). On the other hand, reaction (9) requires outward 
cation diffusion from the intergranular region. Consequently, an oxidationheoxidation experiment was 
performed2' in order to distinguish the rate controlling mechanism between the interfacial reaction to 
form mullite (inward diffusion of oxygen) and outward cation diffusion. The mass-gain curve for 
reoxidation substantially repeated the initial stage parabola confirming that the inward diffusion of 
oxygen through the protective surface oxide scale represents the rate control mechanism. 
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Material Crystalline phases after oxidation (1500°Cx200h) 

I 1 SiC-AIN-Yz03 I Mullite (mp), 2H Sic-AIN (sp) 

Mullite (mp). 2H Sic-AIN (mp), Cristobalite (sp), 
Lu~Si207 (tr) 

Mullite (mp), 2H Sic-AIN (sp). Er~Si207 (sp), 
Cristobalite (tr) 

Sic-AIN-Lu203 

SiC-AIN-Er203 

I SiC-AIN-Yb203 I Mullite (mp), 2H SIC-AIN (sp), Yb2Si207 (tr), I 

Figure 4: SEM image ofthe oxidized surface (1500°C, 200h) of Sic-ALN-YbOj showing the 
acicular grains of YbzSi207. 

Then. the cross-sections of the oxidized samples were examined by SEM in order to evaluate 
thickness and porosity of the protective oxide scale (Figure 5) .  SiC-AIN-YZOj ceramic shows an oxide 
layer of 180-200 pm unable to act as protective barrier against oxygen diffusion (see EDS oxygen X- 
ray map reported in Figure 4). On the contrary, SiC-AIN-Er20, materials present a thinner (80 pm) and 
more compact scale which is able to improve the oxidation resistance of the pressureless sintered 
SO%wrSiC-50%wtAlN composites. 
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Figure 5:  SEM micrographs and EDS oxygen X-ray maps of pressureless-sintered a) Sic-AIN- 
Y203, b) Sic-AIN-LuZO,. c) Sic-AIN-ErZOj-and d) SiC-AIN-Yb203 composites after oxidation at 

1500°C for 200h. 

CONCLUSION 
Sic-AIN-Re203 (Re=Y, Y b, Er. Lu) composites could be successfully pressureless-sintered 

without protective powder bed and with different rare-earth oxides as sintering aid. Microstructure is 
composed by fine grains of ?H Sic-AIN solid solution with liquid phase located at the grain boundary. 
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Weight loss associated to the sintering process could be controlled with an appropriate thermal cycle 
which led to a sintered body with low residual porosity. 

Oxidation behaviour of SiC-AIN-ReZO, ceramics is controlled by the formation of a mullite-based 
surface scale that protects samples against oxygen diffusion inwards. 
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CHARACTERIZATION OF THE RE-OXIDATION BEHAVIOR OF ANODE-SUPPORTED 
SOFCS 

Manuel Ettler, Norbert H. Mender, Hans Peter Buchkremer, Detlev Stover 
Julich Forschungszentrum, Institute of Energy Research, IEF- I ,  JUlich. GERMANY 

ABSTRACT 
Today's state of the art substrate and anode material for anode-supported solid oxide fuel cells 

is a Ni-YSZ cermet. During operation or shut down accidental air break-in or controlled air feed on the 
anode side can result in re-oxidation of the metallic nickel. The volume expansion caused by Ni 
oxidation generates stresses within the substrate, the anode and the electrolyte. Those stresses can 
exceed the stability of the components, potentially promoting crack growth. This may lead to 
degradation of the SOFC or complete failure. 

Therefore, cells manufactured at JUlich Forschungszentrum have been extensively characterized 
with respect to redox-stability. Investigations were carried out on samples consisting of three layers, 
the Ni-YSZ substrate, the Ni-YSZ anode and a YSZ electrolyte to study the influence of several re- 
oxidation parameters on the behaviour of the cell upon re-oxidation. This influence is to be referred to 
and explained by the fundamental processes that govern the progression of re-oxidation of substrate 
and anode of a SOFC. Failure criteria are defined with respect to mechanical integrity of the cell. 

The experiments show, that mechanical integrity can be guaranteed by not exceeding certain 
values of the integral degree of oxidation of the cell. The limit value is strongly depending on the 
gradient in the local degree of oxidation in the substrate. Both integral degree of oxidation and gradient 
in the local degree of oxidation are determined by re-oxidation temperature, time of re-oxidation and 
incident air flow, as well as the substrate thickness. The progression of re-oxidation is governed by the 
two competing processes of Ni oxidation itself (determined mainly by the diffusion of Ni-ions through 
a NiO scale) and gaseous diffhion of oxygen molecules into the substrate and anode structure. 

INTRODUCTION 
The prevalent material for substrates and anodes in anode-supported solid oxide fuel cells 

(SOFCs) are porous composites of oxygen-ion conducting ceramics such as yttria-stabilised zirconia 
(YSZ) and Nickel. Cells based on such substrates and anodes have been found to show very good 
performance I. 

Typically the substrate is manufactured by a Coat-Mix" and warm pressing process or by tape 
casting followed by a pre-sintering step. The substrate is then coated with anode, electrolyte and 
cathode by vacuum slip casting or screen printing. Each coating is followed by heat treatment 
respectively. The raw materials for both substrate and anode are YSZ- and NiO-powders, but particle 
size distribution, composition and resulting microstructure ma be different. Finally the NiO in the 
substrate and anode is reduced to Nickel during system start-up . 

The presence of Nickel as catalytic component for the occurring chemical reactions and 
electronic conductor in the anode and substrate is essential, but also causes undesirable characteristics. 
One of the most important is the structural and dimensional instability if present Nickel is re-oxidized 
I .  Under operating conditions fuel is supplied to the anode side of the cell and therefore the Nickel in 
the substrate and anode remains in the reduced state. However, if the fuel supply is interrupted oxygen 
is still able to pass from the cathode side through the electrolyte or via imperfect seals from outside of 
the system to the anode side of the cell. Interruption of the fuel supply may happen as a result of a fault 
in the system control or intentionally, e.g. upon system shut-down. The presence of oxygen on the 
anode side of the cell leads to re-oxidation of the Nickel which cannot be avoided. This can also occur. 
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if the fuel utilisation is too high causing the oxygen activity to rise above that for equilibrium between 
Nickel and NiO I .  

RE-OXIDATION OF NICKEL IN SOFC SUBSTRATES AND ANODES 
Nickel oxidation and reduction are well-investigated 3-13,  but the results derived from these 

investigations cannot be applied offhand to Nickel based SOFC substrates and anodes because of their 
composite structure. Investigations of redox tolerance of SOFC substrates and anodes have gained 
further interest since SOFC systems are not only discussed as solutions for future stationary small- 
scale domestic, residential and industrial power generation, but also for transport and mobile 
applications, e.g. as auxiliary power units in planes, trucks or cars 1 4 .  A mobile application of a SOFC 
system would necessitate the tolerance of a large number of intended redox cycles upon system shut- 
down during system lifetime. The effects of redox cycling on Nickel-based substrates and anodes for 
SOFCs have been studied by testing bars, discs and powders with the appropriate composition. 
Changes of weight and dimensions, mechanical integrity and microstructure were observed using 
techniques such as thermogravimetry, dilatometly and microscopy The influence of 
microstructure and other parameters on the redox behaviour and pro osed potential solutions to the 
redox problem by adjusting various parameters were studied 19. 22- ’. The mechanism behind cell 
damage upon re-oxidation of the substrate and anode today is well known and has been described in 
various contributions in literature: Re-oxidized Nickel can be re-reduced, but the structure of the 
substrate and anode cannot be reverted to the original state 19-23, 25, 29. The structural changes in the 
substrate and anode lead to microscopic and macroscopic dimensional changes that generate stresses in 
the substrate, anode and other cell components potentially promoting damages (e.g. cracks) in all 
layers of the cell and therefore might cause losses in cell performance or even complete failure of the 

P 

cell 1.21-23.27 

MOTIVATION 
Redox cycling causing changes in microstructure of the substrate and anode and significant 

volume changes does not necessarily lead to severe damages or complete failure of a cell. Some 
investigations on complete cells or half-cells (substrate-anode-electrolyte assemblies) have investigated 
the mechanisms that originate damages also in cell components other than substrate and anode 
potentially leading to complete disruption and failure of the cell. Substrate and anode expand upon re- 
oxidation, whereas electrolyte and cathode layers cannot follow this expansion. Tensile stresses arise in 
the cell, At first, these stresses can be relieved by bending of the cell. Once the tensile residual stresses 
in the electrolyte exceed tensile strength, cracks form in the electrolyte 16, 19% 22-24.26. 30-33. 

Stresses, curvature and cracking are strongly dependent on homogeneity of the oxidation and 
the degree of oxidation (DoO), defined as the ratio between the mass of oxygen absorbed by the 
substrate and the maximum mass of oxygen the substrate would have been able to absorb upon 
complete oxidation 16. 19. 223 23, 31% 33 . Both, homogeneity and DoO, again strongly depend on the 
oxidizing conditions, e.g. temperature, time of oxidation and gas flow or cell characteristics like 
substrate thickness 31.  Malzbender et al. 23, 33 monitored the development of curvature of cells during 
redox cycling. The results showed an inhomogeneous re-oxidation at 800°C in air leading to 
complicated stress distributions ultimately resulting in electrolyte cracking. The purpose of this work is 
the characterisation of cells produced at Jiilich Forschungszentrum with respect to redox stability. 
Investigations were carried out on half-cells to study the influence of re-oxidation temperature, time of 
re-oxidation, gas flow, substrate thickness and porosity on the behaviour of the cell upon re-oxidation. 
The study aims at connecting the redox behaviour with the homogeneity of oxidation and the degree of 
oxidation (DoO), defining failure criteria and referring the results to and explaining them by the 
fundamental processes that govern the progression of re-oxidation of substrate and anode of a SOFC. 
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EXPERIMENTAL 
Various series of experiments were carried out on different types of samples. All samples 

consisted of three layers. the Ni-YSZ substrate, Ni-YSZ anode and YSZ electrolyte. The substrates 
were prepared by the Coat-Mix' process and warm pressing. The chemical composition is 56 w t %  
NiO and 44 w t . O / O  YSZ for both the Coat-Mix' substrate and the anode. Characterization of the Ni- 
YSZ-cermets with respect to redov tolerance was performed at free standing samples with dimensions 
50x25 mm2 and a thickness of 1.5. 1.0 or 0.5 mm to investigate the influence of the re-oxidation 
temperature, time of re-oxidation. incident air flow, substrate thickness and substrate porosity on the 
mechanical integrib of the substrate and other cell components. Examples of the free standing samples 
that were used for the tests are shown in Fig. 1. 

Fig. 1: Example of free standing samples, dimensions: 5 0 x 2 5 ~  1.5 mm' and 50~25~0.5 mm' 

(a) (h) 
Fig. 2: Experimental setup; (a) sample on stand before the experiment. (b) furnace and setup for re- 

oxidation experiments 

The samples for the tests are cut to their size out of big plates with a diamond saw and weighed 
in the as-prepared state. After that the NiO in the substrate and anode is completely reduced to metallic 
Ni by a standard procedure under an Ar/4%H2 atmosphere and the samples are weighed again in the 
reduced state. Each sample is re-oxidized only once. Therefore the sample is placed onto a stand in a 
silica glass tube in the middle of a furnace. The experimental setup (see Fig. 2) is heated up to the re- 
oxidation temperature under a constant flow ofAr/4%Hz through the glass tube. 

When the re-oxidation temperature is reached the gas flow is switched to air. The flow rate is 
controlled by a mass flow controller. The air flow is maintained for the desired time of re-oxidation. 
Then the experimental setup is cooled down to room temperature under a constant flow of inert N2 
through the glass tube. Finally the sample is taken out of the setup and the experiment is evaluated. 
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Evaluation includes weighing the sample again in the re-oxidized state allowing the 
determination of the integral degree of oxidation (DoO) by the followsing relation: 

,100 
m(reoxidised) 

m(as - prepared) - m(reduced) 
Do0 = 

Substrate and electrolyte are checked for cracks via microscope. eventually followed by further 
inicroscopic or SEM investigations of areas of fracture or cross sections. 

In every set of experiments. consisting of various tests, the same cell type is used. Only one 
parameter is changed from one test to the next while all other parameters are fixed. To compare the 
results of the different sets of experiments they are represented in graphic form. The graphs are shown 
and interpreted and the results are discussed in the following section. 

RESULTS 
Experiments were carried out to identify the governing processes of re-oxidation of the 

substrates and to define failure criteria with respect to re-oxidation parameters. The latter can only 
apply to intended re-oxidation, e.g. upon system shut-down. They are defined with respect to 
mechanical integrity. Electrochemical performance is not subject to investigation in this approach. Re- 
oxidation upon system failure, for example via air break-in through imperfect seals, cannot be 
controlled and will therefore damage the cell in the long m, independent of the re-oxidation 
conditions. 

The results of three sets of experiments with half cells on the basis of 1.5. 1 .O and 0.5 nun thick 
Coat-Mix’ substrates, re-oxidized for 15 minutes with an air flow rate of 1.2 liniin, show that the 
kinetics of the re-oxidation process is strongly determined by the temperature. 

Fig. 3: Temperature dependence of the re-oxidation process: Cells based on 1.5, 1.0 and 0.5 mm Coat- 
Mixr substrates re-oxidized at temperatures between 300 and 800°C for 15 min with 1.2 Umin 
air flow 

In every set the temperature is varied between 300 and 800°C (see Fig. 3). No re-oxidation 
takes place at 300°C. At 4OO0C the kinetics of the reaction is very slow. a Do0 of around 5% is 
reached for all three cell types not leading to any damage. Also at 500°C all cell types show the same 
Do0 (almost 20%). The cells are not damaged, although the kinetics of the re-oxidation is much faster. 
A slightly different Do0 of the three cell types is observed at 600°C. However. the difference is 
insignificant. For all three substrates the Do0 reaches a value of around 45%. Substrate and electrolyte 
show no damages. Cracks in the electrolyte appear after the experiments at 700°C. The Do0 is still 
very similar for all cell types with values of around 78%. At 800°C the Do0 for the 1.5 mm substrate 
is about the same as in the experiment at 700°C, while the thinner substrates have significantly higher 
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DoOs. The 0.5 mm substrate is fully re-oxidized. The 1 mm substrate is re-oxidized to 95%. The 
electrolytes of all cells are completely destroyed. 

The evaluations of the various tests show that the re-oxidation is less detrimental to the cells at 
temperatures lower than 600°C because the DoOs that can be reached in an intended redox cycle with 
an appropriate time and air flow are rather low. Re-oxidation at higher temperatures may be damaging 
to the cells. An explanation for the different DoOs at 800°C depending on the substrate thickness will 
be given in the discussion section. The significant influence of temperature on the re-oxidation process 
can also be demonstrated with the following graphs of Fig. 4 and Fig. 5. They show an overview of 
various series of experiments at temperatures between 400 and 800°C with cells based on 1.5 and 1 .O 
mm Coat-Mix' substrates. The graphs show the Do0 versus time of re-oxidation at a constant air flow 
and air flow rate at a constant time of re-oxidation for different temperatures. The higher the 
temperature. the faster the Do0 rises. At 4OOOC the re-oxidation is extremely slov~. The Do0 is not 
much higher after 120 minutes than after 15 minutes. At 500 and 600°C the kinetics gets faster but is 
still slow compared to 700 and 800OC. The curves at 700 and 800°C differ only slightly for the 1 mm 
substrate and are nearly congruent for the 1.5 mm substrate. 

(a) (b) 
Fig. 4: Tern rature dependence of the re-oxidation process: Series of experiments on cells on Coat- 

Mix substrates re-oxidized at temperatures between 400 and 800°C with 1.2 limin air flow 
and varying time of re-oxidation. (a) 1.5 mm substrates, (b) 1 .O mm substrates 

8" 

(a) (b) 
Fig. 5: Temperature dependence of the re-oxidation process: Series of experiments on cells based on 

Coat-Mix" substrates re-oxidized at temperatures between 600 and 80OOC for I5 min with 
varying air flow, (a) 1.5 mm substrates, (b) 1.0 mm substrates 

The series of experiments allowed the definition of maximum tolerable values of the Do0 
depending on temperature and substrate thickness as failure criteria for Coat-Mix* substrates. The limit 
values depend only on temperature and cell type. How the Do0 is reached. in a short time with high 
flow or vice versa, does not play a role. For the 1.5 mm substrate first mechanical damage was 
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observed at DoOs of 60% for 600°C. 40% for 7OOOC and 20% at 800OC. The 1 mm substrate did not 
show any damages even after complete re-oxidation at 600OC. The limits for 700 and 800°C were 
DoOs of 55 and 20%. Finally the limit values for 0.5 mm substrates were DoOs of about 70% at 
600"C, about 60% at 700°C and about 30% at 800OC. A proposal for an explanation of the strong 
temperature dependence of the limit values will be given in the discussion section. 

The failure criteria are defined by maximum tolerable temperature dependent Do0 values. As 
stated earlier the limits are independent of the time of re-oxidation and air flow rate. However. these 
parameters may be important for system operation. In intended redox cycles upon system shut-down a 
well defined volume of air will be applied to the anode side of the cell until the system is cooled down. 
If air flow rate and time of re-oxidation can be controlled together with temperature. the Do0 can be 
minimized. This shows Fig. 6. In two sets of experiments at 600 and 800°C samples based on 1.5 mm 
Coat-Mix" substrates were re-oxidized with a total air volume of 18 I. The air volume was applied to 
the cells in various combinations of air flow rate and time of re-oxidation. The results show, that it is 
beneficial to apply the air in the shortest possible time with the highest possible flow. At 80OOC the 
complete re-oxidation after 60 min with a flow of 300 ml/min could be reduced to less than 75% by 
applying the volume in 15 min with a flow of 1.2 h i n .  At 600°C re-oxidation for 120 min and a flow 
rate of 150 ml/min resulted in a Do0 of about 80%. After 15 min with 1.2 l/min the Do0 stayed under 
30%. So the choice of a reasonable combination of time of re-oxidation and air flow rate can be crucial 
for the mechanical integrity of the cell. In this sense both time of re-oxidation and air flow rate are 
important parameters for intended and controlled re-oxidation. Again an explanation for this will be 
given in  the discussion section. 

(a) (b) 
Fig. 6: Influence of (a) air flow and (b) time of re-oxidation on the Do0 for re-oxidation with a 

constant volume of air 

The influence of the substrate thickness has also been investigated with cells based on Coat- 
Mix" substrates. A comparison of the behaviour of cells on 1.5 and 1.0 mm substrates shows that the 
Do0 of thinner substrates rises faster with time of re-oxidation and air flow rate than that of thicker 
ones at high temperatures (T ? 7OOOC). At lower temperatures (T 5 600OC) the curves for the different 
substrates are nearly congruent. This is demonstrated in Fig. 7 and Fig. 8. 
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(a) (b) 
Fig. 7: Intluence of the substrate thickness: Do0 vs. air flow rate for a constant time of re-oxidation of 

15 min, comparison of the behaviour of cells on the basis of 1.5 and 1.0 mm Coat-Mix" 
substrates; (a) T = 800°C. (b) T = 600°C 

(a) (b) 
Fig. 8: Influence of the substrate thickness: Do0 vs. time of re-oxidation for a constant air flow rate of 

1.2 limin, comparison of the behaviour of cells on the basis of 1.5 and 1.0 mm Coat-Mix' 
substrates; (a) T = 800°C. (b) T = 600°C 

The graphs show a comparison of the Do0 versus air flow at a constant time of re-oxidation 
and time of re-oxidation at a constant air flow rate for cells based on 1.5 and 1.0 nun Coat-Mixr 
substrates at 800 and 6OO0C. The curves at 800°C take a significantly different course, whereas no 
difference can be observed at 600'C. 

To explain the various effects of temperature. time of re-oxidation, air flow and substrate 
thickness additional microscopic and SEM investigations have been carried out on re-oxidized 
samples. Microscopic pictures of areas of fracture of such cells revealed that a big gradient in the local 
degree of oxidation appears at higher temperatures (T 2 700'C). At lower temperatures no such 
gradient can be observed. the substrate is re-oxidized homogenous (see Fig. 9). Half o f  the substrate of 
the sample re-oxidized at 800°C is completely re-oxidized (local Do0 loo%), the other half is still 
completely reduced (local Do0 0%). A re-oxidation front appears in the substrate that separates the re- 
oxidized part from the reduced part. The sample in Fig. 9 (b) re-oxidised at 600°C has a local Do0 of 
about 50% everywhere in the substrate, no re-oxidation front can be observed, no gradient appears in 
the local DoO. 

SEM pictures of cross sections of the two parts confirm these observations. The area of the 
substrates close to the surface is fully re-oxidized. whereas the area close to the anode is completely 
reduced (Fig. 10). This gets even clearer in comparison to according SEM pictures of a completely re- 
oxidized sample (Fig. 1 I ) .  Pores appear black in the SEM pictures. the dark grey phase is NiO, the 
light grey phase is YSZ or Ni, as the contrast between the two cannot be resolved in the SEM. 
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(a) (b) 
Fig. 9: Microscopic pictures of areas of fracture of two cells on a I .5 mm Coat-Mix' substrate, both re- 

oxidized to 50%; (a) re-oxidation at 800°C, gradient in local DoO, (b) re-oxidation at 6OO0C, 
homogenous re-oxidation 

(a) (b) 
Fig. 10: SEM pictures of cross sections of a partially re-oxidized sample; (a) area close to the surface 

(local Do0 100%). (b) area close to the anode (local Do0 0%) 

(a) (h) 
Fig. 11: SEM pictures of cross sections of a fully re-oxidized sample: (a) area close to the surface 

(local Do0 1 OO%), (b) area close to the anode (local Do0 100%) 

Microscopic pictures of areas of fracture were taken of samples out of each series of 
experiments systematically. They were analysed with the Analysis program to measure the fraction of 
the substrate that is re-oxidized. The results for the re-oxidation experiments on half cells on the basis 
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of 1.5 and 1.0 mm Coat-Mix* substrates with variable air flov. for 15 min at 800.700 and 600°C are 
s h o w  in Fig. 12: 

(b) (C) 
Fig. 12: Progress of re-oxidation front vs. degree of oxidation in 1.5 and 1.0 nun Coat-Mix' substrates 

upon re-oxidation for 15 min with variable air flows at different temperatures: (a) T = 800°C. 
(b) T = 7OO0C, (c) T = 600°C 

All curves show a small offset that is due to the fact, that the border between the re-oxidized 
and reduced area is not a sharp line. In the analysis the border line was set to the beginning of the 
reduced area. A part of the re-oxidized area is not completely re-oxidized. the measured integral Do0 
is a little bit lower than it  would be if the border was really a sharp line. The graphs show a linear 
relation between Do0 and progress of the re-oxidation front. The slope is temperature dependent. it 
increases with decreasing temperature. Obviously the progress of the re-oxidation front does not 
depend on the substrate thickness. The graphs will be further interpreted in the discussion section. 

DlSCUSSlON 
The progress of the re-oxidation in the substrate is governed by two fundamental processes. On 

the one hand the oxidation of the metallic Ni particles in the substrate determined by the growth of the 
oxide scale via outward Ni diffusion determines the kinetics of re-oxidation. This process shows a 
parabolic or sub-parabolic behaviour with respect to time and is strongly temperature dependent [3- 
131. The influence of the process can explain the fundamental form of the curves of Do0 versus time 
of re-oxidation typically found in our investigations. On the other hand the process is superposed by 
the gaseous diffusion of oxygen molecules into the substrate structure. lt determines in which parts of 
the substrate the Ni particles can be re-oxidised and therefore can cause the creation of a re-oxidation 
front. It is dependent on time, air flow and substrate thickness. In the sense that the second process is 
responsible for oxygen supply and the first process for oxygen consumption. they are competing and 
influence each other. The relation of the fundamental processes to each other. i.e. which of the two 

Corrosion, Wear, Fatigue, and Reliability of Ceramics . 41 



Characterization of the Re-Oxidation Behavior of Anode-Supported SOFCs 

controls the kinetics of re-oxidation, determines the progress of re-oxidation and therefore the 
behaviour of the cell upon re-oxidation. 

The progress of the re-oxidation front (see Fig. 12) reveals that the diffusion of oxygen into the 
substrate structure controls the re-oxidation kinetics at 800°C. Oxygen that diffuses into the substrate is 
consunled ininiediately for oxidation of Ni particles close to the substrate surface. Only when these 
particles are re-oxidized completely other particles further away from the substrate surface begin to be 
re-oxidized and so on. So at 800'C the diffusion of oxygen into the substrate is slower than the growth 
of the oxide scale on the Ni particles. At 700°C the complete substrate is supplied with oxygen at a 
Do0 of about 50%. Obviously oxide scale growth is slower than the diffusion of oxygen into the 
substrate and therefore is rate controlling for re-oxidation. At 600°C the difference between both 
processes is even bigger. The identification of the fundamental processes and the insights discussed 
before are very important to understand the various effects observed in our experiments and the 
according behaviour of the cells. 

The gradient in the local Do0 at high temperatures induces additional stresses in the layers of 
the cell. The stresses are first minimized through warpage of the cells. The gradient in the local Do0 is 
bigger at higher temperatures, so the warpage of the cell is also bigger for cells re-oxidized at higher 
temperatures (see Fig. 13). 

(a) (b) 
Fig. 13: Two cells on the basis of a 1.5 mm Coat-Mix' substrate with a Do0 of about 50%; (a) T = 

800°C. cell shows distinct warpage, (b) T = 600°C, cell remains flat 

When the stresses exceed a given value cracks arise in the electrolyte. So the gradient in the 
local Do0 is also responsible for the temperature dependence of the maximum tolerable values of the 
integral Do0 defined in the results section. The higher the re-oxidation temperature is, the bigger the 
gradient in the local Do0 and the greater the additional stresses are. So i t  is logical that the limits for 
the Do0 for mechanical integrity are lower for higher temperatures and vice versa. 

The influence of the substrate thickness on the Do0 at 8 0 0 T  can be explained by the different 
fractions of the substrate that are supplied with oxygen. The thinner the substrate is, the bigger the 
fraction of the substrate that is supplied with oxygen and the higher the integral DoO. At lower 
temperatures (T 5 600°C) the growth of the oxide scale on the Ni particles is the rate controlling 
process. So at these temperatures the influence of substrate thickness is less distinct (compare Figs. 3. 7 
and 8). 

Also the nearly congruent curves for the re-oxidation of 1.5 tmn Coat-Mix* substrates at 700 
and 800°C (see Figs. 4 (a) and 5 (a)) can be explained by the relation between the two fundamental 
processes. At 800°C the oxidation kinetics is faster, but a smaller fraction of the substrate is supplied 
with oxygen. So the influences of both processes neutralize each other. The 1 mm substrate seems to 
be supplied with oxygen almost completely after a relati%ely short time. so the difference in oxidation 
kinetics between 700 and 800T  actually appears in the curves shown in the result section (see Figs. 4 
(b) and 5 (bN 

The fact that the Do0 can be minimized by choosing the minimum possible time of re- 
oxidation with the maximum possible air flow at re-oxidation with a given volume of air can also be 
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explained by the fundamental processes. Both are time dependent and therefore a shorter re-oxidation 
time leads to a smaller D o 0  via minor progression of the re-oxidation front at 8OOOC and a minor 
growth of the oxide scale on the Ni particles at 600°C. 

SUMMARY 
An extensive characterization of the behaviour upon re-oxidation with respect to mechanical 

integrity has been carried out to investigate the redox stability of various types of SOFCs. The 
substrates of these cell types originate from a Coat-Mixe and warm pressing process. The influences of 
the re-oxidation parameters temperature, time of re-oxidation, air flow rate and substrate thickness 
have been studied. Failure criteria were defined for every cell type by determining maximum tolerable 
values for the degree of oxidation. By analyzing the various series of experiments and with the help of 
additional microscopic investigations on re-oxidized samples the progress of the re-oxidation was 
referred to two competing fundamental processes, the growth of the oxide scale on the Ni particles in 
the substrate and the diffusion of oxygen into the substrate. All effects that have occurred in the 
various observations could be explained with recourse to these fundamental and rate determining 
processes. 
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ABSTRACT 
Machined mullite containing 15 vol.% S ic  particles has been subjected to various heat- 

treatments. The effect on fracture stress has been investigated as a function of crack-healing 
temperature and time. By heating at 1673 K for 10 h prior to monotonic bending and static 
fatigue testing, specimens fractured from sites other than the machining cracks. Thus, it was 
concluded that the machining cracks were completely healed by this heat treatment. From these 
results, the monotonic and static fatigue strength at elevated temperature of the healed sites 
exhibited the same levels as base material (mullitei S i c  composite). It is proposed that the crack- 
healing treatment is a viable economic technique to be applied to structural ceramics. 

INTRODUCTION 
Ceramics have been used in various fields as machined components. In particular, oxide- 

based ceramics is expected to be employed in structural components operating at high 
temperatures in various atmospheres, e.g., automotive engine, because of its excellent 
mechanical properties and oxidation resistance. However, the heavy machining introduces easily 
numerous non-acceptable damages, such as cracks, chips and damaged layers, because oxide- 
based ceramics has high brittleness and high hardness '. Especially the cracks in the stress 
concentrated part and component, such as blade stud, reduce the structural integrity critically. 
General post machining operations, i.e. polishing and lapping together with nondestructive 
inspection, are performed to remove the non-acceptable flaws. Although these techniques are 
very costly, these cannot eliminate minute flaws. Thus, the reliability of the ceramic components 
cannot be secured by these techniques. 

Whether this function can also be useful for cracks caused by machining is a very 
interesting research subject. If such cracks can be healed and crack-healed zones exhibits the 
same fatigue strength as the base materials, ceramic components can offer improved reliability 
without costly final machining. Many investigations 2-20 on repair for crack by heat treatment 
were reported on oxide-based ceramics or oxide-based composite containing Sic .  The reported 
mechanism was based on (a) re-sintering of matrix or (b) oxidation of SIC. Matsuo et al. 
reported that the crack tip in the machined monolithic alumina was re-sintered by the action of 
compressive residual stress and heat. However, the strength recovery was not complete. Niihara 
el al. ' reported the same strength recoveries in alumina/ 5 vol.% S i c  nanocomposite as 
monolithic alumina. On the other hand, Ando ef al. '4' and Wu et al. l4  reported the large 
strength recovery could be realized by the crack-healing due to the oxidation of S i c  at high- 
temperature in air as following chemical reaction, 
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S ic  + 3/2 0 2  = Si02 + CO +943 kJimol (1) 
Moreover, Ando et ul. proposed three conditions for complete strength recovery by the 

oxidation of Sic  as follows; (I)  Healing material (Si02) should exhibit the same level or higher 
strength as base material, (11) SiOz should be bonded to base material strongly, (111) Si02 should 
fill the crack completely. To achieve the above (I) and (11) conditions, large heat generation of 
943 kJimol is very important. Alternatively to achieve above (111) condition, more than 10 vol% 
SIC is required. If above three conditions were satisfied completely, most samples fractured 
outside the crack-healed zone 

However, Ando et ul. have investigated the healing of not the machining cracks but the 
(based 

materials), reinforced by Sic  particles or S i c  whiskers. Moreover, present authors 19-*" have 
investigated alumina /Sic composite could heal the machining cracks completely. Thus, 
investigating the self-healing of the machining cracks in the mullite containing S ic  is necessary 
to actualize the advanced machining in which one can substitute the crack-healing process for the 
post machining operations. 

In this study, mullite/ 15 vol.% Sic  particles composite was sintered and the crack- 
healing behavior for the cracks caused by machining was investigated. Small bending specimens 
(22 x 4 x 3 mm) were made. These specimens were machined into semi-circular groove so that 
they have stress concentration factor to replicate that of components. The machined specimens 
were crack-healed under various conditions. The fracture stress and static fatigue strength of 
these specimens after crack-healing were evaluated systematically. From the obtained results, the 
crack-healing effect on the cracks was discussed. 

indented crack in the oxide-based ceramics, i.e., mullite 1 1 - 1 3 ,  1 8 ,  and alumina 8-9. 15-17 

EXPERIMENTAL 
Material, specimen preparation and crack-healing conditions 

The mullite powder (KMIOI, kioritzz Co. Ltd., Nagoya, Japan) used in this study has an 
average particle size of 0.76 pm. The SIC powder (Ultrafine grade, Ibiden Co. Ltd., Ogaki, 
Japan) used has an average particle size of 0.27 pm. For mixing the raw powder, the mixture of 
alumina powders and 15 vol.% Sic  powders were blended well in alcohol for 24 h. Rectangular 
plates (90 x 90 x 6 mm) were hot pressed in N2 at 1923 K under 35 MPa for 2 h The sintered 
plates were cut into 3 x 4 x 22 mm rectangular bar specimens as shown in figure 1. The 
specimens were polished to a mirror finish on one face according to the Japan Industrial 
Standard (JIS) 21 .  The edges of the specimens were beveled 45" to prevent fractures due to edge- 
cracks. In this paper these specimens were called "smooth specimens". As shown in Figure 1, 
semicircular groove was made at the center of the smooth specimens by using diamond-coated 
grinding wheel (4200). The other grinding conditions are listed in Table I, where, maximum 
depth of cut by one pass (d) was 20 pm. 

The machined specimens were subjected to crack-healing treatment by heat-treating in air 
at 1373 - 1673 K for 1 or 10 h. The specimens are here called as machined specimen healed. 
Also the smooth specimens were crack-healed at 1573 K for 1 h in air. These specimens are 
defined as healed smooth specimen. Even the smooth specimen involved minute flaws such as 
surface-crack and surface-pore. The flaws can be completely healed by heat-treatment ''-I3. Thus, 
all the fractures of the healed smooth specimens initiate from largest embedded flaw such as pore. 
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Specimen preparation 
Grindstone and dressing condition 

Number of rotations(rpm) 
Table feed speed (mmimin) 

Cut depth by one pass (pm/pass) 

In this paper. therefore, the healed smooth specimens were treated as specimens without surface 
flaws. 

Semicircular groove (R4) 
#230 diamond metal-bond 

3000 
15000 

3.5,10.15 and 20 

Fatigue and fracture tests 
The monotonic bending tests and static fatigue tests were performed on a three-point 

bending system with a span of 16 mm as shown in figure 1. The crosshead speed of the 
monotonic bending tests was 0.5 mdmin.  The tests were performed at room and elevated 
temperatures. From the bending moment measured as the specimens fractured, A 4 k .  the following 
equation was used to evaluate the nominal fracture stress (ohb) of the machined specimens. 

where 2 is the sectiqn modulus of the machined specimens. The values of 2 for the semicircular 
groove was 4.2 mm’. 

stress (or) at the Stress concentration feature: 
Using stress concentration factor, K,. and the following equation. one can evaluate the fracture 

= KtOhk (3 1 

The Kl  values relating to the semicircular groove. 1.2 was obtained from a data handbook 21. 

Static fatigue tests were performed in air at elevated temperatures of 1373 K using a 
hydraulically controlled testing machine with an electric furnace and terminated in 100 h 
according to the Japan Industrial Standard (JIS R1632) 27. The applied stress (oaPp) at which the 
specimen did not fracture within 3.6 X 10’ sec (100 h) was defined as the static fatigue limit 
(qo) in this study. 

Figure I .  Schematic illustration of three-point loading system and test specimen 
size and machining figuration 
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Typical machining damages 
Figures 2 (a) and (b) show SEM images showing typical machining damages of as- 

machined specimens. As shown in the figures, it was found that numerous damages, such as a 
crack and a chip, introduced at the machined surface by heavily machining. Figures 2 (a) show 
SEM images of the machining crack in the as-machined specimen (d = 10 pdpass).  As shown in 
the figures 2 (a). the fracture origin was confirmed to be cracks introduced by machining. This 
fact suggested that the machining crack should be the severest flaw of all the machining damages 
and the embedded flaws. The major crack was likely formed by connecting the semi-elliptical 
cracks, thereby having wavy tip. Moreover. the maximum depth of this crack was found to be 
approximately 40 pm, As a result. the fracture origin of as-machined specimens was found to be 
such a large machining crack. On the other hand, it was found that cleavages. i.e., a grinding 
track. a grain pull-out and a chip, were introduced at the machined surface, resulting in rough 
surface as shown in figure 2 (b). Moreover. cleavages size was found to increase with increasing 
cut depth by one pass as s h o w  in figure 2 (b-1) - (b-3). Therefore. it was concluded that 
numerous damages, such as cracks and chips, introduced at the machined surface by heavilq 
machining. 

Figure 2. SEM images showing (a) machining crack and (b) machined surface 
ofas-machined specimen: (b-I) d = 3 pmipass, (b-2) d = 10 pdpass  and (b-3) 
d = 20 Kdpass 

Crack-healing behavior 
Figure 3 shows the effect of the crack-healing conditions on the strength recovery 

behavior of the machined specimen. The cut depth by one pass, d was 10 pm. The symbols 0 in 
left column and 0 in right column show the fracture stress ((TI) of as-machined specimen and 
healed sniooth specimen, respectively. The average ~t of these specimens were found to be 177 
MPa and 628 MPa, respectively, indicative of an 100% strength recovery upon crack-healing. 
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The symbols + and 0 in figure 3 show the (Ty of machined specimen healed at elevated 
temperatures for 1 or 10 h. respectively. The Or o f  healed specimens increases gradually up to 
1573 K. above which it increases abruptly. The average r ~ k  has a maximum at healing 
temperature of 1673 K for 10 h. Moreover, the rs+ was almost equal to the fracture stress of 
healed smooth specimens. From these results, the optimal crack-healing conditions for 
machining cracks was defined as heating at 1673 K for 10 h. However, it was found that these 
conditions are quite different from the optimized crack-healing conditions for indention cracks 
within the same material which was reported previously as 1573 K for 1 h '"-I3. Two 
explanations for this difference are raised, (1) the difference in the state of the subsurface 
residual stress associated with the different crack geometries and ( 2 )  oxidation of Sic by the heat 
generation during machining. The machining crack was possibly closed by the action of the 
compressive residual stress which would result in a reduction in the supply of oxygen to the 
crack surfaces. Moreover, before the crack-healing treatment, if SIC particles were already 
covered with a thin oxidation layer due to the heat generated during grinding, this would lead to 
the decrease in the oxidation rate of SiC particles. 

Figure 3. Effect o f  crack-healing temperaiure and time on strength recovery of 
machined specimen. 

Statistical analysis of fracture stress 
Figure 4 shows the Weibull plots of the fracture stresses of the as-machined specimen 

(0) and the machined specimen healed at 1673 K for 10 h (0). Where d = 10 pdpass. Also the 
Weibull plot of by of the healed smooth specimen (0) was shown in this figure. A two- 
parameter Weibull function is given by 
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where h is a scale parameter, c is a shape parameter. 
By crack-healing treatment at 1673 K for 10 h, the values of b of the machined specimen 

increased considerably from 189 MPa to 582 MPa, with this value being almost equal to that of 
healed smooth specimen. This means that machined specimens healed recovered its strength 
almost completely due to crack-healing. 

Furthermore, it was found that the machining cracks were completely healed by crack- 
healing as shown in figure 5 (a). Figures 5 (a-1) and (a-2) show the SEM images of fracture 
origin and detail of point A. respectively of the machined specimen healed at 1673 K for 10 h. 
As shown in these figures. all machined specimen healed fractured from sites other than the 

0 : Healed snuuthsper.iman(1573 K. 1 h) 
--o-- : As-inachimd q m i m c n ( d =  10 pmlpars) 
--as- : Machtncd spccimcii hcakd (1673 K ,  I0 h) 

99 

p ! / o,,,= 628 

: )I = 10 /. p 
h = 1 8 9  / 

;L c = 6.87 
o,,,, = 177 

100 200 300 400 600 800 1000 
Fracture stress a t  RT, 0, (MPa) 

Figure 4. Weibull plot of fracture stress 

Figure 5 .  SEM images of fracture origin of machined specimen healed at 1673 
K for 10 h: (a-1) fracture origin and (a-2) detail of point A. 

crack-healed zone, i.e., chipping at the surface. It could be clearly understood by un-reacted Sic  
agglomerates, which show the fracture origin was not oxidation products. From this result, it 
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could be concluded that numerous machining cracks were completely healed by the optimized 
crack-healing treatment, and these chipping could not be healed. resulting in slightly decreased 
strength. Therefore, the crack-healing treatment is an effective technique for increasing the 
reliability of machined mullite/ Sic  composite ceramics. 

Effect of cut depth by one pass on fracture stress of machined specimen. 
Figure 6 shows the effect of depth of cut by one pass (6) on the Or of healed machined 

specimens containing a semi-circular groove. Also the data on as-machined specimens were 
included in figure 6. The symbol 0 shows the OF of machined specimen healed at 1673 K for 10 
h. Also the symbol 0 shows the Or of as-machined specimen. The symbol 0 in the left column 
shows the Or of the healed smooth specimen. 

Throughout the whole range of the d, a considerably strength recovery was attained by 
crack-healing treatment at 1673 K for 10 h, because these average strengths were almost equal to 
that of healed smooth specimen. Thus, crack-healing is possible for relatively large cracks which 
was introduced through heavily machining (for depth of cut up to 20 pdpass). From these 
results, it was concluded that mullite/ Sic composite could oEer improved reliability with out 
costly polishing by crack-healing treatment after heavily machining. However, the Or of the 
machined specimen healed was found to decrease slightly with increasing cut depth. This is due 
to the increase in size of surface chipping as shown in figure 2 (b-I) - (b-3). 

Figure 6.  Effect of cut depth by one pass on fracture stress at rooni temperature 
of machined specimen healed at 1673 K for 10 h. 
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Effect of test temperature on the fracture stress of machined specimens healed 

Figure 7 shows the temperature dependence of the bending strength of the healed 
machined specimens. The symbol 0 shows the OF of the machined specimen healed at 1673 K 
for 10 h (d = 10 pdpass). The OF of the healed machined specimens decrease almost linearly in 
the temperature range from room temperature to 1573 K, and these values were found to be more 
than approxiinately 350 MPa. Above 1573 K, OF decrease slightly with the increase of the test 
temperature. Moreover, SEM observations confirmed that all of the machined specimens did not 
fracture from examples of the healed machining-cracks. Thus, it could be concluded that all 
crack-healed zones exhibited the same levels strength to the base material (mulite / Sic 
composite) up to 1673 K. 

Figure 7. Temperature dependence of fracture stress of machined specimen 
healed at 1673 K for 10 h. 

Static fatigue strength at high temperature 
The static fatigue strength ofthe machined specimen healed at 1673 K for 10 h has also 

been investigated at 1273 K. The experimental results are shown in figure 8. The symbol 0 
indicates the static fatigue strength at 1273 K. Fatigue tests which were terminated prior to 
failure are marked by an arrow (4). The measured monotonic bending strengths (by)  under the 
same temperatures are shown in the left column. 

The value of the static fatigue limit (q~) at 1273 K for the healed machined specimens 
was found to be 375 MPa. This value almost equates to the minimum b~ measured under 
monotonic bend and is approximately 90 % of the average OF of all bend specimens. Moreover, 
SEM observations confirmed that the machined specimens healed did not fracture from examples 
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of the healed machining-cracks. From this result. it is concluded that all crack-healed zones 
exhibited the same levels static fatigue strength as the base materials at 1273 K. 

Figure 8. Static fatigue strength at 1273 K of machined specimen healed at 
1673K for 10 h. 

CONCLUSION 
In this study. mullite/ 15 vol.% Sic particles composite was sintered and the crack- 

healing behavior for the cracks caused by machining was investigated. Small bending specimens 
(32 x 4 x 3 mm) were made. These specimens were machined into semi-circular groove so that 
they have stress concentration factor to replicate that of components. The machined specimens 
were crack-healed under various conditions. The fracture stress and static fatigue stren@h of 
these specimens after crack-healing were evaluated systematically. From the obtained results. the 
crack-healing effect on the cracks was discussed. The main conclusions were as follows: 

(1) Fracture stress (GF) of machined specimen healed at 1673 K for 10 h was almost equal to that 
of  healed smooth specimens. From these results, the optimized crack-healing conditions for 
machining cracks was defined as heating at 1673 K for 10 h. 

(2) Numerous machining cracks were completely healed by the optimized crack-healing 
treatment. However chipping introduced at the surface during heavily machining could not 
be healed. resulting in slightly decreased strength. 

(3) Crack-healing was possible for relatively large cracks which was introduced through heavily 
machining for depth of cut by one pass up to 20 ptdpass. 

(4) All crack-healed zone exhibited the same levels strength to the base material (mulite / SIC 
composite) up to 1673 K. 

(5) All crack-healed zones exhibited the same lebels static fatigue strength as the base materials 
at 1273 K. 
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(6) Therefore, the crack-healing treatment is an effective technique for increasing the reliability 
of machined mullitei S i c  composite ceramics. 
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ABSTRACT 
Mechanical properties of SiC-AIN-Y203 composites (Sic 5O%wt-A1N 5o%wt), pressureless- 

sintered with an innovative and cost-effective method, were determined before and after oxidation 
performed at 1300°C for 1 h. As a consequence of the oxidative treatment, fracture toughness increased 
from 4.6 MPa m”2 to 6.6 MPa m”2, flexural strength from 420 MPa to 488 MPa, Weibull modulus 
from 4.5 to 5.3 and thermal shock resistance (expressed as critical temperature difference) from 3 10°C 
to 380OC. First of all, these results demonstrated that a pre-oxidation treatment is needed to increase 
the mechanical resistance and reliability of SiC-AIN-YZOj components. Secondarily, the beneficial 
effects of the oxidation on the mechanical properties could be explained in terms of compressive 
residual stresses and crack healing ability. 

INTRODUCTION 
Liquid phase sintered (LPS) silicon carbide is a candidate material for high temperature structural 

components. Sintering additives such as A1203-Y203 and AIN-Y203 were extensively used to obtain 
fracture resistant LPS-Sic  ceramic^'.^. In the case of SiC-AIN-Y203 composites, previous studies 
reported that 2H Sic-AIN solid solution with improved high tem erature properties could be achieved 
with SiC/AIN weight ratio greater than 80/20 and above 1850°C . 

In a previous paper, we have already demonstrated that high density SiC-AIN-Y203 ceramics (Sic 
SO%wt-AIN SO%wt) can successfully be obtained by liquid-phase pressureless sintering without using 
a powder bed3. Mechanical properties were also determined and high fracture resistance together to 
high temperature properties were put in evidence4. Like brittle materials, however, strength of this 
class of materials is closely related to the size and distribution of surface flaws, because of their 
inherent low toughness. 

A well-known method to overcome this problem is based on the crack healing. Studies on this 
argument have been reported for different types of Sic-based ceramics and the major observation was 
that crack healing induced by pre-oxidation procedure is able to strengthen and increase the reliability 
of ceramic components5-’. In the above perspectives, the effects of pre-oxidation on mechanical 
properties and reliability of pressureless sintered SiC-AIN-Y203 composites were investigated and 
reported in the present paper. 

EXPERIMENTAL PROCEDURE 
Commercially available a-Sic (UFI 0, H.C. Starck, Germany), AIN (Pyrofine A, Atochem, 

France), Y2O3 (H.C. Starck, Germany) were used as starting powders. Characteristics of these powders 
are reported in Table 1 

IS 
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The powder batch was composed by 48%wt Sic, 48Yowt AIN and 4%wt Y203 and was wet-mixed 
in ethanol for 12 h using Sic grinding balls. After drying and sieving, the powder was compacted by 
die pressing at 67 MPa and subsequently was pressed at 150 MPa by cold isostatic press (CIP). 

Sintering was performed in a graphite elements furnace in flowing nitrogen at 1 atm with green 
bodies put inside a graphite crucible without powder bed. Sintering was performed at 1 950°C, while an 
annealing step was conducted at 2050OC. Thermal cycle was characterised by heating and cooling rate 
of 20-3O0C/min and by dwell time of 0.5 h at the sintering temperature. 

Mechanical properties were determined before and after oxidation. Fracture toughness was 
determined by means of Vickers indentation method with indentation load in the range 49-196N8, 
whereas thermal shock resistance was determined by water quenching method in accordance with the 
standard EN 820-3. Finally, flexural strength was determined by four-point bend tests at room 
temperature. Nine samples as bars of 3 x 4 x 45 mm3 were prepared and tested in accordance with the 
standard ENV 843-1 (crosshead speed 0.5 mdmin). 

Weibull distribution of strength was also determined by: 

where Pi(o) is the probability of failure at a stress, u, an is the characteristic strength and m is the 
Weibull modulus. By taking the logarithm twice, Equation 1 can be rewritten in a linear form: 

lnln - = m l n u - m l n u ,  
( 1 3  

The probability estimator was calculated following method proposed by Tiryakioglu' in order to 
obtain an unbiased estimate of the Weibull modulus for sample sizes between 9 and 50: 

n-0,13 
N 

4 =- (3) 

where N is the total number of specimens tested and n is the specimen rank in ascending order of 
failure stress. 

Powder 

a-Sic 

RESULTS AND DISCUSSION 

Fracture toughness 
Previous works demonstrated that oxidation products changed on the basis of the SIC-AIN weight 

ratio and oxidation temperaturelo.". The main constituents of pressureless-sintered 5O%wtSiC- 
50%AIN oxidized layer were mullite, a-cristobalite and yttrium disilicate (y-Y2Si207)'2. In addition, it 
must be taken into account that in this material the oxidation mechanism of S ic  changed from passive 
to active when oxidation temperature is higher than 1300°C'2. 
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Consequently, oxidation effects on mechanical properties had to be assessed as a function of the 
oxidation temperature. With this aim, apparent fracture toughness ( K ~ p p )  was determined after 
oxidation for 1 h in the temperature range 1200- I50O”C to evaluate toughening effects induced by the 
formation of the oxidic species. Results are reported in Fi ure 1 as a function of the oxidation 
temperature. K ~ p p  of the as-sintered sample was 4.6 MPa mi’, while the same material presented a 
value of 6.2 MPa d2 after oxidation at 1200°C for lh. After oxidation at 1300°C for Ih, the 
toughening effect, induced by the oxidation, was particularly evident and permitted to reach the best 
value of 6.6 MPa m1’2. At higher temperature the active oxidation of S ic  caused the formation of 
defects with rupture and spallation of the oxide scale12 due to the formation of the gaseous species SiO 
and CO. As a consequence, apparent fracture toughness started to decrease above 1300’C and it 
reached the same value of the as-sintered sample after oxidation at 1400°C. Rixecker et aI.l3 reported a 
similar behavior in the gas-pressure sintered SIC (90%vol)-AIN-Y20~ composites. This material. with 
a KAPP of 4.3 MPa m1’2, was treated in air at 1200°C for 12 min and reached a K ~ p p  value of 6.1 MPa 
ml”. As explanation of this increase, the volume gain associated to the oxidation of the intergranular 
phases (Y I O A I ~ S ~ J O ~ ~ N ~  before oxidation, YAG and yttrium disilicate after oxidation) was indicated as 
responsible of the creation of compressive stress on the surface. In particular, this theory was based on 
the preferential loss of nitrogen from the additive during the heat treatment. 

In the present study, the same mechanism should be responsible of the increase of the apparent 
fracture resistance. SiC-AIN-Yz03 composite was treated at 1300°C for l h  in fluent argon to confirm 
this theory. In this condition, oxidation of the intergranular phase (Y 1oAlzSi3OlgN4)~ was completely 
inhibited and K ~ p p  resulted equal to 4.5 MPa m”2, practically the same value of the as-sintered sample. 
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Figure 1. Apparent fracture toughness (KO,,,,) as function of the oxidation temperature. 
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Flexural strength and thermal shock resistance 
Figure 2 shows the values of residual strength after thermal shock of as-sintered samples and 

samples heat-treated at 1300°C for lh  in air. Oxidized samples demonstrated higher flexural strength 
and higher critical temperature difference, ATc, than as-sintered samples. 

The increase of the flexural strength might be caused by the passive oxidation of S ic  which 
enhanced the crack healing mechanism. This phenomenon is typical of Sic-based materials and is 
based on the production of Si02 which is able to fill large defects and to be bonded to the base material 
s t r~ngly '~ ' '~ .  Furthermore, the bending strength shows a three-stage behavior (Figure 2). In the first 
stage the thermal shock treatment does not affect this mechanical property. The second stage, 
corresponds to a significant and sudden decrease of the bending strength. In the third stage the flexure 
resistance holds a constant level, but significantly lower than that of the first stage. The presence of 
these three stages is characteristic of the Hasselman's model for the thermal shock'('. Three thermal 
stress parameters could be calculated by: 

R = ~ ( l  - u ) / E ~  (4) 

R" = Ey, [o' (1 - u ) ]  = (K,( / o ) ~  / ( I  - u )  (5) 

R, ,  = [ y ,  / ( a 2 E ) ] %  

where Krc is the fracture toughness of the material, E is the elastic modulus, cx is the thermal expansion 
coefficient, v is the Poisson's modulus and yf is the fracture surface energy (which is determined on the 
basis of the Irwin's e uation y,= K ~ c ~ / ~ E " ) .  In these equations R is the thermal stress fracture 
resistance parameter, R' represents the resistance of the material to catastrophic crack propagation of 
ceramic under a critical temperature difference and R,, is the thermal stress crack stability parameter 
which indicates the resistance to crack repropagation after ATc. These parameters were calculated for 
as-sintered and oxidized samples and the values are reported in Table 2 together with the data referred 
to the gas pressure-sintered (GPS) SiC-AIN-Y203 material studied by Rixecker et al.lR and recalculated 
on the basis of the equations (4)-(6). Analyzing the experimental data listed in this table. the first point 
which could be drawn it is that pressureless-sintered Sic-AIN oxidized samples showed the highest 
values of R, R'" and R,, as further demonstration that the toughening mechanism induced by the heat 
treatment at 1300°C increased the performance of this material. This can be mainly assessed on the 
basis of the increase of R'", which led to the improvement of resistance to instantaneous crack 
propagation at critical temperature difference. Pre-oxidized pressureless-sintered Sic-AIN ceramics 
also exhibited higher resistance to crack propagation than analogous as-sintered material obtained by 
GPS and toughened by an annealing treatment at 1950°C in order to obtain a platelet-type 
microstructure. Secondarily, AT, values were always higher than the calculated R values and this can 
be probably associated to the insufficiently rapid quenching and to the limitation of the water cooling 
rate which could lead to a discrepancy between the recorded temperature difference and that of the 
specimen tested". 

9 
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Figure 2 .  Thermal shock behaviour of as-sintered and oxidized SiC-AIN-Y203 ceramics. 

Weibull modulus 
The effect of the heat treatment at 1300°C for lh  on reliability of pressureless sintered Sic-AIN 

ceramics was estimated by means of the determination of the Weibull parameters reported in equation 
(2). They were determined from the linear adjustment by the least square method of the straight lines 
reported in Figure 3. Results in term of Weibull modulus (m). characteristic strength values (000) for 
probability o f  failure 63% and median strength (USO) obtained with as-sintered and oxidized samples 
are summarized and compared in Table 111. Even for the small number of samples used, the obtained 
fits are suficient to establish significant differences between the materials. Oxidized samples showed 
the highest values of Weibull modulus, or" and 00. Because Weihull modulus reflects the reliability of 
brittle materials and homogeneity of the testing data, oxidized SIC-AIN ceramics are more reliable, 
repeatable and homogeneous than as-sintered samples. Tlus is a direct effect of the crack healing 
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Material 

As-sintered 

Oxidized 

mechanism showed by the composite and already mentioned previously. Furthermore, crack healing 
behavior applied to structural components in an engineering design causes a decrease in the machining 
and maintenance costs together to a prolongation of the lifetime. Therefore, pre-oxidation treatment of 
LPS-SIC-AIN ceramics becomes necessary when high reliability and moderate fabrication costs are 
required. 

Weibull modulus Characteristic strength, 00 Median strength, 050 

4.5 525 484 

5.3 547 510 

(m) ( M W  ( M W  
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CONCLUSION 
Oxidatiaon treatment at 1300°C led to a considerable increase of the apparent fracture toughness. 

This phenomenon could be explained on the basis of the surface compressive stresses induced by the 
volume gain associated to the oxidation of the intergranular phase. Furthermore, the oxidation-induced 
toughening effect led to the improvement of resistance to crack propagation after a critical temperature 
difference. Flexural strength and reliability are also positively influenced by the heat treatment at 
1300°C since that the pre-oxidized Sic-AIN material showed MOR and Weibull modulus values 
significantly higher than the as-sintered material. 
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ABSTRACT 
The increased interest in ceramic matrix composites requires the knowledge of how the 

material behaves after periods of exposure to temperature and stress. An important parameter 
under consideration is the fiber/coat/matrix interfacial sliding, which has a direct impact on the 
residual properties of the material after exposure. A series of fiber push-out tests were conducted 
on Melt Infiltrated SiC/SiC material considered as a strong candidate for hot section applications 
in gas turbine engine especially in the combustor and turbine. Samples were exposed under 
conditions of creep or dwell fatigue at 1204°C for periods ranging from 10 hours to 2,000 hours 
under stresses of 11 0.4 MPa or 165.6 MPa. As part o f  this effort, the sample configuration was 
changed from the standard wedge shape sample to a uniform cross section where the sample was 
taken out of standard microstructural sample mounts. This allowed more samples to be 
manufactured in a more consistent manner. The results of the sample change from a 
transmission electron microscopy sample to a uniform cross section sample as well as the effects 
of exposure will be presented and discussed. 

INTRODUCTION 

mechanical properties are relatively constant with temperatures up to the maximum use 
temperature [l]. This is shown in the interest of CMCs for extended high temperature use where 
superalloys are usually considered [2,3]. As characterization of this class of material proceeds to 
enable such applications, key constituent properties need to be looked into in both the as- 
received state as well as after relevant exposure. The purpose of this paper is look at the 
interfacial shear stress of a known CMC system in both cases just mentioned and to additionally 
recommend a new sample design to make this property easier to measure. 

The fibedmatrix interface is a key area of study since the interface controls if the CMC 
behaves as a composite or not [4]. To assure composite behavior a weak bond is desired and this 
is the reason Carbon or Boron Nitride is used as the fiber interface coating [ 5 ] .  The interfacial 
shear stress is a key property since it controls (influences) the prevalent damage mechanism and 
the resulting non-linearity [6-71. 

While there are several tests that can be done to determine the interfacial shear stress [4], one 
of the better known is fiber push in testing [4,6]. It is known from the work of others [8], that the 
sample preparation for this is very difficult. Part of the work for this paper is to show a different 
method for sample fabrication that allows a larger and more uniform sample to be made for this 
test. 

There is ever increasing interest in Ceramic Matrix Composites (CMCs) due to the fact that 
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In addition, not only is the interfacial shear stress important to know in the as-received state, 
it as well as other parameters need to be known as the material is used in service. More 
importantly, this needs to be known under durability conditions (testing) of stress and 
temperature. For the MI SiC/SiC system for this paper, all of the testing with exposure was done 
at 1204°C and stresses around 165.6 MPa. This temperature is near the maximum use 
temperature of the material [U] and the stress is within the proportional limit of the material [ 101. 

PROCEDURE 

Material Description 

composite (MI SiC/SiC). The interface coating for this material is form a two step process: it is 
initially heat treated to create a fine layer in in-situ BN and then it is followed with CVI 
deposited Si-doped BN. The MI SiC/SiC system has a stochiometric Sic  (SylramicTM) fiber in a 
multiphase matrix of Sic deposited by chemical vapor deposition followed by slurry casting of 
Sic particulates with a final melt infiltration of Si metal. The specific MI SiC/SiC tested for this 
effort had 36% volume fraction fibers using a 5 HS weave at 20 EPJ. The fibers are 10 iim 
diameter and there are 800 fibers per tow. This material system was developed by NASA-GRC 
and is sometimes referred to as the 01/01 material [ 111. A cross section of this material is shown 
m Figure 1. 

For this testing, the composite system interrogated was a Melt Infiltrated In-Situ BN SiC/SiC 

Figure 1. MI SiClSiC Microstructure Images 
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Sample Fabrication 
The sample fabrication process starts with a sample of interest mounted within epoxy (or 

other mount material) as a standard microstructural sample for optical and SEM cross-section 
work. The typical mount is approximately 38 mm in diameter and around 20 mm in thickness. 
A series of steps were undertaken to arrive at the final fiber push out sample and the equipment 
for this effort can be found in a typical machine shop knowledgeable in the machining and 
preparation of ceramic test specimens or components. During the sample fabrication for this 
effort as well as past microscopy samples, there was no indication of epoxy infiltrating into the 
material that could influence any testing results. Considering the low porosity of this material, it 
is not surprising that this was not seen. (This may be an issue for other CMC systems.) 

The sample process starts with a slice cut from the mount approximately 1 .O mm thick. This 
was done with a standard surface grinder equipped with a standard cut off wheel. A synthetic 
water based coolant was used. The sample was mounted to a steel pin with double-sided tape 
and then the OD was machined down to approximately 16 mm keeping the sample of interested 
centered. It is not crucial what method is used to reduce the epoxy mount diameter. The OD is 
machined to aid in later polishing steps. The sample is then reduced in thickness to 0.7 mm with 
a standard surface grinder with a 320 grit resin bonded wheel (with coolant). This ensures that 
the specimen faces are parallel. (This method produces a constant cross section sample.) The 
speciniens are then mounted to a steel fixture plate using a low temperature bonding adhesive. 
(For this effort, three samples were mounted and were evenly spaced on the steel plate that was 
76 mm in diameter.) The thicknesses of the specimens were reduced to 0.5mm with a standard 
surface gnnder equipped with a 320 grit resin bonded wheel using coolant. Reliefs were then 
machined 0.13mm deep on one face of each specimen. see Figure 2. The reliefs reduce the 
surface area that will require polishing. thus making the polishing steps easier. (Dimensions of 
the relief are not critical.) The specimens were polished by hand using diamond compound. 
Polishing started with 9 micron compound, progressively getting finer using 6,3, and finally 1 
micron. Total material removal in the polishing process was approximately 0.05mm. The final 
specimen thickness target was between 0.5 and 0.3mm. The thickness of the samples for this 
effort was an initial thickness of 0.7 mm but most work was on samples that were 0.35 mm. The 
specimens were removed from the steel plate using a low temperature heat source and then 
cleaned. Due to the relatively thin cross section, the CMC piece may “fall out” of the mount 
material and there may be waxping of the epoxy mount material. The sample can be tested if it 
“falls out” and the warping was not an issue in the test as it was slight. 

Figure 2. Schematic of sample showing reliefs 
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Fiber Push Out 
Fiber push out was done using a Nano-Indentor 11. The nano-indentor had a 6 pm flat bottom 

punch for the tip and load versus displacement was recorded during the test electronically. The 
maximum load during testing was 450 mN. The data was reviewed by plotting the Force2 versus 
displacement [ 5 ] .  A schematic for the test results are shown in Figure 3. Where the fiber slips is 
where the interfacial shear stress is determined. This is determined by the following equation: 

T = Fi2xrt 

where T is the interfacial shear stress, F is the force when the fiber slips, r is the radius of the 
fiber and t is the sample thickness. 

Fiber slips 

/ L A p u n f i  - F l k r  pushes into matrix 
matnx wntacts 

Displacement 

Figure 3. Schematic of Fiber Push Out Test [5] 

Samples for Testing 
Several samples were fabricated from as-received material to not only determine the as- 

received interfacial shear stress but also as an aid in practicing the sample fabrication process. 
After initial trials of both machining and fiber push out testing, it was decided to settle on a 
sample thickness of 0.35 mm. In addition to the as-received material, several samples were 
made available that had been tested at 1204°C with a hold stress of 165.6 MPa in air for periods 
of4,250 and 1508 hours. (The test was either a creep or a 2 hour dwell fatigue test [12].) All 
samples were machined per the procedure outline above. All samples for this effort were the 
same thickness to eliminate any issue about residual stresses being a factor due to machining. 

RESULTS 

Sample fabrication 
Sample fabrication produced very uniform samples with a high quality surface finish. This is 

shown in Figure 4. This figure clearly shows that the sample started as an optical/SEM mounted 
sample. In addition, the resulting surface finish used for this procedure is of typical optical 
quality. 
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a) Macro image of sample b) Micro image of sample finish 
Figure 4. Typical images of samples used for fiber push out testing 

Fiber Push Out - As-Received 

there were only three successful attempts were achieved where the data could be interpreted. 
These successful fiber push out curves are shown in Figure 5. The push out attempts that were 
not successful were due to the punch hitting the CVI Sic  surrounding the fiber indicating that 
alignment of the punch onto the center of the fiber is crucial. For this data set, the average 
interfacial shear stress was determined (via equation above) to be 30.1 MPa (6.1 MPa Standard 
Deviation). This range is within the values published by other authors [7]. 

Several attempts were made to push out the fibers using the nano-indentor (15 attempts) and 

Figure 5. Fiber push out curves performed in the as-received state 

For this effort, only the exposed sample that was extracted at the failure face of a creep 
sample that was tested at 165.6 MPa at 1204°C for 1508 hours was tested. There were 5 
successful fiber push outs out of 13 attempts. These successful fiber push out curves are shown 
in Figure 5. For this data set, the average interfacial shear stress was determined (via equation 
above) to be 17.8 MPa (3.8 MPa Standard Deviation). Again, alignment onto the fiber is key. 
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Figure 6. Fiber push out curves performed in the exposed state 
(1 508 hrs, 165.6 MPa, 1204"C, sample failed) 

Some micrographic examples of fiber push out testing on the exposed sample is shown in 
Figure 7. Figure 7 clearly shoes that the fiber push out is occurring. It is also clear in the images 
that the punch (indentor) is hitting the CVI SIC matrix around the fiber after push out is  
occurring giving rise to the increase in load consistent with Figure 3 [ 5 ]  after the fiber slide. 

a) b) 
Figure 7. Images showing fiber push out occurring 

The full data results for this effort are shown in Table I. A review of the data using statistical 
tools shows that the data i s  two statistically different populations. The interfacial shear stress is 
higher in the as-received state than the exposed state. 
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Table 1. Push Out Fiber Results wit calculated Interfacial Shear Stress 

DISCUSSION 
The as-received interfacial shear stress was determined to be 30.1 MPa. The interfacial shear 

stress has been determined by other authors for the Sylramic Fiber with BN interface coating and 
the value was found to be 10 to 70 MPa depending on the type of bonding resulting for the BN 
and insitu-BN as seen in tensile tests [7]. The value shown here is consistent with the “outside 
debonding” interfacial shear strength reported by others [7] even though this particular set of 
samples has shown “inside debonding” as shown in Figure 8 [ 131. The iBN pulls away from the 
fiber upon failure as shown in Figure 8. 

Figure 8. Fracture face from tensile test showing inside debonding 

The exposed sample shows a decrease in the interfacial shear strength. The interfacial shear 
strength drops from an average of 30.1 MPa to 17.8 MPa. This indicates that the interface is 
being environmentally attacked during the durability test due to a combination of stress and 
environment. This could be due to the BN being oxidized during testing to a species that allows 
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a lower interfacial stress such as B203 or due to wear at the interface [14,15]. This later 
approach can be stated as progressive wear at the interfaces between the fiberkoat and the 
coavmatrix is considered responsible for depreciation of the ability to carry interfacial stresses 
that starts in limited zones and progresses to cover most of the composite. The approach, as 
defined by Reynaud [14,15], can be illustrated by two scenarios as shown in Figure 9: 

1. Increase in the area of hysteresis loops with the number of cycles leading to a decrease in 
ability to carry interfacial shear stress (T) resulting from a local sliding at the fiberkoat or 
coat/matrix interface. 

2. Decrease in the area of hysteresis loops with number of cycles leading to a decrease in 
the ability to carry interfacial shear stress resulting from a global sliding at all the 
interfaces. 

Figure 9. Decrease in interfacial shear stress with mechanical hysteresis following scenario 1 
(right) and scenario 2 (Ieft) 1141 

Cyclic tensile testing was done after exposure durability testing [16]. The as-received and an 
exposed curve (similar time and stress of exposed fiber push out sample) are shown in Figure 10. 
As can be seen from the cyclic tensile tests performed at room temperature: both as received and 
post exposed that the exposed sample has a smaller hysteresis consistent with scenario 2 above. 

a) As-received tensile test b) Post exposure tensile test 
(165.6 MPa, 1204"C, 250 hours) 

Figure 10. Room temperature cyclic tensile tests 
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CONCLUSION 

The as-received interfacial shear strength was determined for the MI SiC/SiC system and was 
found to be 30. I MPa. This was done by using a new sample design that allowed a sample to be 
taken from an optical/SEM mounted sample. This would allow both an optical interrogation of 
the sample prior to any push out testing. (This was not done for this effort due to time 
limitations.) The new sample design allows samples to be made with more control on the final 
sample and can be done using a facility with standard ceramic machining capability. By using a 
combination of a Nano-indentor and the new sample design, there is a path to generate more data 
due to the control given from the sample design (uniform thickness and increased sample size) 
along with the automation that the Nano-indentor provides. 

In addition, the interfacial shear strength was determined after exposure and was determined 
to be 17.8 MPa. This was done for one sample that had been creep tested in air for I508 hours at 
a hold stress of 165.6 MPa. This decrease in interfacial shear strength is consistent with the post 
exposed sample testing that has been done and theory [ 14,151. 

Future work needs to be done on more samples with exposure to determine the rate that the 
interfacial shear strength degrades. In addition, testing needs to be done to confirm the as- 
received value determined here against work of others to resolve if there are any issues between 
materials reported or if it is a material lot effect. This effort should also be expanded to 
additional material systems to confirm that the sample design can be used more widely. In 
addition, to make the data more definitive, the other side of the sample should be reviewed to 
prove conclusively that the fiber was not only pushed in but that is was also pushed out. 

ACKNOWLEDGMENTS 

The Materials & Manufacturing Directorate, Air Force Research Laboratory under contract 
F33615-01 -C-5234 and contract F33615-03-D-2354-DO4 sponsored portions of this work. 
Research work at ORNL was sponsored by the Assistant Secretary for Energy Efficiency and 
Renewable Energy, Office of FreedomCAR and Vehicle Technology Program, as part of the 
High Temperature Materials Laboratory User Program, Oak Ridge National Laboratory managed 
by UT-Battelle, LLC for the U.S. Department of Energy under contract number DE-ACO5- 
OOOR22725 

REFERENCES 

‘Wedell, James K. and Ahluwalia, K.S., “Development of CVI SiCiSiC CFCCs for Industrial 
Applications” 39th International SAMPE Symposium April 1 1- 14, 1994, Anaheim California 
Volume 2 pg. 2326. 
’Brewer, D., Ojard, G. and Gibler, M., “Ceramic Matrix Composite Combustor Liner Rig Test”, 
ASME Turbo Expo 2000, Munich, Germany, May 8-1 1,2000, ASME Paper 2000-GT-0670. 
Calomino, A., and Verrilli, M., “Ceramic Matrix Composite Vane Sub-element Fabrication”, 

ASME Turbo Expo 2004, Vienna, Austria, June 14-17,2004, ASME Paper 2004-53974. 
Chawla, Chapter 5 ,  Page 169 

5Morscher, G N; Yun, H M; DiCarlo, J A; and Ogbuji, L T , “Effect of a Boron Nitride 
Interphase that Debonds between the Interphase and the Matrix in SiC/SiC Composites” 
J.Am.Ceram.Soc. Vol. 87, no. 1, pp. 1 04- 1 12. 2004 

3 

Corrosion, Wear, Fatigue, and Reliability of Ceramics + 73 



Fiber Push Out Testing Before and After Exposure: Results for an MI SiC/SiC Composite 

’Evans. A.G., Zok, F.W. and Mackin, T.J., “The Structural Performance of Ceramic Matrix 
Composites”, in High Temperature Mechanical Behavior of Ceramic Composites, Nair, S.V. 
and Jakus, K. Editors, Butterworth-Heineman, Newton, MA, 1995 
’Morscher, G.N. and Eldridge, J.I.,  “Constituent Effects on the Stress-Strain Behavior of Woven 
Melt-Infiltrated Sic  Composites”, NASA Technical Report No. 20020024450. 
’Cranmer, D.C., “Critical lssues in Elevated Temperature Testing of Ceramic Matrix 
Composites”, in High Temperature Mechanical Behavior of Ceramic Composites, Nair, S.V. 
and Jakus, K. Editors, Butterworth-Heinemann, Newton, MA, 1995) 
“Calomino, A., “Ceramic Matrix Composite (CMC) Materials Characterization” NASA 
Technical Report No. 2005021 4034 

Dependent Response of MI SiCiSiC Composites Part 2: Samples with Holes”, published in the 
p;oceedings of Ceramic Engineering and Science Proceedings, 2007. 

Hurwitz, F.I., Calomino, A.M., McCue, T.R., and Morscher, G.N., “C-Coupon Studies of 
SiC/SiC Composites Part 11: Microstructrual Characterization”, Ceramic Engineering and 
Science Proceedings, Vol. 23, Issue 3,2002, pg 387. 

Dependent Response of MI SiC/SiC Composites Part 1: Standard Samples”pub1ished in the 
proceedings of Ceramic Engineering and Science Proceedings, 2007. 
’Ojard, G., Miller, R., Santhosh, U., Ahmad, J., Gowayed, Y. and John, R., “MI SiC/SiC Part 1 
- Testing Results”, 291h Annual Conference on Composites, Materials and Structures, Cape 
CanaverallCocoa Beach, FL. 2005. 

Reynaud, P., Rouby, D. and Fantozzi, G., “Effects of temperature and of oxidation on the 
interfacial shear stress between fibres and matrix in ceramic-matrix composites”, Acta mater., 

”Reynaud, P., “Cyclic fatigue of ceramic-matrix composites at ambient and elevated 
temperatures”, Composites Science and Technology, vol. 56, pp. 809-814, 1996. 

John, R., “Post Creep/Dwell Fatigue Testing of MI SiC/SiC Composites”, published in the 
proceedings of Ceramic Engineering and Science Proceedings, 2007. 

Y. Gowayed, G. Ojard, J. Chen, R. Miller, U. Santhosh, J. Ahmad and R. John. “Time- 10 

Ojard, G., Gowayed, Y., Chen, J., Santhosh, U., Ahmad J., Miller, R., and John, R., “Time- I2 

I4 

VOI 46, NO. 7, pp 2461-2469, 1998 

Ih . Ojard, G., Calomino, A., Morscher, G., Gowayed, Y., Santhosh, U., Ahmad J . ,  Miller, R. and 

74 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 



NEW CERAMICS SURFACE REINFORCING TREATMENT IJSING A COMBINATION OF 
CRACK-HEALING AND ELECTRON BEAM IRRADIATION 

Wataru Nakao, Youhei Chiba, Kotoji Ando 
Yokohama National University, 
79-5, Tokiwadai, Hodogaya-ku, 
Yokohama, 240-8501, Japan 
Keisuke Iwata, Yoshitake Nishi 
Tokai University 
1 11 7, Kitakaname, 
Hiratsuka, 259-1292, Japan 

ABSTRACT 

irradiation is proposed for structural ceramics. The influence of electron beam irradiation on the 
surface hardness was investigated in the present study. 

temperature oxidation treatment in air at 1573 K for 1 h. Then, the specimens passed through an 
electron beam curtain to homogeneously irradiate the crack-healed specimens. The total dose of 
irradiation was controlled by repeating the procedure. Depth profiles of hardness were measured 
using Vickers indentation with several indented loads. 

healed specimens without electron beam irradiation in the vicinity of the surface. The depth 
influenced by electron beam irradiation was found to be about 2 pm. Irradiation of 0.432 MGy 
caused a 38 % hardness increment to surface of the crack-healed specimens. A similar irradiation 
effect was achieved in non crack-healed specimen. The hardness in the vicinity of the surface 
varied with electron beam irradiation dose and the optimized conditions of electron beam 
irradiation to crack-healed and non crack-healed specimens were determined to be 0.432 MGy 
and 0.216 MGy, respectively. 

New surface reinforcement using a combination of crack-healing and electron beam 

Hot-pressed alumina-30 vol. YO Sic  particles composite was crack-healed, via a high- 

The hardness of the electron beam irradiated specimens increased from that of crack- 

INTRODUCTION 

Surface reinforcements are applied to various mechanical components. One of the typical 
examples is shot peening for the automotive components made of steel. Giving the surface layer 
of the treated components large compressive residual stresses, shot peening' improves fatigue 
strength of the components significantly. Therefore, surface reinforcements play important roles 
to the metallic mechanical components. However, no useful surface treatments have been 
developed for the structural ceramics yet. 

For the surface reinforcements of structural ceramics, it is necessary to control the 
existence of surface cracks, because fracture strengths of ceramics are well known to be too 
sensitive to surface cracks. Moreover, managing the existence of surface cracks can be divided 
between the elimination of cracks introduced before service and the suppression of surface 
cracking during service. 
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One of the effective ways to eliminate surface cracks is crack-healing. Especially, that 
driven by oxidation of Sic  can completely erase all surface cracks by a simple heat treatment. 
Ando et a1.2 reported that a heat treatment at 1573 K for 1 h in air can completely heal a elliptical 
surface crack with surface length = 100 p n ,  which introduced by indentation in alumina 
reinforced by 15 vol.% Sic  particles. Also, Osada et al.3 reported that the numerous surface 
cracks introduced by heavily machining can be completely healed by the same crack-healing 
treatment. 

On the other hand, low energy electron beam irradiation is expected to suppress surface 
cracking. Nishi and co-workers4" reported that the electron beam irradiation improved hardness 
and brittleness of both carbon fiber, CFRP (carbon fiber reinforced polymer) and soda glass, 
because it causes generation or disappearance of the dangling bonds and vacanc . Moreover, the 
treatment was reported to have a clearing effect for misted dental mirror glass7. 'was reported. 
The resistance of surface cracking must be directly related to ideal strength. From Orowan's 
equation, one can understand that the ideal strength of materials is one tenth of elastic modulus. 
Indeed, hardness has proportional relation to elastic modulus. Therefore, the hardening effect by 
low energy electron beam irradiation must enhance the resistance to surface craking. 

In the present study, a hybrid surface reinforcement consisting of crack-healing and low 
energy electron beam irradiation has been proposed. The usehlness of the method was 
investigated from the surface hardness and the fracture strength. 

EXPERIMENTAL 
Sample Preparation and hybrid surface reinforcement 

In the present study, a hot-pressed alumina- 30 vol.% SIC particles composite, which is 
abbreviated as AS30P in this paper, was used. The hot-pressed AS30P was cut into rectangular 
test specimens (Width = 4 mm, Length = 22 mm, Height = 3 mm). The detail of the hot pressing 
is reported elesewhere9. 

The rectangular test specimens were subjected to a hybrid surface reinforcement 
consisting of low energy electron beam irradiation and crack-healing treatment. The test 
specimens were crack-healed at 1573 K for 1 h in air. The heat treatment completely eliminates a 
semi-elliptical pre-crack (surface length = 100 km, aspect ratio = 0.9) introduced in the center of 
the specimen surface. For low energy electron beam irradiation, an electro beam curtain system 
(Type CB175/15/180L, Iwasaki Electric Co. Ltd, Tokyo, Japan) was used. The accelerated 
voltage and the irradiation current were 170 kV and 2.0 mA, respectively. The irradiation 
atmosphere was nitrogen with an oxygen content of less than 400 ppm under atmospheric 
pressure to separate the irradiation chamber from the electron beam generator, which was set 
under a vacuum atmosphere. Passing thorough the generated electron curtain at a rate of 0.16 
d s ,  the test specimens were subjected to homogeneous irradiation. The total irradiation dose, D, 
was varied from 0.216 MGy to 1.73 MGy by repeating the irradiation. The treated specimen is 
called a hybrid surface reinforced specimen in the paper. 

Test Method 

The hardness of the hybrid surface reinforced layer was investigated as a function of 
Vickers indented force, Pv. The value of Pv was varied from 0.490 N to 19.6 N. The diagonal 
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length of Vickers indentation was measured by SEM observation. 3 or 4 indentations were 
introduced for each P v .  

The fracture strength was investigated using a three point bending with a span of 16 mm. 
The maximum tensile stress was applied to the pre-crack in the hybrid surface treated layer. 

In comparison, the same investigations were conducted on the specimens that are 
subjected to the crack-healing alone and the low energy electron beam irradiation alone. These 
specimens were called crack-healed specimens and EB irradiated specimen, respectively. 
Moreover, the same investigations were also conducted on the smooth specimen, wrhich has not 
undergone any surface treatment, i.e. it is an as-polished specimen. 

RESULTS AND DISCUSSIONS 
Surface Hardening Behavior by Low Electron Beam Irradiation 

Figure 1 shows the Vickers hardness, HV. of the hybrid surface reinforced specimen (D = 

0.432 MGy) as a function of the penetration depth of the indenter. Dv. thereby giving a hardness 
depth profile. The closed and open triangles indicate the measured Vickers hardness for the 
hybrid surface reinforced specimens (D = 0.432 MGy) and crack-healed specimens. respectively. 
The points demonstrate the data for each measurement. Moreover, it was found that the 
measured hardness of the crack-healed specimens is independent of the penetration depth. and 
the indented force, Pv.  

As shown in Fig. 1,lo\c energy electron beam irradiation hardened the treated surface 
layer to a indentation penetration depth of about 3 pin. The electron-beam hardening decayed 
significantly with increasing penetration depth. Therefore, the hybrid surface reinforced 
specimen has a large gradient of hardness along the depth direction. However, the enhanced 

\ 
l50 5 

Indentation Penetration Depth, D, (pm] 
Figure 1 Vickers hardness as a fwiction of penetration depth: hybrid surface reinforced 
specimens. with D = 0.432MGy (closed triangle) and crack-healed specimen (open triangle) 
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hardness has a maximum of 30.3 GPa at DV = 1.6 km, corresponding to PV = 0.980 N. The 
maximum hardness corresponded to a value 1.38 times the value of the specimens without the 
low energy electron beam irradiation. 

ofthe hybrid surface reinforced specimens. The maximum hardness increases with the 
irradiation dose increasing below 0.432 MGy, above uchich. it decreases slightly. From the 
results shown in Figs. 1 and 2, low energy electron beam irradiation was found to exhibit the no 
additional effect above a total irradiation dose of 0.432 MGq . 

Figure 2 shows the relation between the irradiation dose. D. and the maximum hardness 

Irradiation dose /MGy 
Figure 2 Maximum hardness of the hybrid surface reinforced specimen (closed triangle) as a 
function of the irradiation dose. with that of crack-healed specimen (open triangle). 

Fracture Strength 

Figure 3 shows the average fracture strengths (the number of measurement = 3)  of the 
hybrid surface reinforced specimens and the EB irradiated specimens as a function of the 
irradiation dose, D, with that of the crack-healed specimen and smooth specimen (n is the 
number of measurement). The hybrid surface treated specimen exhibited higher strength than the 
EB irradiated specimen, because all surface cracks are completely erased by crack-healing. 
Moreover. low enerby electron beam irradiation did not decrease the iinproved fracture strength 
from the crack-healing treatment over the whole irradiation dose. Accordingly, it  is concluded 
that the hardening effect by the low energy electron beam irradiation can superimpose on the 
strengthening effect by crack-healing. 
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L 

. B 

Irradiation dose IMGy 

Figure 3 Fracture strength of the hybrid surface reinforced specimen (closed triangle: n=3) as a 
filnction of the irradiation dose. with that of EB irradiated specimen (closed circle: n=3). 
crack-healed specimen (open triangle: I?= 9) and smooth specimen (open circle: n=4), where n 
is the number of measurement. 

CONCLUSIONS 

A new hybrid surface reinforcement consisting of crack-healing and low enerby electron 
beam irradiation i s  proposed for structural ceramics. The usefulness o f  this treatment was 
investigated in the present study. From the investigation, the following results were derived. 

(1) The hybrid surface reinforcement enhanced the hardness of the treated surface 
layer. The enhanced hardness exhibited large gradient along the depth 
direction. 
The maximum hardness of the hybrid surface treated specimen was 1.38 times 
hardness of the specimen crack-healed alone. 
The hardening effect by the low energy electron beam irradiation can 
superimpose on the strengthening effect by crack-healing, because the hybrid 
surface treated specimen has constant improved strength over the whole 
irradiation dose. 

(2) 

(3) 
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ABSTRACT 
In-.sifu Si,N, reinforced BAS composites are being explored for high-temperature structural 

applications. The main drawback to their use under thermal cycling conditions is the presence of the 
hexacelsian BAS phase, which will cause a volume change around 300°C. Effective additives, like 
Li,O, can promote the polymorphic conversion of hexacelsian to celsian. XRD experiments show that 
in monolithic systems the Li,O-containing celsian can exist at 1650°C; however, in BAS/Si,N, 
composites it transforms into hexacelsian phase at 1600°C. The presence of Si,N, could enhance the 
instability of the Li,O-containing celsian phase above 1590°C. in which the hexacelsian phase becomes 
thermodynamically stable. In this study, the instability mechanism is indirectly verified as the doping 
effect of Si, which is coming from thermal decomposition of SIN,  in the composites. It is well known 
that Si or SiO, is a network former, which could make the chain-like structure of celsian instable and 
enhance the formation of a layered hexacelsian structure. 

INTRODUCTION 
Barium aluminosilicate (BaO.AI203.2Si02, commonly referred to as BAS) is one of the most 

refractory glass-ceramics. For using as high-temperature structural materials, in-situ Si3N4 reinforced 
BAS composites have been explored having advantages of low cost, isotropic material properties and 
ease of manufacturing 

BAS exists primarily in three polymorphic forms: monoclinic celsian (referred to simply as 
celsian), hexagonal (known as hexacelsian) and orthorhombic (known as a-hexacelsian) '. Celsian is 
the stable phase from room temperature to 1590OC '. Above 1 59OoC, it undergoes a transformation to 
hexacelsian, which becomes stable up to 1760°C of the melting p i n t  '. However, hexacelsian always 
metastably exist at temperatures below 1590°C because the crystallization of hexacelsian is more read 
than that of celsian and the reconstructive hexacelsian-to-celsian transformation is extremely sluggish . 
The main drawback of using hexacelsian BAS for thermal cycling applications is that the reversible 
transformation of hexacelsian to orthorhombic polymorph around 300°C causes a -3% volume change 
','. On the other hand, celsian BAS does not undergo any phase transformation up to 159OOC and is a 
desirable polymorph. 

The kinetics of the transformation of hexacelsian to celsian can be promoted by various 
methods, including: prolonged heat treatment at high temperatures but below 1590°C ', adding seed 
crystals to the reaction system I". 'I, using mineralizers 12. I 3  and forming a solid solution with 
SrAlzSi208 14.  The effectiveness of different mineralizers or seeds on the conversion using various 
precursors has been extensively investigated in the past 'O-'J. The main objectives of this study are to 
examine the stability of the Li2O-containing celsian above 1590°C in monolith BAS and to pursue an 
insight into the instability of the LiaO-containing celsian in composite BASISi3N4 system by 
conducting some controlled experiments. 

EXPERIMENTAL PROCEDURE 
Hexacelsian BAS was synthesized according to the procedure reported earlier 16, prefiring 

BaCO3 (Mallinckrodt AR having 99% purity) and SiOz (Nyacol 2034DI colloidal silica having 20 pm 
particle size) at 12OO0C for 4 h to yield BaSi2Oj and then reacting BaSi20~ with A1203 (Baikowski SM- 
8 having 99.99% purity and 0.15 pm particle size) at 1200°C for 4 h to yield hexacelsian BAS. The 

K 
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hexacelsian was then doped with 5 mol% Liz0 (Alfa Aesar's reagent grade) and heated at 1100°C for 4 
h to synthesize celsian BAS. The celsian powder was used for several designed experiments to examine 
the effects on the instability of Li20-containing celsian in the composite BAS/Si3N4 system. 

For composite syntheses, BaCO3, Si02, A1203 and Si3N4 (Hermann Starch LC-12S, 94.5% a- 
Si3N4 and 5.5% P-Si3N4) were weighed in the ratio of 70 vol% Si3N4 and 30 vol% BAS, with or 
without the addition of mineralizers. Billets of the powder mixtures were formed by isostatic pressing 
in an elastomer mold at 138 MPa and sintered in a graphite resistance heated furnace. Sintering 
conditions were 1800'C for 3 h in a 0.1 MPa N2 gas atmosphere with heating and cooling rate of 
5"Clmin. 

by X-ray diffraction (XRD) 
employing Cu Ka radiation. The XRD patterns were recorded at room temperature using a step scan 
procedure (0.02' 201step. count time 0.5 s). Microstructural analysis was performed using scanning 
electron microscopy (SEM). 

RESULTS AND DISCUSSION 

Phases present in a sample after heat-treated were identified 

Synthesis of Li2O-Containing Celsian BAS 
X-ray diffraction patterns in Figure 1. demonstrate the effect of starting materials on the celsian 

formation with or without the additive Li20. Figure ](a) shows that the conversion into celsian from 
pre-synthesized haxacelsian powder without Li20 is completed when heated at 153OOC for 50 h. 
However, the same heat treatment but reaction originating from the raw materials, BaCO3, A1203 and 
amorphous Si02 powders, results in a very different pattern of x-ray diffraction in which the primary 
phase is hexacelsian with insignificant amounts of BaAI2O4 and celsian phases, as shown in Figure I(b). 
The slow kinetics of hexacelsian formation via the reaction between BaA1204 and Si02, reported by 
Planz and Muller-Hesse ", and Lee and Aswath16, could be responsible for the residual BaA1204 phase 
in the sample, even after heat treatment at 1530°C for 50 h. However, it is surprising that the formed 
hexacelsian only undergoes very little conversion into celsian at temperatures as high as 1530'C for 50 
h, implying the presence of BaAl204 affects the hexacelsian-to-celsian transformation in BAS. 

The other pair of x-ray diffraction patterns shown in Figure I(c) and (d) also indicates that the 
use of a pre-synthesized hexacelsian as a starting material could enhance the kinetics of the 
polymorphic conversion. With the doping of 5 mol% Li20, the formation of celsian from hexacelsian 
powder was accomplished at the temperature as low as 900°C for 4 h (Figure I(c)). The role of Li' on 
the kinetics of the phase conversion from hexacelsian to celsian BAS has been reported by many 
authors '9-22.However, when a mixture of BaCO3, ,41203 ,  Si02 and Liz0 powders in a designed ratio 
was used as a starting material and heated at 1050°C for 4 h, the formation of celsian results with the 
presence of an appreciable amount of hexacelsian and some unknown phases, shown in Figure I(d). 
The unknown peaks may correspond to some intermediate phase produced from Liz0 and the other 
constituents in the sample. 

The Effectiveness of Mineralizers on the Celsian Formation in the 30% BAS-70% Si3N4 Composites 
While in the last paragraph, the formations of celsian BAS are from solid-sate mixtures with or 

without additive Li20, in this paragraph the crystallizations of BAS are from liquid-state mixtures of 
Si3N4 and BAS containing different additives. Some works in BAS/Si3N4 composites have shown 
that at 1800°C P-SijN4 whiskers can be grown in-situ from a-Si3N4 in the presence of liquid BAS, 
implying that the liquid phase of BAS has adequate wet ability and solubility with the Si3N4 starting 
particles. The liquid BAS phase is essential to ensure the progress of the transformation of a-Si3N4 to 
P-Si3N4. In previous studies, the methods to crystallize celsian BAS from an amorphous phase include: 
doping mineralizers like Liz0 and NaF, forming a solid solution with SrAl2Si208, and adding a seed 

82 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 



Effect of Si3N4 on the Instability of Li,O-Containing Celsian in the BAS/Si3N4 Composites 

like Zr02. Therefore, four additives of Li20, NaF, SrF2 and Zr02 are selected to study their 
effectiveness on the in-situ crystallization of celsian. 

transformation of a- to P-Si3N4 is achieved and that the melt of BAS re-crystallizes as hexacelsian 
phase after cooling below the melting point of 1760°C at a rate of 5"C/min. No celsian phase is 
detected in the 30% BAS-70% Si3N4 composites with or without the addition of mineralizers. The 
evaporation of Lit and Na' during liquid-phase sintering at 180OOC could be responsible for the lack of 
celsian formation. However, SrF2 and ZrO2 are expected to be still present in the sintered composites 
because ZrO2 is a refractory phase having a melting point of 2700°C and a significant amount of SrF2 
left in the sintered sample, as shown in Fig. 2(d). Two possib 
mineralizers in promoting the celsian formation in the 30% BAS-70% Si3N4 composites: celsian might 
become instable at temperatures above 1590°C and then transform back to hexacelsian; Si3N4 or N2 
atmosphere might play a role on the transformation of celsian to hexacelsian. A serial of controlled 
experiments was designed and conducted as follows to figure them out. 

The Meta-Stability of Li2O-Containing Celsian at Temperatures above 1590°C 
Lin and Foster ' indicated that above 1590"C, celsian would undergo a transformation to 

hexacelsian and the formed hexacelsian could metastably exist at temperatures below 1590°C. X-ray 
diffraction patterns in Figure 3. show the pure celsian phase without containing Liz0 would convert to 
hexacelsian after heated at 1650°C. For 1 h at 1650°C, there is a lot of hexacelsian transformed from 
celsian (Figure 3(a)) and the conversion is almost completed for 3 h at 1650OC (Figure 3(b)). 

Fig. 4(a) shows the pure celsian BAS was made from the mixture of hexacelsian and 5 mol% 
Liz0 heated at 1100°C for 4h. The Li20-containing celsian was then heated at 1650°C for 1 h, a 
temperature where celsian BAS becomes unstable '. As shown in Fig. 4(b), there is no reaction 
happened, implying that the additive Li t0  not only could promote the celsian formation from 
hexacelsian BAS below 159OoC, but could also stabilize the structure of celsian above 1590°C. 

Comparison of Fig. 4(c) with 4(b) indicates that Si3N4 might play an important role in 
enhancing the instability of the Li2O-containing celsian at temperatures above 1590°C. As shown in 
Fig. 4(c), when mixed with 70 vol% Si3N4 and heated at 1600°C for 1 h in a N2 atmosphere, the Li20- 
containing celsian almost completely transform to hexacelsian. Apparently, the presence of Si3N4 
makes the formation of LizO-containing celsian suppressed, but how does it work? It can be found that 
after heated at 1600°C for 4 h, the compact of the Li2O-containing celsian and 70 vol% Si3N4 will lose 
1 1.034% in weight. The mass loss is due to the vaporization from pyrolysis of Si3N4. Krishnarao et. al. 

synthesized composite powders of MoSi2 and S i c  by reacting mixture powders of Mo-Si02-C and 
Mo-Si3Nd-C, respectively, at 1300°C. They identified the formation mechanism of MoSi2 as the Si02 
vapor in the Mo-SiOl-C system and Si vapor from thermal decomposition of Si3N4 in the Mo-Si3N4-C 
system reacting with Mo particle and forming bulk silicides 23. Their experimental results indicate that 
using Si3N4 as a preform of reactant Si to produce MoSi2 is similar to using Si02. In order to 
investigate the effect of Si vapor from Si3N4 on promoting the instability of the Li2O-containing celsian 
at temperatures above 1590°C, the effect of SiO2 is studied as follows. 

Effect of Si02 on the Instability of Li2O-Containing Celsian 

4(c) and earlier studies ' 
metastable phase below 1590°C. In this study, it is assumed that the dopant Si, produced from Si3N4, is 
responsible for the suppression effect of Si3N4 and the effectiveness of Si doped into BAS system is 
equivalent to that of Si02 23. Controlled experiments are conducted to study the amount effect of Si02 
and the temperature effect of the Si02 doping, as shown in Fig. 5 .  

As shown in Fig. 2, XRD patterns of five batched samples all indicate that a complete 

es could account for the inefficiency of 

When BAS is used as a matrix in Si3Nd-bearing composites, it has been shown in Fig. 2, Fig. 
22 that the formation of celsian is suppressed and hexacelsian exists as a 
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LizO-containg celsian powders doped with 5 mol% or 10 mol% of SiOl are respectively heated 
at 1600°C and 1650'C for 4 hr in atmospheres of NZ gas or ambient stagnant air. The XRD experiments 
show the results in stagnant air (figures not shown) are same as those in Nz atmosphere (Fig. 5). 
indicating that there is  no effect of Nz gas on the promoting instability of celsian. As shown in Fig. 5(a) 
and 5(b), when heated at 16OO0C, LilO-containg celsian with the presence of SiOz of 5 mot% or 10 
mol% still persistently exists. In Fig. 5(c) and 5(d), it is shown that the threshold temperature of the 
celsian-to-hexacelsian transformation is 1650°C and the extent of transformation is increasing with the 
doping amount of SiOz. It is well known that Si or SiOz is a network former, which could make the 
crankshaft-like chain structure of the (AI,Si)01 tetrahedra in celsian instable and promote the layer 
structure of the (A1,Si)Ol tetrahedra in hexacelsian formed. Comparison of 10 mol% of SiOz doped in 
Fig. 5(d) with 70 vol% of SilN4 added in Fig. 4(c), insufficient doping amount for need could be 
explained the reason why the transformation is incomplete in Fig. 5(d). 

In Figure 6., SEM micrograph shows the Li2O-containing celsian mixed with 70 vol% SilN4 has 
liquid phases presented after heated at temperatures above 1500°C for 4 h in a N2 atmosphere. The 
containing of Liz0 in BAS could lower its melting temperature by about 260°C. 

Figure 1. X-ray diffraction patterns show the effect of starting materials on the celsian formation with 
or without doping with Li20. (a) Complete celsian fonned from hexacelsian powder heated at 1530°C 
for 50h; (b) Insignificant amount ofcelsian formed from a mixture ofBaCO3, A1203 and SiOz powders 
heated at 1530°C for 50h; (c) Complete celsian foniied from hexacelsian powder with the presence of 5 
mol% Liz0 heated at 900°C for 4h; (d) Incomplete celsian formed from a mixture of BaCO?, A1203 and 
Si02 powders with 5 mol% Liz0 heated at lO5O0C for 4h. (H) represents peaks from hexacelsian BAS, 
unmarked peaks and (C) celsian BAS, (B) BaA120~ and (?) unidentified phase. 
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Figure 2. X-ray diffraction patterns o f  five 3ovo1v0 BAS-70 vol% SilNd composites heated at 1800°C 
for 3 h: (a) without addithe, (b) with 5 mol% Li20, (c) hith 10 mol% NaF, (d) Hith 50 mol% SrF2 and 
(e) with 10 mol% ZrOz. (B) represents P-SiJN, peaks. (H) hevacelsian BAS peaks and (S) SrF2 peaks. 

Figure 3 X-ray diffraction patterns show the instability of celsian without containing L i z 0  when heated 
at 165OOC. Pure clesian heated (a) at 1650°C for 1 h and (b) at 1650°C for 3 h. (H): hevacelsian BAS 
peaks. unmarked peaks and (C): celsian BAS peaks 
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-- 28 
Figure 4. X-ray diffraction patterns show the effect of Si3NA on instability of the LilO-containing 
celsian. (a) Hexacelsian + 5 iiiol% Liz0 + pure celsian, at 1 100°C for 4 h (b) LizO-containing celsian 
+ no reaction. at 1650°C for 1 h; (c) LizO-containing celsian + 70 vol% SilNl + hexacelsian, at 
16OOOC for I h. (A): (Y-SiJNI peaks, (H): hexacelsian BAS peaks and unmarked: celsian BAS peaks 

Figure 5. X-ray diffractioii patterns show the effect of SiO2 on instability of the LizO-containing celsian 
heated for 4 h in Nl. (a) LizO-containing celsian + 5 mol% SiOl + no reaction. at 1600°C; (b) LizO- 
containing celsian + 10 mol% SiO2 + no reaction, at 1600°C: (c) Li2O-containing celsian + 5 mol% 
Si02 celsian + hexacelsian (a little), at 1650°C; (b) Li2O-containing celsian + 10 mol% SiO2 + 
celsian + hexacelsian (a major phase), at 1650°C. 

86 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 



Effect of Si,N, on the Instability of Li,O-Containing Celsian in the BAS/Si3N, Composites 

Figure 6. SEM micrograph of the LilO-containing celsian mixed with 70 vol% SiJN4 and heated at (a) 
1400°C for 4 h, (b)l5OO0C for 4h and (c)1600°C for 4h in a Nl atmosphere. 

SUMMARY 
1. When in-sitzr 70 vol% SijN, reinforced BAS composites are synthesized, the formation of celsian is 

suppressed, even respectively with the effective mineralizers of Li20. NaF. SrFz and ZrOz. and 
hexacelsian exists as a metastable phase below 1590°C. 

2. The XRD experiments show that in monolithic system the LiZO-containing celsian can persistent 
exist at 1650°C: however, in BAS/SijNJ composite it transforms into hexacelsian phase at 1600°C. 
It is found that the presence of SilNl could enhance the instability of the LizO-containing celsian 
above 1 59O0C, in which the hexacelsian is a stable phase in thermodynamics. 

3. LilO-containing celsian powders added with 5 or 10 mol% of SiOl and then heated at temperatures 
above 1600°C would become instable and transform into hexacelsian phase. 

4. The instability mechanism of the LizO-containing celsian in BAS/SijN, composite possibly is the 
doping effect of Si. which is coming from thermal decomposition of SiiN, in the composites. 

5. The celsian BAS containing Liz0 would resist the transformation to hexacelsian at temperatures 
above 1590°C and would lower the melt point at about 1500°C. much lower than 1760°C of the 
celsian BAS without containing LiaO. 
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ABSTRACT 
In order to assess the usefulness of the indentation fracture (IF) method as a quick 

screening tool for bearing grade silicon nitrides (Si3N4), rolling-contact fatigue (RCF) 
performance was compared with both hardness and fracture resistance obtained by the IF 
technique using five Si,N.+ ceramics with different microstructures. The RCF performance was 
evaluated by a ball-on-flat method with the load being increased in a stepwise manner. 
Attempts to correlate the fatigue properties directly with the hardness and fracture resistance 
were unsuccessful. 
mechanical properties when a lateral-crack chipping model was applied as the material removal 
process which limited the RCF life of the samples. However, the correlation was lost when the 
fracture toughness obtained by the single-edge precracked beam (SEPB) method was employed, 
indicating that the conventional long-crack toughness is inappropriate for analyzing the RCF 
performance of Si3N4 exhibiting a rising R-curve behavior. It was found that the IF method was 
suitable to rank the RCF performance by using the lateral-crack chipping model. 

INTRODUCTION 
Silicon nitride (Si3N4) ceramics have been successfully applied as ball bearings, and are 

now manufactured and used widely since they possess superior wear resistance and advantages 
such as light weight, high strength and toughness, good corrosion resistance and a low thermal 
expansion coefficient.' For such applications, evaluation of rolling-contact fatigue (RCF) 
performance is necessary. However, the RCF tests are not suitable means to discriminate 
among many bearing-quality Si3N4 which have been supplied in the market since they usually 
need long periods of time, - 20 days, depending on the loading conditions, etc.2 Thus, a 
simple properties-based screening method is needed. 

the relation between the RCF performance and mechanical properties such as hardness and/or 
indentation fracture resistance can be revealed, a rough estimation of the former from the latter 
would become possible, which would be a convenient method for quick screening purposes since 
the indentation fracture (IF) technique is a quick and simple m e t h ~ d . ~  However, there have 
been a only few studies on the relation between the RCF performance and both hardness and 
toughness. 
and ranked them with respect to their measured RCF h e x 2  By comparing the ranking with 
such properties as elastic modulus, hardness and toughness, he found a tendency that harder 
material exhibited better performance with a few exceptions, while the direct correlation between 
the RCF performance and fracture toughness was poor. By contrast, Xu et al. have shown that 

A good correlation was obtained between the RCF performance and both 

The fatigue properties are likely to correlate with the tolerance for localized damage. If 

Burrier examined the RCF performance of 1 1 candidate monolithic silicon nitrides 
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S%!lplG 
Sintering Method 

Average Grain 
Diameter (pin) 

a function of the hardness and the indentation fracture resistance. which was derived from a 
lateral-crack chipping model: was essential in analyzing abrasive machining behavior of silicon 
nitride since it corresponds to the microfracture processes.' Thus, it is reasonable to infer that 
the function of the hardness and indentation fracture resistance may be a useful indicator for the 
RCF performance of SijN4 as well. 

In this study. silicon nitrides with various microstructures from fine and uniform to 
coarse have been prepared and their RCF performances were measured using a ball-on-flat 
method in lubricant oil. The obtained results were compared directly with the hardness and 
fracture resistance determined by the indentation fkacture (IF) method, as well as fracture 
toughness from the SEPB method. The ability of the function of both hardness and fracture 
toughness to rank the RCF performance was discussed in conjunction with their R-curve 
behavior, etc. 

A DI C2 F G 
HIP HIP PLS PLS HI? 

0.33 0.27 0.77 0.59 0.35 

EXPERIMENTAL PROCEDURE 
Materials 

in this study. One was prepared by the authors using small amounts of sintering additives 
(material G)' and four materials were obtained from commercial sources. Materials A and D1 
were SilN4 for ball bearings and materials C2 and F were SijN4 for other aplications. Materials 
A and D1 were hot-isostatically pressed and material G was hot-pressed. Materials C2 and F 
were pressure-less sintered. The machined samples were polished and plasma etched in CF4 gas 
before microstructural observation by scanning electron microscopy (SEM). Figure 1 shows 
microstructures of the F and G samples. It can be found that the F sample contained some 
coarse grains. whereas the grains of G sample were much smaller than that of F sample and the 
niicrostructure was more uniform. Samples A and D1 showed similar fine and uniform 
microstructures to that of the G sample. which was confirmed quantitatively by the average grain 
diameters listed in Table 1. The microstructure of C2 sample resembled to that of the F sample. 

Five kinds of Si3NJ ceramics (listed in Table I )  with different microstructures were used 

Figure 1. SEM micrographs of the samples F and G .  
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Characterization of Toughness and Hardness 
Vickers indentations were made on the polished surface with loads of 49,98, 196,294 

and 490 N to vary the crack size over a broad range. The lengths of the impression diagonals, 
2a, and sizes of surface cracks, 2c, were measured with a traveling microscope immediately after 
the unloading. The fracture resistance, KR, was determined from the Miyoshi’s equation as 
follows:7 

KK=O .O 1 8( EIHv) ‘ I 2  P c - ~ ’ ~  (1) 

where E is Young’s modulus and HV is the Vickers hardness. P is the indentation load and c is 
the half-length of as-indented surface crack length. 

For fracture toughness, KIc,  measurement, rectangular specimens (4 mm in width x 3mm 
in breadth x -40 mm in length) were machined from each sintered sample. The SEPB test was 
performed according to Japanese industrial standard (JIS) R 1607 with a pop-in crack depth of 
about 2 mm.’ 

Fatigue Test 

schematic test configuration is shown in figure 2. Three Si3N4 balls which were made of 
material A were set on the Si3N4 sample plate. The balls were rotated by the main spindle at the 
speed of 1800 rpm in the lubricant oil, of which viscosity is IS0  VG68, with the load being 
applied from bottom to up. Failure (surface peeling or spall) of the specimens was detected by 
an accelerometer mounted on the loading arm. Three to five specimens were tested for each 
sample. In these tests, the load was increased in a stepwise manner, 1,  2.5,4, 5.5 kN to shorten 
the testing time. 

In order to compare the results from the stepwise method with those from the 
conventional constant load method, the mean effective load, P,, was calculated as follows. 

The rolling-contact fatigue (RCF) tests were conducted by the ball-on-flat method. The 

The number of contact for each step was lo6. 

where P, is the load in N. ni is the rotation speed in rpm and t ,  is the testing time in minutes. 
Subscript i indicates the ith step, It is likely that the tolerance to rolling-contact fatigue is 
expressed well by the P, times the number of contacts, N, since the degree of damage 
accumulated during the test inevitably depends not only on the load but also on the number of 
contacts. N.  Thus, the value of NP, was used to evaluate the RCF performance in this study. 
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Sample 

Figure 2.  Schematic illustration of the ball-on-flat test method for the evaluation of the rolling 
contact fatigue performance. 

A 1 D1 c 2  F I G 

RESULTS 

five Si3N4 ceramics. 
among those samples, which was attributable to the small volume fraction of intergranular phase 
that is softer than pure Si3N4. By contrast, the fracture toughness for the G sample was lowest. 
which can be also explained by the small volume fraction of sintering additives as follows. The 
small volume fraction of intergranular phase in the G sample is expected to result in a rigid 
bonding between the grains which suppress crack bridging, whereas the bonding between grains 
in other samples should be weaker than that for the G sample since a sufficient amount of 
intergranular phase is present to allow for crack bridging to occur more frequently. leading to the 
higher fracture toughness. The Young’s modulus and hardness of ball bearing grade samples 
(A. D1) were higher than those for other applications (C2, F). C2 sample showed the lowest 
Young’s modulus and hardness, which may be due to the presence of a small volume fraction of 
pores. 
coarse and elongated microstructure 9.10 Sample C2 had the second lowest Ki, despite its coarse 
microstructure, which may be attributable to the amount and kinds of additives, as well as the 
presence ofa  small volume fraction of pores. 

Table 11 summarizes mechanical property data measured by the present authors for the 
The Young’s modulus, E and hardness. HV of G sample were highest 

The fracture toughness of F sample was the highest, which can be explained by its 

Young’s modulus 

Vicker‘s Hardness 
(GPa) 

(GPa)* 

305 309 2 89 295 315 

15.7k0.2 12.4k0.2 13.8k0.2 16.6k0.2 15. 1ko.2 

h) (MPam 
Fracture tou rhness 5.6i0.1 5.910.2 5.2*0.2 6.4i0.2 4.5zk0.1 

Uncertainties are one standard deviation. 

The ratio of as- indented crack length to the characteristic dimensions of the “plastic” 
impression. cln, was larger than 2 in the range of the indentation load investigated for all samples, 
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confirming that the cracks in this study were median-radial cracks.""' Thus, equation (1) can 
be used for assessing the fracture resistance. The fracture resistances determined from the as- 
indented crack lengths are shown in figure 3 as a function of the indentation load. The fmcture 
resistances of the CZ and G samples were almost the sanie and showed little dependence on the 
indentation load. 
evident than that for C 2  and G samples. indicating the presence of rising R-curve behavior for 
these materials. The D1 samples showed the highest fracture resistance among those samples. 
although its fracture toughness was the second highest as shown in table 11. As compared with 
the fracture toughness measured by the SEPB method, the discrepancy between Kl, and KK was 
largest for sample F. which is due to the significant rising R-curve behavior caused by its coarse 
and elongated microstructure." 

evaluated by the parameter NP,  which was determined from the mean effective load, P, in kN 
times the number of contacts, N in millions. 
grade) showed superior AF', values than those of other samples. Material C2 showed the 
smallest value, which was easily expected from both lowest Young's modulus and hardness, HV 
values. 

The relations between the fatigue performance and both HV and Klc are presented in 
figures 5 and 6, respectively. In figure 5 ,  there seems to be an increasing tendency of NP,, with 
an increase in,hardness, but the correlation was not so good as displayed by the correlation 
coefficient. Ru in the figure. The correlation was even worse when the NPm was plotted against 
the fracture toughness obtained by the SEPB method (figure 6) .  
found when the fracture resistances at various indentation loads were used as X axis in figure 6. 
It is apparent from those results that finding simple liner relations between the fati ue property 
and both K R  and Hv was difficult, which was consistent with the report by Burrier. 

DISCUSSTON 
The mechanism of material removal in abrasive machining of brittle ceramics has been 

well documented by Evans and Marshall who developed the lateral-crack chipping model.' 
They demonstrated that material removal rate, AV caused by a passage of each grinding particle 
is related to the peak nomial penetration forces, Fn, Vicker's hardness and fracture resistance as 

In the case of the A and F samples, the increase in KR with the load was more 

Figure 4 shows the results of rolling-contact fatigue tests. The fatigue property was 

It is obvious that material A and D1 (bearing 

No correlations were also 

8 

follows.4 

In this study, there were no grinding particles which were used in their model. However, it is 
reasonable to expect that a large piece of Si3NJ debris may be produced from the wear of the 
SijN4 ball or substrate. which may act as a sharp indenter. If this is the case, the model is likely 
to be applicable to this study. Although it is observed that Hertzian cone-crack initiation and 
propagation resulted in large volume material renioval under cyclic contact loading,13 the 
quantitative relationship between the RCF performance and mechanical properties has not been 
established. For convenience' sake, Evans and Marshall's model was employed to correlate 
RCF properties with the hardness and fracture resistance. It should be noted that a speculative 
assumption was made that the probability of the generation of such a large piece of Si3NJ debris 
\*as equal for all the samples in applying the model to our case. The peak normal force. Fn, can 
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Figure 3. Fracture resistance determined by 
the IF method at various indentation loads. 
The size of almost all the error bars (i 1 
standard deviation) was similar to the size of 
the symbols. millions. 

Figure 4. Results of the rolling contact fatigue 
test expressed by the parameter NP, which 
was calculated from the mean effective load 
in kN times the number of contacts in 
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Figure 5.  NP, versus Vicker’s hardness 
obtained at a load of 98 N. Error bars are* 1 
standard deviation. 

Figure 6. NP,  versus fracture toughness 
determined by the SEPB method. Error bars 
a r e  1 standard deviation. 
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be replaced by the mean effective load, P,. Providing that the failure of the bearing system was 
detected when a certain amount of volume was removed, AV times the loading time or the 
number of contacts, N ,  should be constant regardless of the material used. Then, the next 
equation is obtained. 

In this study, NRt9 was approximated as N. In figure 7, NP, is plotted against K I ~ ' ~ H V ~ ' ~ .  The 
data point of F sample clearly deviated from the best-fit line in figure 7, which caused the low 
correlation coefficient, R2. By contrast, a good correlation was obtained when the fracture 
resistance, KR, obtained by the IF method at the load of 98 N was applied instead of KlC (figure 8). 
When figure 7 is compared with figure 8, the degree of shift in X axis for F sample was much 
larger than those of other samples. The large shift in X axis for F sample was originated from 
the discrepancy between the values of KI, and KR, which can be explained by the steep rising R- 
curve behavior for this sample. It is clear that the K1, obtained at long crack length is 
inappropriate to analyze the fatigue performance with this model. By contrast, K R  obtained by 
the IF method at low load was preferable to correlate the fatigue properties with HV and KR. 
The crack depth of indentation at 98 N ranged between 130 - 150 pm, which was significantly 
smaller than that of SEPB, -2 mm. The depth of spalls observed in the fracture surfaces of the 
damaged samples after the test was in the order of - 100 pm. It can be inferred that the size of 
cracks which might cause the spalls in damaged samples must be much closer to the depth of 
crack for the IF test at 98 N than that of SEPB. Therefore, the superiority of KR from IF to KiC 
from SEPB is reasonable in the analysis of the localized damage. 

It seems that the rolling-contact fatigue life in this study was governed by the lateral 
fracture mechanism. However, the direct evidence of lateral cracks, which were induced by an 
indenter, could not be observed around the damaged portion of the samples. Some of the 
fracture origins of the damaged samples were peelings which had depths on the order of several 
pm. In this case, the lateral-crack chipping model was difficult to apply since the peeling was 
apparently caused by the grain dropping. Furthermore, the assumption of the equal probability 
of generation of a large piece of debris which acts as a sharp indenter was doubtful. This may 
be the reason why the best-fit line in figure 8 did not intercept the origin. The exponents for 
hardness and fracture resistance for the microfracture process may be different from those for the 
lateral crack chipping model in equation 3. Therefore, a new model for material removal in 
rolling contact fatigue life test is needed. 

CONCLUSION 
The present study investigated the effect of both the fracture resistance and hardness on 

the rolling contact fatigue (RCF) property. The RCF properties did not show the direct relation 
to the hardness as well as the fracture resistance. An indentation fracture model for material 
removal process in the rolling contact fatigue test was used to correlate the fatigue performance 
with fracture resistance and hardness of the materials. An agreement was obtained between the 
experimental results and the indentation model only when the fracture resistance associated with 
short cracks was used. This suggested that the conventional long-crack toughness was 
inappropriate for analyzing the rolling contact fatigue of Si3N4 exhibiting a rising R-curve 
behavior. From these results, it was concluded that the IF method was beneficial for ranking the 
RCF performance of silicon nitrides. 
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ABSTRACT 

Fretting fatigue appears in the contact zone between two components which are exposed to 
cyclic loading and where relative movement occurs even if the motion happens with very 
small stroke amplitudes in the range of few micrometers. In machined components of 
equipment, forces are offen transmitted by form-fming connections. During loading at least 
microsliding in the interfaces of such connections appears. In the contact zone a combination 
of normal- and shear stresses arise from the superposition of stresses resulting from Hertzian 
stresses and shearing due to the relative motion of the surfaces. In many cases this complex 
multi-axial loading environment determines the lifetime of the components. 
Fretting fatigue of engineering ceramics has yet to be investigated sufficiently. Therefore, a 
new test rig to investigate fretting fatigue using four point bending specimens made of 
engineering ceramics was designed and built within the Collaborative Research Center 483: 
"High performance sliding and friction systems based on advanced ceramics" funded by the 
Deutsche Forschungsgemeinschaft (DFG). This test rig generates fretting fatigue loading 
through the superposition of cyclic four point bending and local friction loading. The friction 
loading is achieved by the relative motion of a well-defined fretting pad which is pressed on 
the surface of the four point bending specimen and moved by an electrodynamic actuator. 
The fretting pad oscillates on the specimen surface under tensile stress. 
The results of the experiments illustrate the influence of different parameters of the fretting 
fatigue loading on the lifetime behavior of alumina and silicon nitride and the surface damage 
introduced by fretting fatigue. 

INTRODUCTION 

Fretting fatigue occurs if mechanical base load is superimposed with tribological loading. In 
the contact zone sliding friction may appear because of many different reasons. Fretting 
fatigue arises according to the following criteria [I]: 

contact between the fretting fatigue bodies 
= relative movement between base body and antibody 
3 cyclic mechanical loading which is able to induce fatigue 

Though, fretting fatigue can even occur if the contact bodies only show different elastic 
material characteristics. This circumstance is exemplified in [2] by Hills and Nowell. In the 
field of aerospace numerous studies deal with fretting fatigue [2] - [12]. Special attention is 
given to the joint between blade and disk of a turbine, e.g. [13]. In these studies there is a 
focus on the material Ti-6AI-4V. A better understanding of the damaging processes induced 
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by fretting fatigue contributes to an improved reliability and because of this a reduction of 
costs through more precise life-time predictions can be reached. 

STATE OF TECHNOLOGY 

Fretting fatigue of engineering ceramics is a research area that has not been investigated 
sufficiently so far, whereas for metallic materials many research reports and a relatively good 
database exist (e.9. [Z]). Silicon nitride (Si3Nd) is the only engineering ceramic material that 
was investigated under fretting fatigue conditions. Most of the papers related to this material 
are publicized Y. Mutoh et al. and M. Okane et al. [14]-[15]. An elementary publication with 
regard to the different procedures for the investigation of fretting fatigue have been 
assembled by R. B. Waterhouse [16]. In addition there are a number of publications dealing 
with the phenomenon of fretting fatigue in common. But these ones have a strong focus on 
metallic material. Many different models and methods to investigate fretting fatigue are 
described, giving a good survey of the actual state of research and technology on this issue. 
An example where fretting fatigue is responsible for the development of damage is rolling of 
wires and bands. Here an oscillating relative movement between the forming rollers and the 
rolled material occurs. This is described e.g. in [17]. Figure 1 illustrates the rolling procedure 
and conditions in the contact zone schematically. In the following a rotating point of the 
surface of one of the rollers is considered. In this point cyclic loading arises due to rotation 
and the plastic deformation of the wire. Hence, the loading in this point is a combination of 
Hertzian stresses superposed by a complex tribological shear loading. 

Figure 1: Conditions in the contact zone during rolling of wires 

In the contact area an advance zone and a lag zone are differentiated which develop in front 
of and after the neutral point respectively. By reason of the different thicknesses of the wire 
and the resulting different velocities between wire and rollers in the contact zone, friction 
forces and relative movements in driving direction and opposite to the driving direction exist. 

Herefrom and because of the different elastic properties between the wire and the rollers and 
the shearing strain aroused by the extrusion process a fretting fatigue exposure of the rollers 
is the result. This exposure is able to initate viable fretting fatigue cracks which can lead to 
failure of the rollers. 
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BASIC CHARACTERIZATION 

Many efforts to determine the mechanical characteristics of different ceramic materials have 
been made. Within the framework of the collaborative research centre 483 supported by the 
DFG ceramic material like alumina, silicon nitride, silicon carbide and sialon have been 
investigated all-embracing [19, 22, 231. This means that there is a very good database on 
which the fretting fatigue experiments are built up. The results of the four-point-bending tests 
are the basis for the determination of the fretting fatigue influence on the life-time of cyclic 
stressed ceramic assemblies [I 8, 201. In practice the four-point-bending test for determination 
of the mechanic strength characteristic of engineerin ceramics has been established [19]. 
Here a specimen with the shape of a bar (3x4~45 mm ) IS loaded either dynamical or cyclical. 
Applying four-point-bending a constant bending moment arises in a relatively large area of 
the specimen. Isothermal material testing experiments have been carried out at room 
temperature and at high temperatures up to 900 "C. It is evident that cyclic loaded ceramics 
with glass phases on the grain boundaries are tending to show fatigue effects. 

MATERIAL AND EXPERIMENTAL METHODS 

Two different ceramic materials - alumina and silicon nitride - have been tested. The tested 
alumina material was produced by FRIATEC (Mannheim, Germany) with the quality F99,7. 
The material shows a low percentage of glass phase less than 0.3 mass percent. Fatigue 
tests have shown that this material exhibits a distinct cyclic fatigue effect in spite of the 
marginal content of glass phase. 

The other tested material is silicon nitride type SL 200 from CERAMTEC (Plochingen, 
Germany). The material has a high resistance against thermal shock and a relatively high 
fracture toughness of about 4.9 MPa m"2. The material contains about 12 ma.-% glass phase 
between the grains. Examinations according to the fatigue behaviour have shown that cyclic 
fatigue effects appear at this material. 

To realize the experiments existing four-point-bending test rigs were modified. The 
dimensions of the base load rig are appropriate to DIN 843-1 [19] as shown in Figure 2. So, 
the results of the fretting fatigue experiments can be compared with the results of the four- 
point-bending tests without any fretting loading from [18, 20, 22,231. 

To put fretting fatigue loading into practice a fretting pad is placed on the failure critical 
tension loaded surface of the bending specimen using a spring to reach a defined contact 
force. The oscillating movement of the fretting pad is realized by an electrodynamic actuator 
system that transfuses the friction forces via a system of levers. This actuator enables very 
small stroke amplitudes of the fretting pad less than 50 pm. The contact pressing force and 
the friction force are measured by load cells. The four-point-bending base load is generated 
by an electrodynamic testing machine with a loading appropriate to DIN-EN standard 843-1 

f .  

1191. 
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Figure 2: fretting fatigue test rig 

RESULTS 

First test series to check the residual strength of the specimens were carried out at room 
temperature in environmental atmosphere. The results introduced in [18, 20, 22, 231 serve as 
a benchmark for the fretting fatigue experiments with alumina and silicon nitride specimens. 
In these tests the specimens were clamped in the four-point bending rig without a cyclic four- 
point-bending base load in order to lock the specimens into position. Only the fretting pad 
oscillates on the surface of the specimens. This testing procedure was chosen to resolve the 
influence of the “fretting notch” aroused by the movement of the fretting pad and resulting 
from wear processes. Scanning electron microscope examinations at silicon nitride 
specimens have shown that damage develops on the fretted surface after a short period of 
time. Figure 3 shows the surface after 500 cycles of fretting. The arrows indicate the moving 
direction of the fretting pad. 

Figure 3: Surface after 500 cycles, pmax= 900 MPa: sa= 100pm; f= 40Hz 
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The fretted surface appears rougher than the surrounding grinded surface of the specimen. 
First cracks are observed on the ground of the fretting notch. The cracks are growing with 
increasing duration of the experiment and small plates on the surface are quarried out. Figure 
4 shows different crack patterns after 100,000 cycles of fretting. It can be seen clearly that 
there are areas where the cracks are orientated perpendicular to the moving direction of the 
fretting pad (Figure 4a). Other areas where plates are removed show the structure of the 
silicon nitride material. The major course of the crack at the fracture surface is intergranular 
(Figure 4b). 

Figure 4: Surface after 100,000 cycles, Pmax= 900 MPa; Sa= 100pm; f= 40Hz 

With scanning electron microscope examinations alumina specimens have shown that 
disruption on the fretted surface appears after a short period of time, too. Figure 5 shows the 
surface after 1,000 cycles of fretting. The damage has another appearance than with silicon 
nitride specimens. Here severeal cracks appear on the surface which are orientated 
perpendicular to the moving direction of the fretting pad. The white arrows are showing the 
moving direction of the fretting pad. 

Figure 5: Surface after 1,000 cycles, pmax= 2911 MPa; se= 100,um; f= 40Hz 

The cracks grow with increasing duration of the experiment and coalescence to a crack 
network. Figure 6 shows that after 5,000 cycles the fretting induced crack network can 
already be seen clearly. Further examinations will have to show in which depth the crack 
network has grown. 
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Figure 7: Residual strength of silicon nitride 

In Figure 8 the results of the residual strength of tests with alumina specimens are illustrated. 
These experiments have shown that the static-fretting stressed specimens have - 
independent of the number of fretting cycles - virtually the same inert strength as non-fretted 
specimens. 
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Figure 8: Residual strength of alumina 

An analysis of the location from which rupture emanates has shown that some specimens 
were not fractured in the area of the fretting-notch but at macroscopical undamaged 
locations. 
Then Wtjhler diagrams at a stress ratio of R = 0.5 were created. Fretting fatigue test series 
were compared with a test series under four-point-bending without fretting conditions running 
at the same temperature and stress ratio conditions. To realize the fretting fatigue loading as 
fretting pad a ball was pressed against the surface of the specimens with a constant contact 
force. 

In the test series carried out with silicon nitride the contact force was kept constant at FN = 
1 ON. The fretting pad was made of silicon nitride, too.The diameter of the ball varied between 
5 and 15 mm, which corresponds to maximum H ertzian stresses in the contact area of pmar 
= 2,053 MPa and 987 MPa respectively. The testing frequency of the cyclic base load as well 
as of the oscillatory movement of the fretting pad was 40 Hz. The stroke amplitude of the 
fretting pad was chosen at sa = 100 pm. This W6hler diagram is shown in Figure 9. 

-& 4-point-bending 
characteristic strength (weibull) A A  A A A  D 

A M A A 4-point-bending 
M A -@-fretting fatigue p,= 987 MPa 

characteristic strength (weibull) 
o fretting fatigue pmx= 987 MPa 

-#-fretting fatigue p,,= 2053 MPa 

characteristic strength (weibull) 
0 fretting fatigue p,,= 2053 MPa 

300 IJ 
1 o3 10' 10' 1 0' 10' 

Figure 9: Woehler diagram for silicon nitride specimens 
N, 

Corrosion, Wear, Fatigue, and Reliability of Ceramics * 107 



Fretting Fatigue of Engineering Ceramics 

The plotted characteristic numbers of cycles to fracture were determined by the Weibull 
method [21]. Each point represents a test series of ten specimens. In the diagram it can be 
seen clearly that fretting fatigue leads to a distinct deterioration of the specimen strength and 
life time. The higher the maximum Hertzian stresses the clearer the decline of the strength 
and life time is. 

Figure 10 shows the results of the fretting fatigue tests with alumina specimens. Two different 
test series were carried out under variation of the contact force. The diameter of the fretting 
pad was kept constant at 5 mm. As stress ratio again R = 0.5 was chosen and the fretting 
pad was made of alumina. The testing frequency for the cyclic base load as well as for the 
oscillatory movement of the fretting pad was 40 Hz. The fretting pad was pressed against the 
surface of the specimens with a contact force of FN = 10 N and FN = 20 N which corresponds 
to maximum Hertzian stresses of 2311 MPa and 2912 MPa respectively. The stroke 
amplitude of the fretting pad was chosen at sa= 100 pm. 
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0 fretting fatigue p,,,= 231 1 MPa 
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Figure 10: Woehler diagram for alumina specimens 

In Figure 10 the number of fracture cycles and the characteristic number of fracture cycles for 
the respective test series is plotted against the maximum principal stress on the tensile 
loaded side of the specimens. The characteristic number of fracture cycles was determined 
by the method developed by Weibull [21]. In the Woehler diagram it can be seen clearly that 
fretting fatigue leads to a distinct deterioration of the life time. The higher the maximum 
stresses the clearer the decline of life time is. At FN = 10 N (pmax = 231 1 MPa) the life time 
decreases at a maximum base load of bR,max = 210 MPa for about 80%, at FN = 20 N (p,,, = 
2912 MPa) the life time decreases for about 91% compared to to life time under the same 
maximum base loading. 

CONCLUSIONS AND PERSPECTIVE 

Tests in order to prove the residual strength after a number of fretting cycles have shown that 
pure fretting loading generates damage of the surface of the specimens that is reflected in a 
lower residual strength at silicon nitride but not at alumina specimens. The superposition of 
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cyclic four-point-bending and the oscillating movement of the fretting pad have shown that 
fretting fatigue is able to reduce fatigue strength and life time of ceramic specimens 
extensively. The experiments have shown that silicon nitride is more sensitive to fretting 
fatigue than alumina. There is a reduction in lifetime with alumina but a remarkable reduction 
of strength and lifetime with silicon nitride specimens under fretting conditions. Increasing 
maximum Hertzian stresses produce an increasing damage of the specimens resulting in 
lower fatigue strength and a shortened life time at both tested ceramics. Hence, lifetime 
reduction conditional on fretting fatigue has to be considered for dimensioning. 
For further examinations the distribution of the cracks on the surface and in the depth of the 
specimens has to be analyzed. Experiments according to isothermal high-temperature 
exposure up to 900" C during fretting fatigue tests are in progress. 
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ABSTRACT 
An oxide-oxide CMC with no interface, Nexte1720TM/alumina, was investigated under 

tension-tension fatigue condition at three frequencies (1, 100 and 900 Hz) to characterize the 
effects of cyclic frequency at room temperature. Cycles to failure at a stress level increased 
considerably with increase of the cyclic frequency from 100 to 900 Hz, but not much between 1 
and 100 Hz. Local fibedmatrix interfacial bonding due to the frictional heating at the highest 
frequency of 900 Hz was observed during cycling. This may have caused an increase in the 
fatigue lifektrength of the tested CMC system at the highest frequency of 900 Hz. 

INTRODUCTION 
Gas turbine engine community is exploring oxide/oxide and other class of ceramic matrix 

composites (CMCs) for their possible applications14. Since CMCs in these applications could be 
subjected to cyclic loading condition, their fatigue behavior need to be characterized. Fatigue 
behavior is influenced by the cyclic frequency besides many other factors/parameters. Fatigue 
behavior could become complex in CMCs relative to homogeneous materials due to the presence 
of fibedmatrix interface. Therefore the effects of high frequency on the fatigue behavior 
oxide/oxide CMCs is needed especially if these are employed in gas turbine engines. This study 
is focused in this direction and it involved the laboratory room temperature environment only. 

MATERIAL 
The oxideloxide CMC studied was manufactured by COI Ceramics (San Diego, CA). 

The fibers were Nextel 720 fibers (3M) in an SHSW, O"190" woven layers, with a density of 
-2.78 g/cm3. Nexte1720TM fiber is a meta-stable mullite having the chemical composition: A1203 
of 85% (by weight) and SiOz of 15% (by weight). This mullite fabric preform was infiltrated 
with the matrix precursor of alumina by a sol-gel process. Nexte1720rM/alumina CMC was made 
by "vacuum bag" drying under low pressure and low temperature, and then followed by 
pressureless sintering technique. Fiber volume fraction was about 44%. Matrix porosity was 
about 24%, and such porosity level renders the matrix sufficiently weak and gives the composite 
excellent damage tolerance. 

SPECIMEN 
The CMC plate was cut into dog bone shaped specimens using a water jet. Test specimens 

for fatigue test had thickness, width and gage length of 2.8, 10.2, 30 mm, respectively, and total 
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length of 150 mm for 1 Hz tests, and 2.8, 6.4, 20 mm for 100 and 900 H z  tests with total length 
of 64 mm. Fiberglass tabs were attached in the grip portion of each specimen to prevent the 
sliding of specimen. 

TEST PROCEDURES 

All tests were conducted at room temperature in air under ambient laboratory condition. 
Three cyclic frequencies were used; 1 ,  100 and 900 Hz. Fatigue tests were run at 1 Hz for 
maximum of lo" cycles, and at 100 and 900 H z  for maximum of 10' cycles, if specimen did not 
fail. These were the run-out limit of fatigue tests in this study. Fatigue tests at 1 Hz were 
conducted on a standard servo-hydraulic test machine. Fatigue tests at 100 and 900 Hz were 
conducted on a servo-hydraulic high frequency fatigue test machine (25 kN, 1000 Hz High- 
Cycle/Frequency Fatigue Test System, MTS Corp.). All fatigue tests were run under the load 
control mode with a stress ratio (minimum load/maximum load) of 0.05. Strains were not 
measured during fatigue test due to vibration and stability of extensometer at cyclic frequency of 
100 Hz or higher. The temperature increase on the surface of specimens during the fatigue test 
was measured using an infrared (IR) camera. Fracture surfaces of failed specimens were gold 
coated and examined using a Scanning Electron Microscope (SEM). 

RESULTS AND DISCUSSIONS 

Fatigue 
The S-N curves (i.e. the applied maximum stress versus cycles to failure relationships) of 

the tested Nexte1720TM/alumina CMC for three different frequencies of 1, 100 and 900 H z  are 
shown in Figure I .  The average ultimate tensile strength (UTS) is also shown in this figure. This 
clearly shows that cyclic frequency has effect on the fatigue response. The fatigue life at a stress 
level increased with increase in the cyclic frequency from 1 Hz to 900 Hz. For example, cycles 
to failure at 1, 100 and 900 Hz were about 600, 6,000 and greater than 1x10' at the applied 
maximum stress of 120 MPa, respectively. Further, it is to be noted that the slope of these S-N 
relationships is decreasing with increase in the cyclic frequency from 1 H z  to 100 Hz. In other 
words, the effect of frequency is diminishing at higher stress levels, and it is almost negligible at 
stress levels greater than -130 MPa between 1 Hz and 100 Hz. On the other hand, the fatigue 
strength at lo7 cycles at 100 and 900 Hz are about 105 and 125 MPa, respectively. Overall, 
results in Figure 1 indicate that cycles to failure increased with increasing cyclic frequency 
relatively much more from 100 to 900 Hz, but not much between 1 and 100 Hz. 
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FiLue 1. S-N relationships at three frequencies of 1, 100, and 900 Hz 

There was increase in temperature on the specimens' surface during fatigue. Increase in 
surface temperature of specimens tested at 1 and 100 Hz was about 5°C during the fatigue test. 
However. surface temperature of specimens tested at 900 Hz increased with accumulating 
fatigue cycles. and this increase was more than 70°C before its failure. In general, temperature 
increase in CMCs during fatigue is attributed to the internal friction caused by the relative 
motion between constituents o f  the composite. Since the frictional heating i n  the composite 
having weak interface is generally dependent on the matrix crack density, and the number and 
length of debonded fiberhatrix interfaces, therefore. the temperature evolution suggest that the 
tested system had similar damage state and its progression during cycling at two lower 
frequencies of 1 and 100 Hz while it was different at the highest frequency of 900 Hz. 

DAMAGE MECHANISMS 
Microphotographs of fractured surfaces at the low,est and highest frequencies of this study, 

i.e. 1 and 900 Hz are compared in Figure 2. There was practically no difference in the damage 
mechanisms between I and 100 Hz. and hence 100 Hz case is not shown for the sake of brevity. 
There were difkrences on the fracture surface. which can be attributed to test frequency effects. 
Fracture surface in the matrix region of specimen tested at the frequency of 1 Hz showed only a 
few large matrix cracks and debris. while its counterpart at the frequency of 900 Hz showed 
relathely more amount of smaller matrix cracks and debris, Figures 2(a) and (h). On the other 
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Figure 2. Microphotographs of NextelT"720/alumina CMCs at two frequencies: (a) matrix region 
at 1 Hz, (b) matrix region at 900 Hz. (c) interface between fiber and matrix at 1 Hz, and (d) 
interface between fiber and matrix at 900 Hz, (e) surface of fibers at 1 Hz and (e) surface of 

fibers at 900 Hz 

hand, Figures 2(c) and (d) show the close up of fibedmatrix interfacial region from specimens 
tested at 1 and 900 Hz, respectively. This region in a specimen tested at low frequency of 1 Hz 
was relatively smoother that easily separated during fatigue test, and i t  is a typical feature of 
weak fibedrnatrix interface. On the other hand, its counterpart at high frequency of 900 Hz 
showed quite rough region showing locally bonded fibedrnatrix interface. This suggests that 
there was relatively more bonding strength at higher frequency o f  900 Hz than at lower 
frequencies tests of 1 and 100 Hz. This bonding between matrix and fiber must have developed 
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during cycling at the higher frequency of 900 Hz. This is also evident on the fibers which were 
separated from the matrix as shown in Figures 2(e) and (0. Fibers from specimen tested at the 
lower frequencies of 1 and 100 Hz had relatively smooth surface and they were separated 
individually in clean manner. while their counterparts at 900 Hz were relatively rough with 
attached matrix debris. 

One possible explanation for these aforementioned differences between low (1 and 100 Hz) 
and high (900 Hz) frequencies is that there was lot more internal sliding and friction between 
fiber and matrix in the case of highest frequency, which was evident from the surface 
temperature measurements. This probably generated much higher temperature in the material 
especially in the sliding contact regions, such as in the fibedmatrix interface. This intense local 
increase in temperature possibly caused some interfacial reaction in the fibedmatrix interfacial 
region which resulted in the local interfacial bonding during the cycling. 

CONCLUSION 
Fatigue life of Nexte1720TM/alumina increased considerably at the highest loading frequency 

(900 Hz) while there was relatively less increase in the fatigue life with increasing cyclic 
frequency between 1 and 100 Hz at lower stress levels and practically none at higher stress levels 
(i.e. greater than 130 MPa). There was no difference in the failure and damage mechanisms with 
increase of frequency between 1 and 100 Hz. However, there was a strengthening of fiberlmatrix 
interfacial bonding due to frictional heating at the highest frequency of 900 Hz. This interfacial 
strengthening phenomenon was most probably the cause of increase in the fatigue lifektrength of 
the tested CMC system at the highest frequency of 900 Hz. 
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Abstract 
Aluminum - Boron Carbide (AIBC) composites represent a family of light weight materials for 
which the composition and properties can be tailored to the requirements of specific applications. 
Some of these applications require the ability to operate at temperatures higher than those 
considered feasible for A1 metal and alloys. For these applications AlBC composites have been 
developed which have high strength above the melting point of aluminum due to the strongly 
interconnected multiphase ceramic network [ 11. The interconnected network of hard BdC-based 
ceramic phases should make AlBC an attractive material for friction and wear applications. 
However, evaluating the friction & wear properties for AlBC composites is often difficult, 
because it requires fabrication of large, often complex full-size test parts. In this paper we 
investigate the capability of a small-scale test system to simulate the friction & wear conditions 
of a full size test system, specifically for automotive brakes. 

Two types of AlBC composites were studied: GEN3 had higher toughness & lower 
hardnesdstiffness; GEN4 had higher hardnesslstiffness, but lower toughness [2]. The friction 
and fade behavior of the two compositions was evaluated versus cast iron, and showed that 
GEN4 had high and stable friction performance up to 750°C. In addition, the experiments 
provided valuable information regarding tribology and fracture behavior of AlBC materials 
under the aggressive thermal and mechanical stresses of the disc brake environment. 

1.0 Introduction 
1.1 AlBC Muterial Background 

Aluminum Boron Carbide composites (AIBC) represent a family of light weight materials where 
multi-phase compositions are produced by reacting boron carbide (B4C) ceramics with liquid 
aluminum [2-41. These composites are characterized by very attractive room temperature 
properties, such as high hardness (1400- 1600 kdmm2), high Young’s modulus (320-360 GPa), 
high strength (500 MPa) and excellent wear resistance [5]. Many applications, such as 
automotive disc brake systems, that could benefit from light weight materials also require high 
temperature stability. It is well known [6] that boron carbide itself oxidizes readily above 600°C 
forming volatile B201. However, it has also been reported that the addition of Al and Si dopants 
improve the oxidation resistance of boron carbide, enabling the material to better retain strength 
at higher temperatures [7]. AlBC contains both aluminum and small amounts of silicon. In 
contrast, however, to hot pressed boron carbide, AlBC composite is a complex, multiphase 
material which contains the reaction products of B4C and AI: AIB2, AIB& and A134BC. These 
phases, plus residual B4C and Al determine the rate of surface oxidation and subsequent high 
temperature properties of AlBC composite. The change in the chemistry and microstructure, due 
to the oxidation, should have a direct effect on the surface region of an AlBC material, and as a 
result should play a major role in determining the frictiodwear properties of an AlBC wear 
surface at typical operating temperatures of high performance automotive disc brake systems. 
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1.2 High Performance Brake Auulication 

Ceramic-based materials are of interest for automotive high performance brake discs due to their 
light weight, high wear resistance and high temperature stability compared to conventional cast 
iron and steel. Carbon-SiC composites are reported to deliver outstanding braking performance 
including shorter stopping distance and little or no fade, or decrease in friction coefficient with 
increasing rotor temperature [8]. Temperatures at the brake disc surface can reach 800°C or 
higher under extreme braking conditions and candidate rotor materials must be able to maintain 
friction performance and dimensional stability under these conditions. 

Automotive disc brake companies typically test new materials and designs using full-scale 
rotors on dynamometers. Standard tests such as SAE 52522 and IS0 NWI 2560 are used to 
evaluate friction performance under a wide range of drivingistopping conditions. Full-scale 
dyno testing is preferred due to the influence of thermal mass and design features such as internal 
vent geometry on cooling and friction performance. However, for early-stage evaluation of new 
disc materials, such as ceramic matrix composites, the full-scale dyno tests are expensive and 
time consuming due to the difficulty in designing and fabricating full-size rotors. While material 
properties such as modulus, toughness and strength in the temperature range of interest can give 
some indication of a material’s potential applicability, they do not adequately predict rotor 
material performance due to the complex and changing conditions at the friction interface during 
braking. A desirable material screening test would utilize relatively simple specimen geometries 
for the disc and pad materials, and would also simulate realistic speed and pressure conditions at 
the friction interface. 

Several custom brake disc tests have been developed and reported for the purpose of material 
screening [9-111. Most of these either do not simulate the true brake environment well, 
particularly the high temperature at the friction interface, or require relatively large andor 
complex test part geometries. A more recently developed system by Kermc, et. al. at the Center 
for Tribology and Technical Diagnostics, University of Ljubljana, addresses these issues [ 121. 
This system is able to simulate the temperature & friction conditions typically observed during 
brake testing on full size dynamometers, but utilizes a small size, simplified test geometry for 
friction test samples. 

The purpose of this paper is to evaluate the capabilities of this small-scale test system in 
simulating the full-scale dynamometer test environment, summarize the evaluation of two 
different compositions of AlBC composite (GEN3 and GEN4) as potential disc brake friction 
surfaces and to understand the changes in (1) material properties (toughness, modulus, strength), 
(2) frictiodwear properties, and (3) surface compositiodchemistry under simulated disc brake 
operating conditions of high temperature & high friction. 

2. Experimental Procedures 
2.1 Raw materials and uurt ureuaration 

A blended composition of ESK F1500 and F1200 grade powders was used in this work. The ESK 
F1500 grade powder had a 1.24 wt% oxygen and 20.75 wt% carbon content. The main impurities 
were 750 ppm of Fe, 460 ppm of Si, 210 ppm of Ti, 200 ppm of Ca and 90 ppm of Zn. The 
average particle size (d50) was -1 pm with a surface area of 13.6 m2/g. The ESK F1200 grade 
powder contained 1.4 wt% oxygen and 2 I .2 1 wt% of carbon. The main impurities were 450 ppm 
of Ca, 270 ppm of Si, 165 ppm of Fe, 80 ppm of Mg and 65 ppm of Ti. The average particle size 
(d5o) was -1.7 pm with a surface area of 6.9 m2/g. Porous B4C preforms made utilizing these two 
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Component 

Cr 
Al 

grades of ESK powders were infiltrated with 6061 grade aluminum alloy with the composition 
shown in Table I. 

The AlBC GEN3 and GEN4 composites were made by slip casting using a 35 to 40 vol% 
slurry containing a blend of 50% ESK F1500 and 50% ESK Fl2OO powders. The ESK powders 
were washed in methanol and dried under nitrogen prior to use in slurry formulation, in order to 
remove boron oxide (B203) known to degrade dispersability of B4C powders in water [13] 
(subsequent surface re-oxidation during slurry preparation and drying was relatively low). 

Wt. % Component Wt. YO Component Wt. % 

0.04 - 0.35 Mn Max 0.15 Ti Max 0.15 
95.8 - 98.6 Mg 0.8 - 1.2 Si 0.4 - 0.8 

cu I 0.15-0.4 1 Other, each 1 Max0.05 I Zn I Max0.25 
Fe I Max0.7 I Other, total I Max0.15 I 

Once fully dispersed to the desired vol% loading, slurries were poured into 2 liter bottles 
containing B4C milling media, and rolled for a minimum of 48 hours prior to use for casting 
parts. Prior to casting, slurries were filtered, then degassed under vacuum. After casting in a 
mold on a plaster block, porous B4C parts (of varying sizes, from -3 inches by 3 inches by 0.5 
inch up to 13” diameter rings) were allowed to slowly dry over a period of 2-3 days. Drying 
behavior was controlled by using Plexiglas covers on the casting molds, and also enclosing the 
entire plaster casting block in a plastic bag when the ambient humidity was low. When 
adequately dried, parts were removed from the plaster block and placed in a nitrogen-purged 
drying oven at 45°C for a minimum of 24 hours. 

After the parts were fully dried, they were heat treated above 1000°C in a furnace under an 
Ar/5% H2 atmosphere with a residence time at heat treat temperature of 1-2 hours. After heat 
treatment, the infiltration furnace was loaded with the porous B4C parts, with the appropriate 
amount of aluminum 6061 alloy ingot placed in contact with each individual part. The furnace 
was evacuated to 1 torr, backfilled with Ar gas, and then pumped to high vacuum ( 1  0-4 torr) for 
the aluminum infiltration h a c e  run. The residence time at infiltration temperature was 
typically 1 hour. After infiltration, the GEN3 composition was post heat-treated in an air furnace 
at 800°C for several hours to obtain the GEN4 composition. 

2.2 Material Proverties 

The analyses to obtain composition and physical properties of the AlBC GEN3 and GEN4 
compositions were reported previously [2]. Results of the analyses of these two compositions 
are shown in Table 11. 

2.3 Small-scale friction testing 
The sample geometry for the small-scale disc is shown in Figure 1. The sample outer diameter 
was 60 mm, with inner diameter of 30 mm and thickness of 9mm. The sample had three circular 
notches in the inner diameter for locating on the drive shaft. Cast iron reference disc samples 
were machined from commercially available cast iron brake rotors. 

The brake pad samples were 16mm X 8 mm with a 0.2mm thermocouple hole drilled 
partially through the center. The brake pad samples were fabricated from commercially available 
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semi-metallic (Wilwood Polymatrix 71 12E) brake pads. Two pad samples were used for each 
disc sample, as shown in Figure 2. 

TABLE 11. Summary of Properties for AlBC Compositions GEN3 and GEN4*. 

*Note that these two compositions of AlBC were previously designated as “B/C” and “C/D” in 
an earlier study [2]. 

2.4 Test Equipment 
The small-scale friction test set-up at the University of Ljubljana was used for testing the AlBC 
and cast iron samples. Details of the test, including temperature measurement and dimensions of 
the pad and disc samples can be found in [12]. Figure 2 shows a disc sample mounted in the 
rotating spindle and the mating pad samples. The temperature close to the friction surface was 
measured using a thermocouple placed into a hole drilled into the pad samples, with 
approximately 0.5 mm of pad material remaining between the thermocouple and friction surface. 
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Figure I .  Small-scale friction test specimen 

a b 

Figure 2. Small-scale friction test apparatus: (a) mounted disc sample aRer testing. 
(b) mounted brake pads after testing 

2.5 Test Procedures 
Constant Load Test Procedure 
For the constant load test, the brake pad samples were pressed at a constant load against the disc 
which was rotating at a constant velocity, for a period of 100 seconds. The pads were then 
pulled off the disc surface, the disc rotation stopped, and the disc temperature cooled to 50°C. 
The 100 second constant braking cycle was repeated 5 - 6 times for each combination of disc 
speed and pad pressure. Friction surface temperature and friction coefficient were recorded 
throughout the testing procedure. Results from this test were recorded as average friction 
coefficient from the last 4 - 5 braking cycles, since the first 1 or 2 braking cycles typically 
showed low friction coefficient as a result of only partial contact of the pad samples with the disc 
surface. After one or two braking cycles, the pad samples are worn enough to give full contact 
of the pads on the disc. An  example of the results from six cycles of the constant load test for a 
cast iron reference sample is shown in Figure 3. 
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Procedure for Temoerature Steo Test 
The temperature step-test allows for a more gradual increase in temperature at the friction 
interface, while still measuring friction coefficient vs. temperature. [ 141 For this test, the pad 
samples were pressed against the rotating disc sample at constant pressure and disc velocity, and 
the braking time was controlled by a preset temperature limit. Using this method, the 
temperature at the friction surface was gradually increased to 700 C in 100 increments, and the 
results were recorded as average friction coefficient for 10 cycles at each temperature increment. 

Figure 3. Pad temperature and coefficient of friction for cast iron as a function of test time. 
Test velocity was 6.0 m/s and pressure was 0.39 MPa. 

3.0 Results and Discussion 
3. I Friction/fade 

The friction coefficient results for cast iron and AlBC GEN3 using the constant load test 
procedure are shown in Figures 4 and 5 respectively. Both the cast iron and AlBC GEN3 show 
typical fade, or decrease i n  friction coefficient, as the severity of braking conditions, or 
temperature at the interface increases. The maximum temperature measured at the interface with 
cast iron was 800°C at the highest pressure and highest speed condition ( I .  17 MPa, 14.64 m/s). 

Figure 4. Results from constant 
load test for cast iron. 

Figure 5 .  Results from constant load 
test for AlBC GEN3. 
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At this condition, the friction coefficient measured was 0.3. For AlBC GEN3, the highest 
temperature measured at the interface was 65OoC, also at the high speed, high pressure condition. 
Under these conditions, the friction coeficient of GEN3 was the same as cast iron, or 0.3. 

Compared to cast iron, the GEN3 AlBC showed significantly more degradation and wear 
under the high speedpressure conditions. Above about 650°C, the residual aluminum in GEN3 
began to melt and ooze from the disc surface, causing accelerated wear. Figure 6 describes in 
further detail the observations that were made for GEN3 samples under high temperature test 
conditions. 

Figure 6. Observations for AlBC GEN3 friction test disc 
under high temperature test conditions. 

The friction coefficient results for AlBC GEN4 using the temperature step test procedure are 
shown in Figures 7 and 8 for two different pressureispeed conditions. In both samples, the 
friction coefficient remained stable, at about 0.6, up to 700°C. This is in contrast with the cast 
iron and AlBC GEN3 samples which both showed decreasing friction coefficient with increasing 

Figure 7. Results from step-test for AlBC Figure 8. Results from step-test for AlBC 
GEN4 at 1.17MPa, 6.0 d s .  GEN4 at I.17MPa. 14.6 m/s. 
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temperature, and it is consistent with what is reported in the literature for C-Sic [12]. The AlBC 
GEN4 samples fractured during the step-test, but were held together with a clamp in order to 
complete the test. 

3.2 Analvsis of' friction siirface/niicrost~uct~r~ 
Compared to cast iron, the AlBC GEN3 showed significantly more degradation and wear under 
high speed/pressure conditions. Figure 6 describes the observations that were made for AlBC 
GEN3 samples under high temperature test conditions, and Figure 9 shows the wear track in 
AlBC GEN3 sample that reached 650°C at the friction surface. Figure 10 shows 5x and 40x 

Figure 9. Wear track in AlBC GEN3 friction test disc aAer high temperature load test. 

micrographs of the polished AlBC GEN3 sample cross-section taken through the wear track, 
which shows the porosity which remained aAer melting and migration of the residual aluminum 
to the surface (see transfer layer in 40x image). Note the high degree of porosity, as shown in 
the micrographs. This highly porous microstructure explains the gouged appearance and 
significant wear of the AlBC GEN3 disc. 

Figure 10. Electron micrographs of polished AlBC GEN3 sample cross- 
section taken through the wear track. 
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Figure 1 1 shows a micrograph of a polished cross-section through the wear track of an AlBC 
GEN4 sample. The figure shows a transfer layer of pad material (visible in the 40x and lOOx 
images) that has been deposited on the wear surface. Underneath the pad transfer layer. the 
GEN4 material shows no significant surface degradation of the AlBC microstructure. 

Figure 1 1 .  Electron micrographs at 5x, 40x and lOOx magnification of polished cross-section 
through the wear track of AlBC GEN4. The darker grey regions at 1 OOx 
are B4C; lighter grey regions at 1 OOx are A13BC. 

Similar to the GEN3 test samples, the GEN4 material does exhibit porosity, but the porosity is 
much sparser, with the majority of the material (dense ceramic composite) remaining intact. The 
darker grey areas in the lOOx micrograph are unreacted B4C and the lighter grey areas 
surrounding the BAC are the reaction phase AIIBC. The grains that remain in the center of the 
porous region near the wear surface in the l0Ox micrograph are also unreacted B4C. 

3.3 Profi1ometr-y Analwis ofAlBC GEN4 friction srirfuce 
Due to the extreme wear and gouging of the AIBC GEN3 sample, only the ALBC GEN4 wear 
surface was analyzed using scanning profilometry. The results for the AlBC GEN4 sample are 
shown in Figure 12. Over the -8 mm wear area, three of the four scans from different locations 
show that the marks observed on the disc surface are generally material that has been added to 
the surface, standing a few hundred microns high. Few gouges reach all the way to the ALBC 
substrate or below. The fourth scan (lower right) does show scouring into the ALBC substrate 
to a depth of  - 200 microns. 

3.3 Backscatter Electron IBSE) Imazinp of AlBC GEN4 friction surface 
The backscatter electron images obtained from a -500 micron wide segment of the wear track of 
the AlBC GEN4 disc sample are shown in Figure 13. Note the variations in image brightness in 
image 13a are due to differences in elemental composition of the surface, which we believe is 
primarily from surface deposition of different pad materials I% metal (Fe, Al) oxides. The 
variation in topography shown in the secondary image is also likely due to surface deposition of 
pad material observed on the leA hand side of the image. 
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Figure 12. Profilometry scans of wear track of AlBC GEN4 sample after friction testing. 
A11 scans are from the outer edge of the wear zone to the inner edge. 

a (composition) b (toPograPIlY) 

Figure 13. Primary (a) and Secondary (b) Backscatter Electron (BSE) Images of wear track 
in AlBC GEN4 disc sample after friction/wear test. 

Electron-Dispersive Scattering (EDS) spectra obtained from several regions across the wear 
track indicated the presence of iron oxides, aluminum (metal and oxide) and zinc (metal and 
oxide). A typical EDS spectrum from the AlBC GEN4 wear surface is  shown in Figure 14. 
Note that there is no obvious contrast in the image that defines the region containing oxidized 
iron and aluminmi. 
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Figure 14. Electron Dispersive Scattering (EDS) spectrum obtained from a region of a BSE 
image of the wear track in AlBC GEN4 disc sample after friction/wear test. 

3.4 Conclusions 
The frictionlfade performance of AlBC GEN3 and CEN4 materials was assessed using the 
small-scale friction test system developed by Prof. Kalin at the University of Ljubljana, Slovenia, 
yielding the following conclusions: 

1. Cast iron showed decreasing friction Coefficient with increasing surface temperature, 
which is consistent with published results, and represents typical “fade”. 

2. AlBC GEN4 showed high and stable friction coefficient up to about 700°C with little or 
no visible wear. This is similar to results published for C-Sic, which is currently being 
used in high-performance brake rotors. The GEN4 samples fractured when the disc 
temperature exceeded about 350°C, so a clamping device was used in order to complete 
testing. 

3. AlBC GEN3 showed a decrease in friction coefficient with increasing surface 
temperature, or typical fade. GEN3 showed rapid wear above the melting point of 
aluminum (about 6OO0C), as molten aluminum oozed from the disc surface. 

The results from testing of GEN3 and GEN4 materials indicated that neither was suitable for the 
brake application. The testing did show that the small-scale friction test system developed by 
Prof. Kalin at the University of Ljubljana is capable of simulating the frictiodwear environment 
of a full-size dynamometer test system. 
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CREEP OF SILICON NITRIDE OBSERVED IN SITU WITH NEUTRON DIFFRACTION 

G. A. Swift*.** 
Department of Materials Science, California Institute of Technology 
Pasadena CA 9 1 125 

ABSTRACT 
The microstructure of GS-44 silicon nitride during high temperature creep was observed in situ 

with neutron diffraction. Using the SMARTS diffractometer at the Los Alamos Neutron Science 
Center, constant stress tensile creep studies were performed on GS-44 at 1200°C. Observed diffraction 
spectra from the longitudinal detector banks demonstrated a unique microstructural effect in the lattice 
parameter for those grains aligned with the applied stress. The a and c lattice parameters fork, with the 
a parameter increasing and the c parameter decreasing. In accord with mathematical models, the 
forking seeks to preserve a constant volume of the unit cell averaged over the observed grains. The 
lattice parameter forking is more pronounced at higher applied stress. The creep exponent was 3.18, 
higher than literature values due to the experimental conditions. A creep model for in sirweinforced 
Si3N4 was able to match the steady state creep rate data, but required an empirical relation of the 
applied stress to do so. 

INTRODUCTION 
Silicon nitride (Si,N4), when densified properly, can achieve an in-sifu reinforced (ISR) 

microstructure, as with GS-44 (Honeywell Ceramic Components, Torrance, CA). This reinforcement 
is accorded to the acicular grain structure generated by the processing conditions, e.g., hot pressing or 
gas-pressure sintering. Such Si,N4 typically exhibits improved mechanical properties as a result of this 
microstructure, and thus is referred to as in situ-reinforced, or ISR [l]. Improvements to creep 
resistance are believed to be caused by grain rearrangement and interlocking of the elongated grains in 
the microstructure or by a solution-precipitation process; regardless of the creep mechanism. the creep 
experienced depends heavily on the grain boundary phase behavior [23. Present knowledge is unclear 
as to the exact mechanism that dominates the creep process, primarily due to a lack of in-situ test 
methods. The steady state creep rate has traditionally been modeled using the Norton equation: 

* ADGb b 
&=- - 

kT ( d r ( g y  
in which: a i s  the applied stress, D is the diffusion coefficient, G is the shear modulus, b is the 
Burger's vector, k is the Boltzmann constant, T is the absolute temperature, d is the average grain size, 
p is the inverse grain exponent, n is the stress exponent, and A is a constant. Luecke and Wiederhom 
developed a model for tensile creep of ISR Si3N4 based on observations of the creep behavior, 
including the formation of cavities in the grain boundary phase, the inactivity of dislocations, and the 
curvature of plotted tensile creep data [3]. Their creep equation is shown in Equation (2), 

in whichfis the volume fraction of second phase, a i s  a constant incorporating the critical stress to 
nucleate a cavity, AH is activation energy, R is the gas constant, and the other terms as for the Norton 
equation. For convenience, since the present measurements were from the same material and at the 
same temperature, the various constants were combined into a single constant: 

E = A'aexp(a0) Pa )  
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Luecke and Wiederhorn indicated that the Si3N4 grains remain elastic while creep proceeds via the 
grain boundary phase. Thus, diffraction should be able to observe the effects in the grains since elastic 
strains (but not plastic strains) can be measured. 

experiments, as regards examination of microstructure. Until recently, there has been a lack of 
equipment capable of probing the microstructure of Si3N4 under creep conditions, so the microstructure 
has only been examined after creep has occurred. SMARTS (Spectrometer for Materials at 
Temperature and Stress), through integration of a vacuum furnace (MRF Inc., Suncook, NH) and 
custom load frame (Instron Corp., Canton, MA), is able to probe the microstructure of bulk samples 
with time-of-flight neutron diffraction (ND) while applying tensile stress at high temperature [4]. 
SMARTS was applied in this manner to study the microstructure of GS-44 under tensile creep at 
1200°C. Results are presented for longitudinal strains for several creep tests. 

high-temperature tensile stress application on the microstructure of AS800 silicon nitride. While creep 
had been expected at the test conditions, only elastic strains were observed. While this allowed 
computation of the high temperature stiffness tensor for AS800, the experiment was unsuccessful in 
observing creep. Atmospheric oxygen reduces the viscosity of the grain boundary phase in ISR-Si3N4, 
thus creep was prevented due to the vacuum furnace used to achieve high temperature. A grade of 
silicon nitride that creeps at lower temperature was required for the experiment to proceed; GS-44 was 
selected for this purpose [ 6 ] .  

This paper presents the results from neutron diffraction showing the microstructural effects of 
GS-44 SisN4 due to tensile creep at high temperature in vacuum. 

EXPERIMENTAL PROCEDURE 

section of 19.2 mm2. Samples were subjected to tensile stresses of 100, 125, 150, and I75 MPa in the 
SMARTS furnace after reaching 1200°C. Samples were mounted at a 45" angle relative to the incident 
neutron beam, to allow the collection of longitudinal diffraction data [5]. After loading a sample into 
the tensile grips, the furnace was evacuated to a pressure of <O.O13Pa for the duration of the 
experiment, and a tensile stress of 25-30MPa was applied to prevent sagging. Heating was gradual, 
with pauses approximately every 200°C to allow for thermal equilibration. Upon reaching 1200°C. a 
reference diffraction pattern was collected (for calculating lattice strain) and the stress was stepped up 
to the creep stress incrementally to avoid fracture. Once the creep stress was reached, it was held 
constant for up to 40 hours with an unload/reload cycle during creep (two unload/reload cycles were 
performed for the 175MPa sample). 

Diffraction spectra indicated only a-Si3N4, with no reflections apparent from the grain 
boundary phase, an H-phase apatite glass [ l ] ,  indicating no crystallization of said phase. A Sic-blade 
high-temperature extensometer monitored the bulk strain of the sample during the entire experiment. 

Note that the maximum use temperature of GS-44 per the manufacturer is 11 00°C. However, 
as this experiment was to take place in vacuum, there would be a greater viscosity of the grain 
boundary phase compared to a test in air, due to a lack of available oxygen [7]. Thus, a higher 
temperature was chosen to facilitate the onset of creep. Diffraction spectra were obtained every 20 
minutes during creep. This acquisition time was the minimum necessary for high-quality patterns, thus 
each spectra sums the behavior over the 20 minute time span. 

RESULTS AND DISCUSSION 
Figure 1 shows the creep strains as measured with the S i c  extensometer prior to any 

unloadlreload cycle. Creep is evident, though of a much lesser magnitude than seen in literature for 

The ambiguity in determining the creep mechanism lies in the ex-sifu nature of the 

Prior work [S] demonstrated the utility of the SMARTS system for analyzing the effects of 

The specimens were standard pin-loaded dog-bone samples of GS-44 ISR Si3N4 with a gage 
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this grade of Si3N4. Figure 2 shows the log-log plot of the creep strain rates (obtained from Figure 1) 
versus the applied tensile stress. The creep exponent is 3.18, greater than the 2.24 value for GS-44 
measured by others [6]. Again the inhibition of creep due to the present experiment taking place in 
vacuum rather than in air prevented oxygen from reducing the grain boundary phase viscosity. 

Figures 3-6 show the a and c lattice strains for GS-44 during creep at 1200°C. The gap in each 
plot during the creep test is from the unloadireload cycle that was performed. A data acquisition error 
for the I SOMPa creep test resulted in the large gap prior to the unloadreload cycle. Each plot shows 
an average lattice parameter d, which remained mostly constant for the duration of the measurements. 
Evident in Figure 3 for I OOMPa is a forking of the two lattice parameters. This forking only increases 
in separation with increasing stress as seen in Figures 4-6. While the u parameter shows an increase in 
strain, the c parameter shows a decrease. After some time under constant stress, the magnitude of the 
separation stabilizes and no longer increases, even though creep is still occuning per the extensometer; 
the forking remains after unloadingicreep recovery as seen for all four applied stresses. Recall that 
only longitudinal lattice strains, for grains aligned with tensile direction, are shown here, thus the 
forking is not a Poisson effect. 

The forking was found to be a volume conservation mechanism. The lattice parameter values 
were used to calculate the unit cell volume. These data, along with the cla ratio, for the 175MPa creep 
sample are shown in Figure 7. Note that after the initial loading to the creep stress (the portion of the 
plot shown as negative time), the volume decreased slightly and reached a steady state value. After 
unloadheload, this steady state volume was reacquired. A second unloadreload cycle was performed 
with similar results. The unload/reload cycles for each sample indicated that 75MPa was the 
approximate critical stress, as neither creep nor creep recovery occurred at that stress. This was used to 
compare the present results with the Luecke-Wiederhom model of Equation (2a). The model did not 
match the data, however, until an empirical relation was determined for the applied stress. This 
relation is given as Equation (3) and was used in place of the pre-exponential constant A ' of their 
formulation. First, the constant was determined which allowed the model to match the IOOMPa data. 
A linear relation to this value was then determined to allow the model to approximate the data for the 
other stresses. 

A'(a)  = 0.08 * [E - 3) (3) 

The tit of the creep rate data to the Luecke and Wiederhorn model using the values of Equation 
(3) for each stress is shown in the semi-log plot of Figure 8. Clearly, the agreement between the 
adjusted model and the data is a good one. Note that while in this simplified analysis an additional 
stress dependence was added to the pre-exponential constant term, the precise nature of the inaccurate 
fit to the data without using this term remains to be determined. This might take the form of an 
additional stress factor in the overall equation of Luecke and Wiederhom (Equation (2)). 

CONCLUSIONS 
GS-44 was creep tested at 1200°C in vacuum with neutron diffraction measuring the 

microstructural effects in situ for the first time. The u and c lattice parameters are seen to fork with 
greater magnitude at greater stress in such a way as to obtain and maintain a constant unit cell volume 
during steady state creep. The creep exponent was determined from extensometer data to be 3.18, 
higher than prior reported values due to the vacuum furnace used in the present study. 
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Figure 1. Extensometer strains for constant stress creep tests 011 GS-44. 
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Figure 2. Log-log plot of steady state creep strain rate versus tensile stress for GS-44 at 1200°C. 
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Figure 3. GS44 creep at 1200°C with lOOMPa applied stress. Longitudinal diffraction strains are 
shown, relative to data from 25MPa, 1200°C. Horizontal line indicates the initial d-strain at 100MPa, 
120O0C. 
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FiLme 4. GS44 creep at 1200°C with 125MPa applied stress. Longitudinal diffraction strains are 
shown, relative to data from 25MPa, 1200°C. Horizontal line indicates the initial d-strain at 125MPa. 
1200°C. 
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Figure 5. GS44 creep at 1200°C with I50MPa applied stress. Longitudinal diffraction strains are 
shown, relative to data from 25MPa, 1200OC. Horizontal line indicates the initial hstrain at ISOMPa, 
1200°C for the 175MPa test sample (since the first 150MPa data has lost for this sample). 

Corrosion, Wear, Fatigue, and Reliability of Ceramics . 139 



Creep of Silicon Nitride Observed In Situ with Neutron Diffraction 

Figure 6. GS44 creep at 1200°C with 175MPa applied stress. Longitudinal diffraction strains are 
shown, relative to data from 25MPa, 12OO0C. Horizontal line indicates the initial d-strain at 175MPa. 
1200°C. 
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Figure 7. Relative change of c/u ratio and unit cell volume (relative to 1 200°C, 25MPa diffraction 
data) for 175MPa creep of GS44. Data are from longitudinal 175MPa creep at 12OO0C; a typical error 
bar is shown at left (+ 5%), based on error from strains as seen in Figure . 
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Figure 8. Semi-log plot of creep rate versus applied stress, with data prediction as per Equations (2) 
and (3). The predicted values approximate the data well (98.9% match). 

142 * Corrosion, Wear, Fatigue, and Reliability of Ceramics 
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ABSTRACT 

Static hydrothermal oxidation experiments in a diamond anvil apparatus using wafer-quality 
single-crystal silicon carbide and observations from transmission electron microscopy from 
tribological tests on sintered silicon carbide are combined to gain insight into the wear process 
in water. The evidence points to an active type of oxidation under hydrothermal conditions, 
i.e. there are no primary condensed reaction products. The formed tribolayer is 
topographically highly variable and consists of disassembled silicon carbide (pm to nm- 
scaled), which contains secondary, precipitated silica in cracks and voids or as a glue in areas 
between original asperities. Hydrothermal pressures of several hundred MPa seem feasible 
and are seen as responsible both for fatigue and surface roughening as well as the formation 
of the smooth main wear track, which reduces friction favourably. 

INTRODUCTION 

Silicon carbide (Sic) is a material well known for excellent wear resistance in pumps and 
other devices, which are running in water or wet conditions. The sliding wear of SIC in 
vacuum or air[l, 21, oi1[3, 41 and water [5-81 has been the subject of investigations over the 
last years. Such investigations usually report the development of surface topographies, 
friction coefticients and wear volumes after fixed times or sliding path lengths for a given 
loading and sliding speed. 

It would be highly desirable to be able to predict wear rates from the loading data. There is 
however conflicting evidence from different views of looking at wear conditions. Following 
Quinn [9, 101 for metals and later Xu's [l I ]  adaptation for ceramics mainly the temperature 
arising from mechanical contact was taken into account for oxidation reactions with water to 
form a silica film. During ongoing mechanical contact latter is believed to partly delaminate 
and dissolved into the water to some extent. 

The reactions discussed by Xu [ I  I ]  for Silicon nitride were 

Si3N4 + 6 H20 Q 3 SiO2 + 4 NH3 

Si02 + 2 H2O @ Si(OH)4 (Eq. 2) 

but the conditions of solubility were not discussed. In wet environments usually reaction (1) 
would cause a rise of the pH-value, because N b O H  is formed from NH3. A pH 210 is indeed 
required to raise the low solubility of silica from that of Si(OH)4 with of about m to levels 
three orders of magnitude higher[l2], which are realised by other species like H2Si04*. [ 131. 

However, for silicon carbide the according reaction is 
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Sic + n H20 @ SiO2 + CO,J + n H2 

and could induce a slight decrease in pH instead of a rise. In acid environments silica stays at 
a very low solubility [12]. Furthermore, the kinetics of solution for silica, even in the 
amorphous state, are very slow and lie in the range of nm/a for pure natural silica (obsidian) 
below 100°C at pH 7 [14]. 

Nonetheless in a number of studies on water lubricated wear of SIC the loss of silica was 
reported and attributed at least partially to the solution of it in the water [ 5 ,  7, 151. The 
solution to this problem could be hydrothermal conditions. At T > 100°C increased pressure is 
required to keep the water in a fluid state. From geoscientific evidence and experiments it is 
well known that the solubility and solution kinetics of silica rises with increasing pressure 
quite strongly [13, 16, 171. Amorphous silica has here also a higher solubility relative to 
crystalline species [ 181. 

Therefore the hydrothermal oxidation of silicon carbide could be a key to the kinetics and 
mechanisms of wear, if such conditions were present during the process. Earlier hydrothermal 
powder studies were interpreted to involve the formation of a silica film around Sic  grains 
[19, 201. However, later studies on powders, crystals and fibres showed an active oxidation 
mode, in which the reaction products were either completely dissolved or showed residual 
carbon or silica, which was re-deposited as a process of solution and precipitation [21-261. 
These experiments were done at temperatures up to 800°C and several hundred MPa water 
pressure. Recently a study on CVD-SIC at 500°C was published [27], which gave indications 
for an active process, which however appeared to be slower than the data at lower 
temperatures of Kim et al. [28] suggested. The latter study also gave evidence for a still 
higher rate using SSiC instead of CVD-Sic. Therefore presently it is not clear, which process 
is dominating at which temperature and if it is an impurity related or intrinsic process. 

Consequently Kitaoka performed wear tests under hydrothermal conditions [29, 301 but 
restricted the conditions to temperatures up to 300°C. He found active oxidation as a 
predominant mechanism. 

Two of the most important key issues on the quest for a quantitative theory to predict wear 
rates of silicon carbide are the estimation of the true conditions (pressure, temperature, pH ... ) 
under ordinary wear conditions and the intrinsic behaviour of silicon carbide at severe 
hydrothermal conditions at higher temperatures. The study of the latter under static 
conditions is necessary to be able to build a wear theory for dynamic systems. Such questions 
are addressed in this paper. 

(Eq. 3) 

THE CONDITIONS OF WEAR 

A pure Sic - H20 system, which is perfectly hydrodynamically lubricated at low 
temperatures will not show any wear worthwhile to be modelled. We are therefore talking 
about situations, which either reflect a “running in” of a system or a case, in which direct 
material contact is at least part of the process. When evaluating such wear conditions the 
conditions chosen for an experiment - i.e. experimentally boundary conditions which all 
serious reports quote - are certainly not those experienced at the material’s outer surface. The 
reason for this is that in real surfaces consist of asperities. During wear those asperities are the 
only areas in direct mechanical contact and as such they collide and scratch each other. 

There are two main pathways which a simulation of such conditions can follow. The first one 
is to come from the static point-of-view and to estimate the pressure from the theory of 
Hertzian contact pressures using simplified geometries for measured roughness profiles. The 
temperatures are then estimated from the boundary conditions such as shape, velocity and 
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thermal diffusivity [3 1 J [32] [33]. For a set-up of our experiments described below this results 
in a statistical distribution of P-T-conditions, which are often low in temperatures and very 
high in pressure with some peak values with very high temperature and extreme pressures 
(Fig. I) .  

For a water lubricated system we may however estimate the conditions quite differently. 
Considering that temperature rises because mechanical energy is transformed into thermal 
energy and assuming that water can be trapped in a confined space (bctween asperities. in 
superficial pores and/or cracks) the pressure would rise only due to the isochoric heating 
process. These pressures are in the order of several hundred MPa and thus still very high but 
much lower then those running into tens of GPa from Hertzian theory (Fig. 1). 

Hydrothermal oxidation under those conditions and temperatures of 500°C using a diamond 
anvil cell (DAC) has not been investigated before and is described and discussed below. 
Subsequently we will discuss the bearing of it on the water lubricated wear, which is tested 
alongside. 

EXPERIMENTAL 

Undoped 611-Sic single crystal plates (SiCrystal AG, Erlangen, Germany) ground to a 
thickness of 100 pm and polished with 1 pm diamond paste were cut into small cuboids of 
approximately 240 . 240 * 100 pm3 to be used in hydrothermal runs. Each sample was 
carefully cleaned in tridestilled water and acetone for 30 minutes using an ultrasonic bath to 
remove remnants o f  the polishing paste. 

For tribological tests EKasic 8 F from ESK Ceramics GmbH & Co. KG (Kempten, Germany) 
was used. This material has fine grain sire of about 5pm. I t  consists of app. 80 wt% 6tl-SiC, 
20 wt% 4H-Sic + I5R-SIC and additions of boron carbide as sintering aid. The sliding 
surfaces were lapped to values of R, 2.79 pm and Ra 0.79 pin determined by a Hommel 
T 8000s profilometre (Hommel GmbH, Kliln, Germany). 

Hydrothermal experiments were performed with a hydrothermal diamond anvil apparatus 
(HDAC) after Basset et al. [34], which was modified and is described elsewhere [35]. Pure 
tridestilled water was used as a medium and the pressure was calculated with the aid of the 
equations of state (EOS) of pure water substance.[36. 371. Samples were heated with 20 
Kmin-' up to 500°C. This temperature, which corresponds to an isochoric pressure of 500 - 
770 MPa, was maintained f I K for 5 h before cooling to room temperature with the same 
gradient. 

Tribological tests were conducted in a sliding ring tribometre described elsewhere [35] with 
deionized water as lubricant. During the experiment, the lubricant was applied with a pressure 
of 0. I MPa between the friction couple. 

Test runs in static and dynamic mode were executed at 0.5 MPa, external cooling and a 
sliding velocity of 6 mss". In intervals of - 2000 m sliding distance the sample surfaces were 
measured with the stylus profilometre and numerically evaluated. Experiments under dynamic 
conditions were carried out in absence of external cooling and with a sliding velocity of 6 mas- 
'. Thc abort criterion in casc of scuffing was a measured torquc of 2 N m .  

Sampling of an EKasic @ F sample for TEM analysis was accomplished by using focused ion 
beam (FIB) milling. [38] FIB preparation was conducted under ultra-high vacuum conditions 
in an oil-free vacuum system using a FEI FIB200 instrument (FEI Company, Tokyo, Japan) at 
the GeoForschungsZentrum Potsdam. As a result TEM-ready foils of approximately 20 * 10 . 
0.15 pm were obtained. The TEM foil was protected from abrasion by the Ga-ion beam by a I 
Im thick Pt layer deposited by using a high-purity organic Pt gas (C&hPt, 99.9%). which 
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decomposes in the Ga-ion beam. The FIB-cut foils then were placed on a highly perforated 
carbon grid on a copper mesh. TEM was carried out in a Philips CM200 instrument operated 
at 200 kV and equipped with a LaB6 electron source. Electron energy-loss spectroscopy 
(EELS) spectra were acquired with a Gatan imaging filter (GIF). 

RESULTS 

The hydrothermal treatment was monitored in-situ and showed an optical darkening of the 
transparent single crystals inside the diamond anvil cell’s sample chamber, indicating 
increased roughness. A higher dehomogenization temperature during cooling was evidence 
for the separation of a carbonaceous species dissolved under hydrothermal conditions. 
Electron microscopy revealed the formation of pits and Raman spectroscopy indicated that no 
solid carbon layer was formed during the process. Silica was solely present as precipitates. 
The details will be described elsewhere [35]. 

The findings of Barringer et al. [27] of an active oxidation of CVD S ic  at grain boundaries 
are hence confirmed for wafer quality single crystal Sic. It is an intrinsic process at 
temperatures up to 500°C. 

From the tribotests without external cooling we chose samples, which were clearly affected as 
evidenced by a smooth tribological track surrounded by areas with clear evidence for 
roughening (Fig.2). To elucidate the process we took samples with the aid of a FIB and 
analysed the obtained slices with TEM methods. 

Fig. 3 shows electron microphotographs of tribologically treated EKasic (R) F depicting the 
superficial tribolayer formed on smoothened areas (Fig. 3a - c) and on rough parts of the wear 
track (Fig. 3d - f). 

Comparing the SEM and TEM results from smoothened and rough areas revealed differences 
in the tribolayer’s thickness: on smoothened yet elevated areas the tribolayer was - 100 nm 
thick, while on rough areas a total thickness of - 500 nm could be observed. Deeper “valleys” 
between elevated parts, as seen in the right part of Fig. 3e, are filled with larger S i c  particles 
forming a porous tribolayer with up to 1.5 pm total thickness. This is quite different to the 
nanoscale S i c  particles, out of which the tribolayer in smoothened areas consists (Fig. 3c). In 
latter case S ic  particles within the tribolayer have average diameters of 5 - 25 nm. 

Fig. 4 depicts element mappings (C and 0) of a smoothened (Fig. 4a) and rough (Fig. 4b) 
area. Oxygen-rich areas correspond with carbon-poor regions. These oxygen-rich areas act as 
a glue surrounding and keeping together rounded S ic  wear particles. We also found oxygen- 
enriched areas along cracks formed during tribological exposure within the ceramic substrate. 

While the tribolayer is  limited to the very superficial area (= area of direct mechanical and 
chemical contact), the ceramic body itself shows mechanical damage and crack formation 
ranging much deeper into the substrate. In case of smoothened areas a 100 nm thick tribolayer 
is opposed by layer of visible mechanical damage (cracks) with a total thickness of I - 1.5 
pm. Those cracks - as long as they are connected to the surface - can easily act as gateways 
for water to be transported deep into the ceramic body. 

DISCUSSlON 

The overall process can now be viewed to involve the following steps (Fig. 5 ) :  Asperities of 
the material approach each other and collide. This is seen not just as a Hertzian pressing but 
as an impact event. The result is more then the generation of dislocations, because it shatters 
the structure of the material to disassemble the original carbide grains into smaller grains 
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containing now cracks and cavities. Naturally there will also be erosional wear, because parts 
will spall and may be caught in the regions next to the asperities or carried away by the water. 
The rise in temperature due to the first impact may not be huge. When the asperities travel on 
and separate they regain the contact with water, which is now able to be sucked into the newly 
formed cracks and opened pores. 

When the asperities meet again. we will have several changes. Further collisions will not only 
cause an intensified disassembling, which eventually produces a nano-scaled microstructure 
with very fine grains and domains and create even amorphous regions. It will also squeeze 
parts of the system to close former cracks. In this way these regions may become isolated 
from the rest. Naturally also the opposite will happen, where such regions become accessible 
by newly formed cracks. The energy of repeated contacts will tend to rise the temperature to a 
dynamic equilibrium value, controlled by the thermal difhsivity of the so formed tribolayer. 
Note that this must not be identical to that of the original material, because it contains voids 
and cracks and other phases. 

Once isolated water bearing parts of the system are heated up we establish hydrothermal 
conditions with considerable pressures. Under these conditions we will have oxidation 
reactions combining reactions (2) and (3): 

Sic + (n+2) HzO Si(OH)4 + COn.z + n HZ (Eq. 41, 
from which silica and silicon oxycarbides could precipitate on cooling or depressurizing. 
Another form of oxygen storage could be the solution of it into amorphous carbide. . 

The dynamics of the situation allow now several processes, which may become part of the 
wear process. One is temperature fluctuation. Temporarily or permanently falling 
temperatures should be accompanied by precipitation of silica and the evolvement of gas 
bubbles as a result of fluid dehomogenization. Temperature fluctuations would also cause 
pressure fluctuations and hereby induce fatigue phenomena in the already disrupted 
tribological layer. The level of pressures is in a range of up to several hundred MPa, which is 
high enough to cause cracking in tension. This should enhance the erosion and may be the 
reason for grain-pullout during wear. Likewise the formation of new cracks, along which a 
fluid could travel, is a reason for sudden pressure drops, which would be accompanied by 
both precipitation events and gas release. Precipitation of silica will be mainly in the 
amorphous state and could act as a good glue for the eroded particles, in particular those, 
which are too large to escape through the slit between the rubbing parts. 

The texture of the FIB sections shown in Fig. 3 and 4 agree with those assumptions about the 
wear mechanisms. The oxygen rich parts occur along cracks and in isolated gussets in the 
tribolayer of the structurally elevated smooth wear track and have the character of 
agglomerated and compacted debris in the rough parts of the track. The roughness of part of 
the wear track may be explained by similar arguments. Because it is only a glued agglomerate 
experiencing particularly high thermal gradients and low intrinsic strength, spallation due to 
hydrothermally induced pressure is a likely mechanism to keep it rough. 

CONCLUSIONS 

Wear in water lubricated SIC is viewed as a hydrothermal oxidation reaction in a dynamic 
situation. The conditions are such that there is an active type of corrosion, i.e. primary 
formation of silica as a layer is not expected from the static experiments and does not occur in 
the tribological tests. Instead the reaction produces a solution, from which silica precipitates, 
wherever the temperature or pressure falls. 
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The fluctuations are natural to the wear process and induce further erosion and fatigue 
phenomena, but help to create a tribolayer, which covers topographic features of the surface 
and consists of varying amounts of silicon carbide debris. ranging from micro- to nano-scaled 
grains, which are glued together by precipitated silica. 

Further experimental studies combining static hydrothermal oxidation and tribological tests 
may allow building a quantitative wear theory capable o f  predicting wear rates. 

Fig. 1: Simulation of P-T conditions at contact points from a mechanical model (blue 
points) and a typical isochoric water heating model (red line) 
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Fig. 2: REM graph of the worn SSiC sample with the smooth and rough part of the wear track, 
showing the location ofthe FIB sampling sites 
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Fig. 3: Electron microphotographs of the superficial area of EKasic @ F wear tracks (a, d: 
SEM; b, e: STEM; c, f: TEM). The net-like structure on Fig. 3b and 3e originates from the 
TEM sample holder foil while white spots on Fig. 3e are due to Ga contamination. 
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Fig. 4: Element mappings (carbon C and oxygen 0) and 7’EM pictures (bright field) of  (a) 
smoothened and (b) rough area on a EKasic Q3 F wear track. Between and kept together by an 
oxygen-rich matrix single rounded Sic grains (=transported wear particles) can be seen. 
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Fig. 5 :  Model for wet wear of SIC. a) first contact of asperities induces 
crack formation, microstructural grain diassemblage and spalling, b) 
water ingress in the wake of it, c) further collisions induce heat and 
hydrothermal oxidation followed by silica precipitation in cooling or 
depressurized regions, d) debris and precipitates f i l l  up valleys between 
asperities, get compacted and form the smooth tribo-layer of the wear 
track 
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ABSTRACT 

an electric potential when they are subjected to thermal gradients through their thickness. These 
devices are of significant interest for high temperature environments in transportation and industrial 
applications where waste heat can he used to generate electricity (also referred to as "waste heat 
recovery" or "energy harvesting"). TE devices become more efficient as larger thermal gradients are 
applied across them. This is accomplished by larger temperature differences across the TE's hot and 
cold junctions or the use of low thermal conductivity TE materials or both. However, a TE brittle 
material with a combination of poor strength, low thermal conductivity, and large coefficient of 
thermal expansion can translate into high probability of mechanical failure (low reliability) in the 
presence of a thermal gradient. thereby preventing its use as intended. The objective of this work is to 
drmonsrrure the use of an established probabilistic design methodology developed for brittle structural 
components and corresponding design sensitivity analyses to optimize the reliability o f  an arbitrary TE 
device. This method can be used to guide TE material and design selection for optimum reliability. The 
mechanical reliability of a prototypical TE device is optimized from a structural ceramic perspective, 
using finite element analysis and the NASA CARESLife integrated design code. Suggested geometric 
redesigns and material selection are identified to enhance the reliability of the TE device. 

TNTRODUCTION 
Thermoelectric (TE) modules are solid-state heat pumps that operate on the Peltier effect [I]. A 

TE module consists of an array of p- and n- type semiconductor elements heavily doped with electrical 
carriers. The array of elements is soldered so that it is electrically connected in series and thermally 
connected in parallel [I]. This array is then often affixed to two ceramic substrates (insulators). one on 
each side of the elements as seen in Figure 1. 

Potential next generation thermoelectric (TE) devices comprised of p- and n-type oxide 
ceramics enjoy strong interest for implementation in high temperature and oxidizing environments 
because their waste heat could be used to generate electricity. However. the intended TE function of 
these devices will only be enabled if the device is designed to overcome the thermomechanical 
limitations (i.e., brittleness) inherent to these oxides. A TE oxide with a combination of poor strength. 
low thermal conductivity, and large coefficient of thermal expansion can readily fail in the presence of 
a thermal gradient thereby preventing the exploitation of the desired themioelectrical function. 

This problem can be overcome with the combined use of established probabilistic design 
methods developed for brittle structural components, good thermoelastic and thermomechanical 
databases of the candidate oxide material comprising the TE device. and iteratively applied design 
sensitivity analysis. Therefore, the objective of this work is to demonstrure the use o fa  probabilistic 

Thermoelectric (TE) devices, subcomponents of which are made of brittle materials, generate 
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design methodolog, whereby established probabilistic design methods developed for brittle structural 
components and iteratively applied component design sensitivity analyses are utilized. to optimize the 
reliability of an arbitrary TE device. 

There are several outcomes from this work that can benefit the TE device developers and end- 
users of these potentially high temperature TE devices: mechanical reliability of prototypical TE 
devices are evaluated ffom a structural ceramic perspective and suggested redesigns are identified. 
These redesigns include material selection as well as geometric dimensions that would minimize the 
stresses and failure probabilities in the TE and ceramic substrate materials. 

PROBABILISTIC DESIGN OPTlMlZATlON APPROACH 

random nature of inherent microscopic flaw sizes. orientation and distribution. This dispersion in 
strength requires a probabilistic life prediction and design methodology. The NASA-developed 
CARESLife code [2] predicts the probability of failure for ceramic structures subjected to transient 
multiaxial thermomechanical loading. This code models the material strength as the only probabilistic 
quantity (random input variable). Such analysis yields a conditional probability of failure based on the 
condition that temperature and stress fields within the component are deterministic and thus not 
affected by random variations in geometric tolerances, load histories, and scatter in material 
parameters. 

However. in inany applications the variability of parameters other than strength can be 
significant and must be taken into account. The CARESiLife code has been coupled to the ANSYS 
Probabilistic Design System (PDS) to consider the total probability of failure using the entire space of 
random input variables 13-51. The ANSYS-PDS is a probabilistic design software integrated within the 
ANSYS Finite Element Analysis (FEA) program. When coupled with the CARESLife program, PDS 
computes the total probability of failure by accounting for uncertainty in the component's dimensions, 
loading, and material properties by assigning statistical distributions to these random input parameter., 
and performing Monte Carlo like simulation methods. This CARES-PDS capability would enable 
more realistic assessment of brittle material structural integrity. The theoretical background to this total 
probabilistic design approach is outlined in references [3] and [4] and will not be repeated here. 

design and development ofa  TE module to 

optimization is performed in two general steps: 

1) Use the ANSYS PDS capability to select a material system and geometric dimensions to minimize 
stresses in the ceramic substrate (insulation plates) and TE brittle materials. A material system is 
composed of the downselected materials for the TE, ceramic substrate, and electric contact materials. 

2) For the downselected material system and TE device geometry, investigate the influence of material 
and geometric tolerances (variability) on the total probability of failure and determine which 
parameters have the most impact on the reliability of the device. This step involves using both the 
ANSYS PDS and the CARESLife codes. The CARES code is used in this step since the probability of 
failure for the TE device is to be computed. 

FEA SIMULATION FOR A THERMOELECTRIC DEVICE 
FEA stress analysis for a TE module is performed first. Subsequent PDS analysis is conducted 

whereby 1 1  geometric and material parameters are varied to minimize two response vanables. the 
maximum principal stress in the TE legs (SI-TE) and the maximum principal stress in the ceramic 
substrates or insulator plates (Sl-insulator). This initial PDS study yields sensitivity plots showing 

Brittle materials display stochastic strength behavior due to their low fracture toughness and the 

This paper demonstrates the application of the total probabilistic design environment to the 
used for energy harvesting. Material and geometric 

es are considered, including the Weibull parameters themselves. The probabilistic design 
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which random input variables most affect the stresses in the TE and insulator materials. In response. a 
material system and geometric dimensions are specified for the optimized device. 

Figure 1 shows the geometry of the TE module with colors corresponding to the initially 
selected material system. This design and material system shown in this figure reflects a typical 
existing design to be optimized. In this schematic. purple corresponds to alumina insulator plates. 
turquoise for steel contacts, while red is for the TE legs (made from Skutterudite in this analysis). 
Figure 2 shows various views of the TE module with the insulator plates removed in order to clearly 
display the geometric arrangement of the steel contacts and TE legs. 

Table I lists the dimensions of the various components making up the initial design for the TE 
device. Table 11 contains the themiomechanical properties for the three materials involved in the 
module. To keep the demonstration of the proposed design methodology simple. these properties are 
assumed to be temperature independent. Howe\er, taking into account temperature dependent material 
properties can be easily incorporated into the FEA simulation and the probabilistic design approach. 

Table I - Dimensions of TE module 

Figure 1 - Various views ofthe initial design for the TE module with colors corresponding to the 
following material system: Purple is the alumina iiisulator plates. turquoise is the steel contacts. while 
red is  the Skutterudite TE legs. 
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Skutterudite TE 
Alumina Plates 
41 0s stainless 
steel contacts 

Solder 

Figure 2 - Various views of the TE module with the insulator plates removed in order to clearly display 
the geometric arrangement of the TE legs and the steel contacts. 

(CPa) ratio (W/m.k) Ppmr'C 
24.5 0.267 5 18 
375 0.22 35 8 

0.33 24.9 12 2oo 

40 0.34 25 21 

Table 11 - Themiomechanical material properties 
I Materials I E I Poisson's I K I CTE I 

Thermal solid90 and structural solid95 elements were used to mesh the device and conduct the 
thermomechanical stress analysis. Figure 3 shows the mesh distribution used in the simulation 
containing 142899 elements and 240989 nodes. Figure 4 shows the resulting temperature distribution 
throughout the TE device. In this steady state thermal analysis, the temperatures were set to 533 "C at 
the top surface of the hot alumina plate and 78 "C at the bottom surface of the cold alumina plate. 

Thermoelastic stress analysis was subsequently performed to solve for the stresses within the 
device. Plasticity in the metallic electric contacts was not included in the analysis. The effect of 
yielding on the module design will be studied in future work. This should not be construed as a 
drawback to this work. since the main objective is to demonstrate the proposed probabilistic design 
approach. Figure 5 displays the first principal stress distribution in the entire TE device due to the 455 
"C temperature gradient shown in figure 4. The maximum stress that develops in the module is located 
within the stainless steel contacts and is limited to small and localized regions. 

382 MPa in localized areas, while in the Alumina plates the stress goes up to 8 15 MPa as seen in figure 
7. Given that the strength of Skutterudite is estimated to be about 50 MPa. while that for Alumina is 
roughly 500 MPa, it can be seen that this design will not survive the intended service temperature 
shown in figure 4. 

Figure 6 demonstrates that the maximum tensile stress in the skutterudite TE material reaches 
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Figure 3 - Mesh distribution showing solid 95 elements. The mesh contains 142899 elements and 
240989 nodes. 

Figure 4 - Temperature distribution in the TE module in units ofdegrees Celsius. 
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Figure 5 - First principal stress distribution in the TE device due to the thermal load shown in figiue 4. 

Figure 6 - First principal stress distribution in the TE legs due to the thermal load shown in figure 4 
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Figure 7 - First principal stress distribution in the Alumina insulation plates due to the thermal load 
shown in figure 4. 

DESIGN ANALYSIS TO SELECT MATERIAL SYSTEM AND GEOMETRIC DIMENSIONS FOR 
THERMOELECTRIC DEVICE 

Thermal stresses develop within the TE module due to thermal mismatches between the various 
materials making up the device. Hence, the goal ofthis portion of the PDS analysis is to select a 
material system and geometric dimensions that would minimize the maximum tensile stresses in the 
brittle materials making up the TE legs and ceramic substrate. 

The PDS capability permits performing Monte Carlo simulations with multiple input random 
variables. Geometric, material, and load parameters can be varied by assigning statistical distribution 
functions to them. Response variables are defined so that the device can be optimized by minimizing 
or maximizing them. The PDS analysis can then be used to perform sensitivity analysis to determine 
which random input variables should be altered and how, in order to optimize the selected response 
variables. 

In this analysis. two response random variables were defined. These are: 

1 )  Maximum principal stress in the TE legs (Sl-TE) 
2) Maximum principal stress in the Alumina insulation plates ( S  1 -insulator) 

The goal is to determine which geometric and/or material parameters have the most influence on 
SI-TE and Sl-insulator. 

Fourteen geometric and material parameters were assumed to be random input variables (RIV) 
and are listed in table 111. For example, TE leg and insulator plate thicknesses were assumed to vary 
within ranges limited by geometric design constraints. For the TE design of figure 1, The TE leg height 
must be between 2 and 10 mm. while the insulator plate thickness is constrained to within 1.5 mm and 
4 mm. The material properties for the TE, substrate, and electric contact materials are also varied 
within limits representing the range of available materials that can be used for the components of the 
TE device. For example, the range of materials that can be used to make the TE legs have elastic 
moduli ranging between 25 GPa and 125 GPa. while their thermal conductivities are within 3 and 25 
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W/m.K. Table 111 lists all the RlVs used in this PDS analysis. All these variables were defined to vary 
using uniform statistical distribution functions. This is because material and dimensional selection is 
equally weighted within the ranges specified in table 111. 

The ANSYS PDS analysis was performed using 100 samples. FibQres 8a nd 8b show the 
maximum principal stress in the TE legs (S1-TE) and alumina insulation plates (Sl-insulator) as 
function of 100 Monte Carlo-Latin Hyper cube simulations, respectively. As can be seen from these 
two figures and based on varying the 14 RIVs as described in table 111, the stress in the TE legs can 
range anywhere between 180 and 1533 MPa, while that for the ceramic substrate can range between 
203 and 2356 MPa. This analysis assumes elastic behavior for all materials. 

Figure 8 - Maximum principal stress in: (a) TE legs (Sl-TE) and (b) alumina insulation plates 
(Sl-insulator) as function of the 100 Monte Carlo-Latin Hyper cube simulations. 

Figure 9 is the sensitivity plot highlighting the relative importance of the random input 
variables on Sl-TE. In this figure. a positive correlation for a given RIV means that as this variable 
increases so does SI-TE, and vice versa. The following can be concluded for figure 9: 

1) S I-TE decreases as the coefficient of thermal expansion (CTE) for the TE material increases 
and CTE for the contact material decreases. Tn general. the TE CTE (ranges between 6 and 24 
ppdC)  is less than the contact CTE (ranges between 12 and 30 pp/C). Therq'bre the rendency 
is f i r  /he ,sires& in /he T E  l e p  / o  decrease by decreusing (he ihermal mismuich between /he TE 
legs and the wntuctpuch 

2) SI-TE decreases as the TE thermal conductivity increases. 
3) Sl-TE decreases as the elastic moduli for both the TE and contact materials decrease. 
4) The geometric variables considered in this analysis (see table Ill) have negligible effect on SI- 

TE compared to the material variables described above 
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with different thermal 

SO I Representing insulation 

CTEz ( P P ~ C )  
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CTEi ( P P ~ C )  

materials with different 
thermal conductivities 

uniform 7 9 Representing insulation 
materials with different 
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materials with different 
thermal conductivities 

materials with different 

uniform 10 200 Representing contact 

uniform 20 60 Representing contact 

uniform 12 30 Representing contact 
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insulation plates 
uniform 1.5 4 Range of thicknesses for 
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Figure 9 - Sensitivity plot showing random variables with highest impact on the maximum principal 
stress in the TE legs (Sl-TE). Material designations are: I = contact material; 2 = insulation or 
substrate material; 3 = TE material. 

Therefore, to reduce the maximum stress in the TE material, three things can be done: 

1) Select TE and contact materials with mininlal CTE mismatch 
2) Select TE material with high thermal conductivity 
3) Select soft TE and contact materials (low elastic moduli) 

Figure 10 is the sensitivity plot highlighting the relative importance ofthe random input variables on 
Sl-insulator. The following can be concluded 

1)  Sl-insulator increases as the elastic modulus for the contact material increases. Hence, select 
soft contact material. 

2) Sl-insulator increases as CTE for the contact material increases since this causes the CTE 
mismatch between the contact material and substrate to increase. Therefore select a contact 
material with low CTE but also with minimal CTE mismatch relative to that for the TE material 

3) Sl-insulator increases as the TE leg height decreases. Hence, maximize height of TE legs to 
decrease the stress in the substrate. 
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Figure 10 - Sensitivity plot showing random variables with highest impact on the maximum principal 
stress in the Alumina insulation plates (S I-insulator). 

CONDITIONAL PROBABILITY OF FAILURE FOR THE REDESIGNED THERMOELECTRIC 
DEVICE: 

model (load, geometry. and material properties) to be deterniinistic and the strength to be the only 
random input variable. This makes the probability of failure (Po a conditional probability, since it is 
based on the condition that load, geometry and material parameters have no uncertainty associated 
with them. In reality, however, all these parameters are subject to scatter. Taking all variabilities into 
account can significantly change the predicted probability of failure [2-51. In this section, the 
conditional probability of failure for a redesigned TE device is computed using Weibull theory and the 
CARESiLife code [2]. 

The TE module was redesigned using the PDS analytical outcomes described in the previous 
section. In this redesign the substiate and the TE materials were kept the same. Furthermore, the 
geometrical shape was not to be altered but the dimensions could be changed. The following changes 
were built-into into the model: 

The traditional approach for determining the reliability of ceramic materials assumes the FEA 

1 ) R e p h e  w e 1  con/m/$ wr/h solder mu/eriaZ (see table 11 for properties). Selecting the solder 
material satisfies two of the recommendations that: a) softer contact material be used, and b) 
reduce CTE mismatch between the contact and TE materials. 

2) IncrenJe TE leg heigh/:hrr in order to reduce stress in the substrate material. The leg heights were 
increased from 7 mm to 10 mm which is the maximum dimension permitted per table 111. 

3)  The Skutterudite TE and alumina ceramic substrate matenals were not changed. 

Figure I 1  displays the principal stresses in the Skutterudite TE legs and alumina substrate. 
Comparing this figure to figures 6 and 7, it can be seen that the stress in the TE material is reduced 
from 382 MPa to 283 MPa (26% reduction in S1 -TE), while the stress in the alumina substrate 
decreased from 815 MPa to 668 MPa (1 8% reduction in Sl-substrate). 
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Material 

Alumina 

Skutterudite 

Figure 11 - First principal stress distribution in a) Skutterudite TE legs, and b) alumina substrate of the 
redesigned TE module. 

The Weibull parameters for the Alumina and Skutterudite materials, required to compute the 
Pf. are listed in table IV. The Weibull multiaxial theory and details about how CARES/life computes 
the combined failure probability in both the substrate and TE brittle materials are well outlined in 
references [2-51 and thus will not be repeated in this paper because of space limitation. 

Weibull modulus - m Volume scale parameter - sov 
(MPa.m3/m) 

1 5  500 

10 50 

Because of the low strengths for both brittle materials compared to the applied thermal stresses. 
the predicted conditional probability of failure is predicted to be 100% for the redesigned module 
under the prescribed temperature gradient of 455 "C. It is apparent that the applied thermal load is 
rather excessive for this TE device and thus should be moderated for the device not to fail. 

or 91 "C. For this thermal load the max stresses in the TE legs and alumina substrate decreased to 
39MPa and 189 MPa, respectively. These stresses resulted in conditional Pf for the TE legs and 
substrate materials to be 0.186 and 1.03e-7, respectively. The conditional Pf for the entire device 
(combining both TE and substrate materials) was 0.1 86. essentially equal to that of the TE material. 

The analysis was redone assuming a thermal LTadient equal to 20% of the 455 OC stated above 

TOTAL PROBABILITY OF FAILURE AND SENSITIVITY ANALYSIS FOR THE REDESIGNED 
THERMOELECTRIC DEVICE: 

Total probability of failure analysis takes into account the influence of multiple random input 
variables on the device's Pf. As was stated earlier, in many applications the variability of parameters 
other than strength can be significant and must be taken into account. The CARESlLife code has been 
coupled to the ANSYS Probabilistic Design System (PDS) to consider the total probability of failure 
using the entire space of random input variables [3-51. When coupled with the CARESLife program, 
PDS computes the total probability of failure by accounting for uncertainty in the component's 
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Random input variable Statistical 
distribution 
Gaussian 

Gaussian 

Gaussian 

Gaussian 

Gaussian 

E3 (GPa) - Skutterudite elastic 
modulus 
K3 (W/m.K) - Skutterudite thermal 
conductivity 
CTE3 (ppm/C) - Skutterudite CTE 

E2 (GPa) - alumina elastic modulus 

K2 (W/m.K) - alumina thermal 

Parameters 

Mean = 24.5 
Standard dev = 0. I * mean 

Mean = 5 
Standard dev = 0. I * mean 

Mean = 18 
Standard dev = 0.1 * mean 

Mean = 375 
Standard dev = O.OS* mean 

Mean = 35 
~ 

conductivity I Standard dev = 0.05* mean 
.. 

El (GPa) - solder elastic modulus 

Kt ( W h K )  - solder thermal 

Standard dev = 0.05* mean 

Standard dev = 0.05' mean 
Gaussian Mean = 40 

Gaussian Mean = 25 
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conductivity 
CTE, (ppm/C) - solder CTE 

m2 - alumina Weibull modulus 

S U V ~  - alumina scale parameter 

Standard dev = 0.05, mean 

Standard dev = 0.05* mean 

Standard dev = 4 

Gaussian Mean = 21 

Gaussian Mean = 15 

Gaussian Mean = 500 

m3 - Skutterudite Weibull modulus 

S O V ~  - Skutterudite scale parameter 

LH (mm) - TE leg height 

LWX (mm) - TE leg width 

IH (mm) - substrate thickness 

Standard dev = 50 

Standard dev = 3 

Standard dev = 10 

Standard dev = 0.1 * mean 

Standard dev = 0.1 * mean 

Standard dev = 0.1 * mean 

Gaussian Mean = 10 

Gaussian Mean = 50 

Gaussian Mean = 10 

Gaussian Mean = 5 

Gaussian Mean = 2 

dimensions, loading, and material properties by assigning statistical distributions to these random input 
parameters and performing Monte Carlo like simulation methods. 

mentioned in the previous section which induces a conditional Pfof 0.186. Table V summarizes the 16 
random variables, the statistical distribution functions assigned to them, and the corresponding 
distribution parameters reflecting their scatter. Some of the random parameters from the previous PDS 
analysis were removed since they did not strongly influence the maximum stresses in the TE and 
substrate materials. The four Weibull parameters (two Weibull moduli and two scale parameters) for 
the TE and substrate materials were assumed to be RIV with Gaussian distributions (see table V). The 
statistical distribution types used to describe these RIV are not based on data, but still realistically 
describe their uncertainty. 

The total Pf analysis to follow is based on the reduced thermal load gradient of 91 'C 
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Table V1 lists the results for the three random response parameters which are the total 
probability of failure, the maximum principal stress in the Skutterudite TE legs. and the maximum 
principal stress in the alumina substrate. As can be seen from this table, the mean total probability of 
failure for the TE device is computed to be 0.391, the mean maximum principal stress in the TE legs 
equals 32 MPa, while the mean maximum principal stress in the substrate is 160 MPa. However. due to 
the geometric and material uncertainties listed in table V, the TE’s total probability of failure could be 
anywhere between 0.0001 8 and 1 .O. This means the maximum total probability of failure could be 
significantly higher than the 0.1 86 conditional probability of failure computed assuming all parameters 
other than strength to be deterministic. This result highlights the importance of taking into account all 
uncertainties thought to affect the reliability of the system. 

Table V1- Statistics for the total probability of failure and maximum principal stresses in the TE and 
substrate materials as generated by ANSYS PDS and CARESLife. 

In the PDS analysis described above, 94 simulation loops (samples) were used to perform the 
Monte Carlo simulation. The reason 94 instead of 100 samples were used in this analysis is because 6 
of the 100 FEA simulations failed to solve and thus were removed from the final results. Figure 12 
shows the sample history plots for the total probability of failure. Figure 12a displays the TE device Pf 
for the 94 different simulations, clearly showing how dependent the Pfis on material variability and 
geometric tolerance. In figure 12b. the narrowing 95% confidence bounds for the mean Pf indicate that 
enough samples were used for this analysis. Of course more samples would yield tighter confidence 
bounds but at the expense of solution time. Such figures can be used to assess the quality of results for 
the output response variables based on the number of simulation loops. 
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FiLwre 12 - Sample history plots for the total probability of failure. (a) - Probability of failure history 
(b) - Mean value with 95% confidence interval history 

An important outcome to designing using a total probabilistic design environment is 
determining which random variables have the most impact 011 the structure’s probability of failure for 
efficient focus of resources (sensitivity analysis). Figure 13 is a sensitivity plot highlighting which 
random variables have the greatest impact on the device’s Pf. It can be seen from this figure that only 
three out of the 16 prescribed random input variables significantly affect the Pt. These are the Weibull 
modulus, the scale parameter, and the elastic modulus of the TE material in that order. As these values 
increase, the Pf for the TE device decreases. These results make sense because almost the entire Pf in 
the device is due to failure in the TE material. Therefore. using stronger TE material with high Weibull 
modulus would result in higher reliability for the TE module. 

Figure 1 3  - Sensitivity plot for the probability of failure of the TE device using 94 Monte Carlo 
simulations. The significant parameters influencing the Pf in order of importance are: Weibull modulus 
of the TE material. scale parameter of the TE material. and elastic modulus of the TE material. 
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SUMMARY 
Probabilistic design analysis can be used to select material systems and geometric dimensions 

to decrease stresses and enhance the integrity of ceramic structures. This approach was demonstrated 
in this paper for a TE device. In  addition. large differences between the conditional and total 
probabilities of failure may exist as evidenced by the TE analysis presented in this work. Ignoring the 
various random uncertainties may lead to a non-conservative design. The conditional failure 
probability may be acceptably low. however the total failure probability could be significantly higher. 
In the TE device, incorporating uncertainty into sixteen material and geometric parameters lead to a 
wide range of failure probabilities. The total probability of failure increased up to 100% (for worst case 
scenarios) compared to 18.6% when only strength variability was taken into account and all other 
parameters were assumed to be deterministic. This illustrates the importance of designing brittle 
structures in a total probabilistic design environment. For the TE device it was determined that using a 
TE material with higher strength and higher Weibull modulus would have the highest influence on 
increasing its reliability. 
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ABSTRACT 
The finite element method is a powerhl tool to predict not only the mechanical behavior of 

structures but also the residual stresses and distortions caused in the fabrication processes. In order to 
solve ultra large finite element problems, the authors have proposed the Fractal Multi-Grid Method. In 
this method, the domain to be analyzed is subdivided into a multi-grid which has fractal or hierarchical 
structure and the solution is obtained by solving small cells at each hierarchy successively while 
allowing discontinuity between neighboring cells. The continuity is retained through iterations. In 
this research, a new type of Hierarchical Multi-Grid Method which satisfies the continuity is developed 
and its superiority over the old type Fractal Multi-Grid Method developed by the authors is 
demonstrated. 

INTRODUCTION 
As a result of R & D efforts on the computer technology in both hardware and software, it 

becomes possible to solve large scale finite element models with more than one hundred million degrees 
of freedom. As for the software improvement, various methods for solving large classes of matrix 
equations have been developed to decrease the computational time. These are, for example, ICCG 
(Incomplete Cholesky Conjugate Gradient) method [I], multifrontal method (21, multi-grid method [3] 
and AMG (algebraic multi-grid) method [4]. Also, DDM (Domain Decomposition Method) [S] and 
BDD (Balancing Domain Decomposition) method [6] have been developed for the parallel and grid 
computing. However, to compute the stress of complex real ceramic and ceramic composite materials 
with reasonable accuracy, the size of the finite element model becomes much larger. In such a case, a 
great amount of computational time and memory are necessary although the capacity of computer has 
been improved drastically. Thus, it is necessary to speed up the computation and increase its efficiency 
greatly. 

To realize the stress analysis of geometrically complex model such as the advanced ceramic and 
composite materials, a program of the Fractal Multi Grid (FMG) method has been developed by the 
authors [7,8]. The idea of FMG method can be illustrated using a two dimensional simple elastic 
problem as shown in Fig. 1 .  A square sheet is stretched at its four vertexes. When the model is 
subdivided into 8 x 8 elements. the deformation and the stress are computed by solving basic cells 
consist of 2 x 2 elements under the prescribed displacements at four vertexes. Such basic operation is 
repeated hierarchically from the top level to the lowest level. In this process, the continuity between the 
neighboring cells is ignored and it can be recovered at the lowest level by interpolating the displacements 
at two nodes sharing the same cell boundary. In this way, the continuity ofthe traction is not guaranteed. 
It is retained through the iteration. Also, the authors have demonstrated the potential effectiveness of 
the Fractal Multi-Grid Method. At the same time, intrinsic problem associated with the convergence 
was found. The convergence can be maintained with controlling the iterative procedure by reducing the 
feedback ratio. The appropriate value of the feedback ratio depends on the problem and the order of 
hierarchy. The reason for this problem is that this type of FMG method does not have a solid theoretical 
background such as the Minimum Potential Energy Theorem. Therefore, the authors attempted to 
establish its theoretical bases on the Principle of Minimum Potential Energy. 
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Fig. 1 Procedure o f  computation in FMG method. 

THEORY OF HIERARCHICAL MULTI-GRID METHOD 
As in the ordinary finite element method (FEM). the proposed Hierarchical Multi-Grid Method 

can be constructed on the well known Principle of Minimum Potential Energy, i.e. 

where. u : displacement, o : stress, E : strain, g : body force, z : traction applied as the external 
load. In the present HMG, the displacement u is interpolated by the function with hierarchical 
structure. i.e. 

where, [A, , ]  is the interpolation function and {U,} is the nodal displacement ofthe nodes belonging to 
the h-th hierarchy. Using Eq. (2), the strain-displacement relation and the stress-strain relation can be 
described in the following form. 
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Substituting Eqs. (3) and (4) into Eq. (I) ,  the functional n(u) can be rewritten in terms of the nodal 
displacement parameter {U/,}  with hierarchical structure. 

Based on the stationality condition of the above functional, an iterative solution procedure can 
be constructed. Let us assume, that {U, ...,tJh ,.., U,,} is the current approximation and { A U , }  is the 
correction for {U,}. The correction vector {AU,} can be obtained through the stationality condition 
of the following functional. 

Since the displacement parameter {Uh } consists of a set of nodes (from 1 to Nh), the correction is made 
node by node, i.e. 

Thus, the stationality condition can be written as, 

Since Eq. (8) must hold for arbitrary value of {SdU;}, the following equation is derived. 

where, [ f i : }  is the residual error at the n-th node on the h-th level and, 
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The detail of the solution procedure is as follows. 

Step-( 1) 
Step-(2) 

Step-(3) 

Step-(4) 

Step-(5) 
Step-(6) 
Step-(7) 

Step-(l) 

Step-(9) 

As initial values of nodal displacement parameters and stresses, zero is assumed. 
For the n-th node on the I-st level, solve Eq. (9) to obtain { A U ; } .  
Update {Uy} using {AU;} .  

{U;}= {u; + A U ;  } (1 < n < N , )  

Using updated { U , } ,  update {a} according to Eq. (4). 

From updated {c} and Eq. (9), compute { A U ; } .  
Repeat Step-(2) through Ste 4 5 )  for levels h=2 to h=H. 
Compute residual error {e; p and its norm E,, , ,  . 

(14) 

Repeat Step-(2) through Step-(7) until the error norm Ermr becomes smaller than the 
tolerance. 
Substitute the final value of {Ut2} into Eqs. (2), (3) and (4) to compute displacement u , 
strain E and stress c. 

The details of the computational scheme may be different when the problem to be solved is 
different, such as heterogeneous or nonlinear problems. If the problem is a linear isotropic two or three 
dimensional problem and the regular uniform mesh is used, the stiffness matrix given by Eq. (9) is 
identical or similar for all internal nodes regardless of the level of hierarchy. In case of two and three 
dimensional elastic problems, Eq. (9) becomes simultaneous equations with two and three unknowns, 
respectively. The variables to be saved during computation. in ideal cases, are nodal displacement 
parameters {AU;}  and the error vectors b:}. Thus the size of the memory necessary is the order of 
2DOF,  where DOF is the total degree of the problem. 

TWO DIMENSIONAL EXAMPLE PROBLEM 
The following two dimensional elastic problem is taken as an example. The problem is the 

stretching of a square sheet by the forced displacement at four comers. Figure 2 shows the comparison 
between the old type FMG and newly developed HMG with respect to the convergence of the error with 
the iteration. The problem is solved using hierarchical mesh with seven levels (33,274 DOF). Though 
convergence rate of the new FMG is slower than that of the old one, no fluctuation is observed during 
convergence and after the convergence as opposed to the old FMG. Figure 3 shows the relation between 
the DOF of the problem and the computing time to achieve the relative error of lo6 .  As it is shown in 
the figure, a problem with 134,250,490 DOF can be solved by one 64-bit PC in 22,403 seconds. 
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Fig. 3 Relation between DOF and computing time. 

THREE DIMENSIONAL EXAMPLE PROBLEM 
Like standard three dimensional finite element method, the proposed HMG can be regarded as a 

cubic digital space or a cubic digital clay. The designer or engineer can create any object, such as 
bioceramics. ceramic part and even ceramic composite structures with complex geometry. The most 
effective way of using HMG is to generate the model directly from the CAD data or the CT scan digital 
image such as that of foamed aluminum shown by Fig. 4. The deformation of the foamed aluminum is 
analyzed by 2-D HMG under the forced displacement along the horizontal axis and the computed result 
is shown in Fig. 5.  Figure 6 shows the deformation of thin steel half spherical shell with circular cutting 
under thermal load. It is defined in the 256 x 256 x 256 grid space. If the space is hlly filled, it 
consists of 16 million elements. As it is seen from the fact that solution process of HMG is node by 
node, the computational time for HMG is roughly proportional to the number of elements or nodes. 
Thus the solution time becomes much less compared with the direct solution method, in which the 
computational time is proportional to DOF2 [8], as the size of the problem becomes large. 
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Fig. 4 Foamed aluminum alloy. 

Fig. 5 Displacement o f  foamed aluminum alloy computed using CT scan data (2D analysis). 

Fig. 6 Thermal deformation and stress distribution o fa  thin half spherical shell 
with circular cutting defined in 256 x 256 x 256 grid space 
computed by 3D-HMG. 
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CONCLUSIONS 
The iterative solution procedure for the Hierarchical Multi-Grid Method is investigated from 

the aspect of variational theorem. When the continuity of the displacement field is relaxed, the fractal 
type Multi-Grid Method may be employed. If the compatibility is assumed, Minimum Potential Energy 
Theorem can be employed. In this report, the FE code is developed based on the latter and it is shown 
that the excellent convergence can be maintained without introducing controlling parameters such as the 
feedback ratio. The robustness of the proposed method indicates its great potential for the application to 
variety of engineering problems. 
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It is known that the strength and lifetime of silicon nitrides are strongly affected by 
subsurface flaws that are either inherent to the material (voids, porosity, etc.) or induced by 
component processing such as machining damage (e.g., cracks). Because ceramics are 
translucent, optical methods are effective to detect and characterize these types of subsurface 
flaws. In this study, three optical methods were developedutilized for nondestructive evaluation 
(NDE) of subsurface flaws in silicon nitride ceramics: ( I )  laser backscatter, (2) optical coherence 
tomography (OCT) and, (3) confocal microscopy. The laser backscatter is a two-dimensional 
method while both OCT and confocal are three-dimensional methods. Subsurface flaws of 
various types, sizes, and depths can be identified and imaged by these NDE methods. In 
particular, subsurface Hertzian cracks, induced by surface indentations with various loads, were 
clearly imaged for the first time by the confocal method. This paper describes these methods and 
presents NDE data and their correlation with surface photomicrography results. 

INTRODUCTION 
Advanced ceramics are leading candidates for high-temperature engine applications that 

offer improved engine performance and reduced emissions. Among these ceramics, silicon 
nitrides (Si,N,) are being evaluated for valve train materials in automotive and diesel engines [l]. 
However, for high-strength Si,N, ceramics, it is known that surface and subsurface flaws may 
significantly degrade their fracture strength and fatigue resistance [2-31. These flaws are 
normally in the form of microstructural discontinuities that are either inherent material defects 
(voids, porosity, etc.) or induced by component processing such as machining damage (e.g., 
spalls, cracks). To ensure the reliability and durability of ceramic components in engine 
applications, these defectddamages must be detected and characterized. 

Because Si,N, ceramics are partially translucent to light and the strength limiting flaws 
are normally within a shallow depth under the surface, optical methods are effective to detect and 
characterize these types of subsurface flaws. Argonne National Laboratory (ANL) has developed 
and utilized several optical methods for nondestructive evaluation (NDE) of subsurface flaws in 
silicon nitride ceramics. In this study, three optical methods are presented and evaluated: (1) 
laser backscatter, (2) optical coherence tomography (OCT) and, (3) confocal microscopy. The 
laser backscatter is a two-dimensional method while both OCT and confocal are three- 
dimensional methods. It is demonstrated in the following that subsurface flaws of various types, 
sizes, and depths can be identified and imaged by these NDE methods. 
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LASER BACKSCATTER 
The laser backscatter method utilizes a polarized laser light and cross-polarized 

backscatter detection to probe the subsurface of w optically translucent ceramic [4-51. As the 
laser beam is incident on the airkeramic interface, a portion of the transmitted light will change 
polarization states, while the reflected light will not (61. By detecting only the backscattered 
light in the cross-polarized direction from the incident beam, subsurface microstructure and 
flaws can be measured while filtering out all other reflections. Figure 1 illustrates a schematic 
diagram of the experimental setup of the laser-backscatter scan system. In this system, the cross- 
polarized backscattered light is measured by two detectors A and B. As the laser illumination is 
raster scanned over the specimen surface, two gray-scale images are composed: a sum image is 
calculated from the sum of the measurements of Detectors A and B; and a ratio image is 
calculated from the ratio of the measurements of Detector B to Detector A. The sum data were 
found to be most indicative of lateral defects, while the ratio value is more sensitive to median 
defects [4]. 

Fig. I, Illustration of setup for laser scattering inspection system 

The laser backscatter system has been used to determine machining induced damage in 
Si,N, specimens with flat and cylindrical machined surfaces. Figures 2a-b show, respectively, 
laser-scatter sum and ratio images of the surface of a diamond-ground GS44 Si,N, specimen. 
The images were obtained with scan pixel size of 10 p in both directions. In the sum image, 
the white spots and lines represent surface regions with excessive subsurface backscattering due 
to surface/subsurface defects or machining damage. Correspondingly, the damaged regions are 
darker in the ratio image. To identify these defects/damages, the ground surface was polished. 
Figure 2c is a photomicrograph of the surface after polishing off a 51-pm-thick surface layer. By 
comparing the laser-scatter images and the photomicrograph, all detected flaw features can be 
characterized. They include two surface-breaking cracks (identified as “Cracks”) at the top-left 
region of the images, a single prominent spot identified to be a subsurface void, and several line 
features that were due to machining subsurface damage (“Grounding Damage“). In addition, 
many relatively weaker spot features distributed in the laser-scatter images represent subsurface 
regions with higher porosity than surrounding material (“Porous Pores“). 
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~~ 

(a) (b) (C) 
Laser scatter (a) sum and (b) ratio images of ground wrface of a diamond-ground GS44 
specimen: and (c) photomicrograph of the surface after polishmg. 

Fig. 2 .  

The laser-scatter system was used to determine the extent of machining damage in 
transversely ground SN23SP Si,N, cylindrical specimens. The specimens was scanned in both 
axial and longitudinal directions. and the subsurface scattered light intensity at all locations is 
recorded and processed to compose a two-dimensional scatter image of the scanned region, as 
shown in Fig. 3. Scan pixel size was 5 pm in both directions. In the laser-scatter (sum) image in 
Fig. 3b, the gross grayscale variation is likely due to the second-phase inhornogeneity within the 
Si,N, material and is not considered to he detrimental to the strength [7]. Typical detailed laser- 
scatter images are shown i n  Figs. 4a-b for a fine-ground and a rough-ground rod, respectively. 
The material defects, likely subsurface porous pores appearing as individual high-scattering 
spots, are seen distributed throughout the surfaces in both rods. The machining damages, 
represented hy brighter horizontal marks -0. I -mm long along the horizontal grinding direction, 
are visible only in  the image of the rough-ground rod (Fig. 4b). These machining damages are 
likely median cracks that may cause strength reduction. By combining of laser-scatter NDE data 
with fractography examination of fracture-tested specimens, it was demonstrated that laser 
scattering is promising for identifying fracture origins without destructive fracture tests [8]. 
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(4 (h) 
Fig. 3. (a) Scanned region and (b) laser-scatter image of a 40-mm section of a ceramic rod 

(4 (b) 
Fig. 4. Detailed laser-scattering images of (a) fine-ground and (b) rough-ground SN23SP rods; 

the grinding damage is shown as bright horizontal lines in (b). 

OPTICAL COHERENCE TOMOGRAPHY (OCT) 
OCT is a 3D method originally developed for imaging biological materials. It utilizes a 

Michelson interferometer to differentiate optical reflection from different depths of a translucent 
material. The block diagram of the OCT system at ANL is shown in Fig. 5.  Light from an 
optical source is split into two paths, a sample path and a reference path. Light in the reference 
path is reflected from a fixed-plane mirror, whereas light in the sample path is reflected from 
surface and subsurface features of a ceramic sample. The reflected light from the sample path 
will only be detected if it travels a distance that closely matches the distance traveled by the light 
in the reference path. Thus, by scanning the sample, data can be obtained in a plane 
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perpendicular or parallel to the sample surface. For an OCT system, typical spatial resolution is 
-10 Vm when a low-coherence diode laser is used. 

Fig. 5. Block diagram of basic elements in OCT system. 

Because OCT systems typically use optical sources with longer wavelengths that have 
deeper optical penetration in ceramics (the ANL system uses a 1310-nm diode laser), they can 
probe deeper depths into ceramic subsurface than laser-scatter or confocal systems that normally 
use visible wavelengths. The ANL OCT system was evaluated by scanning the cross section of a 
NTSS1 step sample, as shown in Fig. 6. For this sample, the top and bottom surfaces of the two 
steps of 84- and 184-pn thick are detected (vertical bright stripes are artifacts). The optical 
thickness of the steps can be directly determined from the images. Because optical penetration 
depth for OCT equals the physical depth multiplied hy the refraction index of the material, direct 
comparison of optical and physical depths allows for the determination of the refraction index of 
silicon nitrides. The measured refection index from the Fig. 6 image is 2.0, which is consistent 
with reported values. In addition, the OCT image reveals many scattering sources within the 
NT55I subsurface. Higher scattering is usually an indication of porosity or defects; this method 
may therefore be used for NDE of the Si,N, ceramics. 

Fig. 6.  Scanned crowsectional OCT image of  a NT55 I step sample. 

CROSS-POLARIZATION CONFOCAL MICROSCOPY 
Cross-polarization confocal microscopy is a new 3D imaging method developed at ANL 

[9]. It combines two well-established optical methods, the cross-polarization backscatter 
detection and the scanning confocal microscopy. and can achieve 3D subsurface imaging with 
sub-micron spatial resolutions. A schematic diagram of the system is shown in Fig. 7. 
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Preliminary tests indicated that, with a moderate 40X objective lens at an optical wavelength of 
633 nm, the system has an axial (depth) resolution of -2 pm and a lateral resolution of -0.6 pm 
~91. 

Fig. 7. Schematic diagram of cross-polarization confocal microscopy system. 

A NT551 Si,N, specimen with known subsurface damage was tested using the laser- 
backscatter and the confocal system. The damage is subsurface Hertzian C cracks induced by 
indentations with different loading forces. A Hertzian crack has a distinct subsurface profile: i t  
first extends in a cylindrical fashion normal to the surface for some distance and then turns 
laterally with an angle into the depth [lo]. Figure 8a shows a laser-scatter image of a C crack 
created by a 2400N indentation load. The image clearly shows the crack size, shape, and crack 
extension direction in the subsurface (scatter intensity decreases with depth). However, the 
laser-scatter method cannot resolve the depth profile of the crack under the surface. 

The subsurface C crack was examined using the confocal system with a 633-nm- 
wavelength HeNe laser. Figure 8b shows a lateral (plane) scan image for a portion of the C 
crack. Higher scatter intensity is observed from the C crack as well as from many individual 
material defects (porous pores). To examine the crack angle and depth within the subsurface, 
three cross-sectional scans, spaced at 10-pm distances from each other as marked as Slices # I 4 3  
in Fig. 8b, were performed. These cross-sectional scan images are shown in Fig. 8c (in each 
slice the inside of the niaterial is on top and the specimen surface at bottom). The subsurface 
extension of the C crack (depth and angle) is clearly visualized in these cross-sectional images. It 
is evident that the subsurface C crack exhibits complex damage patterns that may be the results of 
its interaction with the material's subsurface microstructure during crack propagation. It is klieved 
that this is the first known result of a direct image of such cracks. The images in Fig. 8c, 
however, indicate that the detection depth is only -40 micron for the NT5S 1 material when using a 
laser wavelength of 633 nm. 
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(a) (b) (C) 
Fig. 8. (a) Laser-backscatter image of a subsurface C crack; and confocal scan (b) plane image 

(parallel to surface) and (c) three cross-sectional images (perpendicular to surface) at 
locations marked in (b). 

CONCLUSIONS 
Three optical methods were developedhtilized at ANL for nondestructive evaluation of 

subsurface flaws in silicon nitride ceramics: (1) laser backscatter, (2) optical coherence 
tomography (OCT) and. (3) confocal microscopy. The principle of and typical data generated 
from these methods are presented and discussed in this paper. All methods are based on laser 
scanning of the sample surface and subsurface to construct 2D images that can be used for direct 
identification of ilaws within the sample's SUbSUrfdCe. The laser backscatter is a two- 
dimensional method without the depth resolution of the subsurface flaws. However, it can 
quickly build a 2D laser-scatter image of the entire sample surface (i.e., 100% surface 
inspection), which can be used to identify the type, location. size, and severity of subsurface 
flaws. Both OCT and confocal methods are three-dimensional methods (i.e., with depth 
resolution). It was demonstrated that OCT may image the depth >180 pi into the subsurface of 
a NTSS1 Si;N, specimen. On the other hand, confocal has a shallower depth penetration, up to 
-40 prn deep for NTSS1 Si,N,, but with a better spatial resolution. In particular, the profile of a 
subsurface Hertzian C crack was clearly imaged for the first time by the confocal method. These 
optical methods are therefore capable for NDE inspection and characterization of the quality and 
reliability of ceramic components being considered for high-temperature engine applications. 

ACKNOWLEDGMENT 
This research was sponsored by the Heavy Vehicle Propulsion Materials Program, DOE 

Office of FreedomCAR and Vehicle Technology Program, under contract DE-ACOS- 
000R22725 with UT-Battelle, LLC. Part of the work was supported by the National Science 
Foundation through the grant DMI-0521203. 

REFERENCES 
1. J, G. Sun, J. M. Zhang, M. J. Andrews, J. S .  Trethewey, N. S. L. Phillips, J .  A. Jensen, 

"Evaluation of Silicon-Nitride Ceramic Valves," Int. J. Appl. Ceram. Tech., 2008, in press 
2. R. D. Ott, "Influence of Machining Parameters on the Subsurface Damage of High-Strength 

Silicon Nitride," Ph.D. Thesis, The University of Alabama at Birmingham, AL, 1997. 
3. M. J. Andrews, "Life Prediction and Mechanical Reliability of NTSSI Silicon Nitride," Ph.D. 

Thesis, New Mexico State University, Las Cruces, NM, 1999. 

Corrosion, Wear, Fatigue, and Reliability of Ceramics - 187 



Optical Methods for NDE of Subsurface Flaws in Silicon Nitride Ceramics 

4. J. G. Sun, W. A. Ellingson, J. S .  Steckenrider, and S .  Ahuja, “Application of Optical 
Scattering Methods to Detect Damage in Ceramics,” in Machining of Ceramics and 
Composites, Part IV, Chapter 19, eds., S .  Jahanmir, M. Ramulu, and P. Koshy, Marcel 
Dekker, New York, pp. 669-699, 1999. 

5. W. A. Ellingson, J. A. Todd, and J. G. Sun, “Optical Method and Apparatus for Detection of 
Defects and Microstructural Changes in Ceramics and Ceramic Coatings,” U.S. Patent 
6,285,449, issued 2001. 

6. J. C. Stover, Optical Scattering and Analysis, SPIE Optical Engineering Press, Bellingham, 
Washington, pp. 11 1-133 (1995). 

7. M. J. Andrews, A. A. Wereszczak, T. P. Kirkland, and K. Breder, “Strength and Fatigue of 
NT551 Silicon Nitride and NT55 1 Diesel Exhaust Valves,” ORNL/TM-l999/332,2OOO. 

8. J. M. Zhang, J. G. Sun, M. J. Andrews, A. Ramesh, J. S .  Trethewey, and D. M. Longanbach, 
“Characterization of Subsurface Defects in Ceramic Rods by Laser Scattering and 
Fractography,” in Review of Quantitative Nondestructive Evaluation, eds. D.O. Thompson 
and D.E. Chimenti, Vol. 25, pp. 1209-1216, 2006. 

9. J. G. Sun, “Device and Nondestructive Method to Determine Subsurface Micro-structure in 
Dense Materials,” US Patent No. 7,042,556, issued 2006. 

10. B.R. Lawn, Fracture ofBrittle Solids, Cambridge University Press, New York, 1993. 

188 . Corrosion, Wear, Fatigue, and Reliability of Ceramics 



FRACTOGRAPHlC ANALYSIS OF MINIATURE THETA SPECIMENS 

George D. Quinn 
Ceramics Division 
National Institute of Standards and Technology 
Gaithersburg, MD 29899 

ABSTRACT 
The theta strength test specimen is a simple and elegant way to measure the strength of small 

structures. Ring shaped test specimens with a central web are compressed diametrally so that the 
middle web section is stretched in uniform tension. The compression loading scheme eliminates the 
need for special grips. Prototype miniature silicon specimens with web sections as thin as 7.5 
nucrometers were fabricated by deep reactive ion etching (DRIE) of single crystal silicon wafers. A 
conventional nanoindentation machine with a flat head indenter applied load and monitored 
displacement to fracture. Fractographic analysis of the broken specimens identified fracture mirrors 
and fracture origins. The origins were 200 nm to 500 nm deep DRIE etch pits. 

INTRODUCTION 
Mechanical properties at the small scale may play a vital role in design. fabrication, and 

application of microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) 
devices. Strength test specimens should be comparable in size as the micro-devices themselves and 
manufactured in the same manner. Many test specimens are scaled douii kaditional configurations 
such as microtensile specimens that are pulled apart by grips or electrostatic devices.[l,2.3,4.5,6.7] 
Some are cantilever beams that are flexed to fracture. It is challenging to manipulate, install, and apply 
load to tiny specimens. Many of the testing schemes are prone to the normal misalignments and 
loading problems associated with testing rigid ceramics and serious experimental errors can occur. A 
small interlaboratory comparison (round robin) study on miniature polysilicon specimens generated 
elastic moduli that varied by as much as f 12 % and average strengths that varied by a factor of two.[6] 

One appealing configuration for miniature structures is the theta specimen, invented by A. 
Durelli and V. Parks in the early 1960s.[8.9] Figure 1 shows a 76 mm diameter Plexiglas specimen 
made to the size that they recommended. In 2005, we presented preliminary results of our work on 
miniaturizing this test specimen to 1/250Ih the original size.[lO] We fabricated specimens with both 
the classic round and a new hexagonal shape as shown in Figure 2. Our subsequent work focused on 

Figure 1. Plexiglas theta specimen. The figure on the right shows the specimen in crossed polarizers 
while loaded by diametral forces P on the rim. The middle web is stretched in uniform tension 6. 
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Figure 2. Miniature round and hexagonal theta specimens etched from two silicon wafers. Both are 
300 pm wide and have web heights of 7.5 pm and thicknesses of 100 pm. 

refining our test procedures to improve the repeatability of our experiments and finite element 
modeling to analyze the effects of various misalignments and stress concentrations.[ 10,l I] This paper 
presents new fractographic findings for theta specimens tested to fracture. 

MATERI AL 
Specimens were fabricated from 100 pm thick double side polished single crystal (1 00) silicon 

wafers. Strips of ten specimens were prepared as  shown in Figure 2. The round theta specimens were 
designed to have nominal 10 pm web heights to match Durelli's original shape, but at 1/250th its size. 
The as fabricated web heights were actually 7.5 pm tall. Hexagonal specimens were also made with 
7 5 pm and 22 pin web heights. The wafers were aligned and the strips etched such that the long axis 
of the strip was parallel to a 4 1 0 >  direction as shown in Figure 2. The specimens were 
micromachined by deep reactive ion etching (DRIE) with the Bosch process using alternating etch and 
passivation steps. The sulfur hexafluoride (SF6) etchant was applied in about 12 s duration steps. The 
nominal etching rate was 3 ydmin with a standard photoresist type mask. C4Fs was used to create the 
passivation layers between etching steps. About 85 and 100 etch-passivation steps were used to go all 
the way through the 100 pm wafers for the hexagonal and round specimens, respectively. As will be 
shown, this conventional treatment created sidewalls with 1 pm bands with 100 nm to 200 nm height 
undulations. The sidewalls had 1" to 2" re-entrant tapers (undercutting). 

EXPERIMENTAL PROCEDURE 
Specimens were placed in a holder and loaded to fracture in a nanoindentation machine with a 

flat-tipped diamond indenter." Load and displacement were monitored throughout the loading cycle. 
The instrument was typically operated in load control with a total ranip time to fracture of about I5  s. 

" Nanoindenter XP, MTS, Oak Ridge, TN. 
Certain commercial materials or equipment are identified in this paper to specify adequately the experimental 
procedure. Such identification does not imply endorsement by the NlST nor does i t  imply that these materials or 
equipment are necessarily the best for the purpose 
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The load-displacement curves were linear to fracture. Break loads were of the order of 500 mN to 2 N 
depending upon the specimen type and web size. Between two and eight specimens on a strip were 
broken at a time. The average strengths ranged from 450 MPa to 600 MPa as described in Ref. 10. 
Additional information about the specimen holder, other experimental procedures, and the equations to 
convert break load to fracture stresses are in Ref. 10. 

The specimen holder was designed to gently hold a strip in place between parallel glass 
microscope slides, such that the very tops of the ring specimens were exposed to the nanoindenter 
head. The glass slides allowed the specimen to be examined both before and after fracture as shown in 
Figures 3 and 4. Manipulation of the specimen strips and the fkactured fragments was done manually 
with very fine-tip (5 pm radius) tools. precision tweezers. as well as with a mechanical micropositioner 
with a fine-tip probe. A compound optical microscope was used to photograph and measure the size of 
selected as-received specimens. All fractures were examined in a stereo binocular microscope at up to 
200 power. Selected fragments were carefully harvested and mounted for examhation in a field 
emission scanning electron microscope (FESEM) at up to 200 000 magnification. About fifty ring and 
hexagonal theta specimens were tested. About forty-five fragments of each type were examined in the 
FESEM. 

The pieces were carefully mounted for the FESEM examination on a small brass nut with one 
face covered w,ith carbon tape. A common round copper transmission electron microscope grid was 
placed onto the carbon tape. A single theta fragment placed into each square grid hole in order to keep 
track of each fragment. Handling and mounting of a remnant theta base strip was easy and was done 
with fine-tip tweezers. The mounting of a single broken fragment was a much more delicate process. 
It entailed picking up a fragment (usually held by a small natural electrostatic charge) on the end of a 
very fine-tip needle and moving the fragment a small distance to the carbon tape. Placement of a 
fragment onto the carbon tape had to he done very carefully. lest the piece fall in an awkward angle or 
tip over and lie flat on the tape. The pieces did not need to be coated and were examined with 2 kV or 
5 kV accelerating voltage. 

Figure 3.  Typical fracture outcome. The specimen strip was sandwiched between glass slides. One 
glass slide was removed after a test to allow the harvesting ofthe fragments. This image shows the 
front glass slide partially slid downwards to expose the fragments. 
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Figure 4. Typical fracture pattern. The two intact and one broken specimens are seen through a front 
glass slide. The bottom rings are a reflection. Fragments include a rounded cap piece on the bottom, a 
T piece on the right side, and a triangular web piece. 

Figure 5 .  Breakage and fkagmentation pattern for the ring theta specimens. The small arrows show the 
directions of crack propagation 

RESULTS 
The round theta specimens broke into multiple pieces with several characteristic shapes as 

shown in Figures 4 and 5. The top round portion often was found as a “cap.” The webs broke into 
several triangular shaped web segments. The sides broke into “T“ shaped pieces with either long or 
short segments at the top of the T. Often one side of a specimen remained attached to the base strip. 
The pieces that remained attached to the base strip were easy to handle and examine affemards. but 
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much greater care had to be used with the broken fragments. Only a few triangular web segments were 
examined since they were very small and difficult to manipulate. The webs almost always broke on 
{ 1 11 } type planes creating zigzag or angled fracture surfaces as shown in Figure 6.  Sometimes a 
fracture started on a { 110) type plane (Fig. 6d). but it immediately changed to a { 1 11 ] plane. The 
{ 1 1  1 )  is the preferred cleavage plane i n  single crystal silicon.[l2] In one instance, shown in Figure 7, 
both T sides of a specimen were still on the base after a web section had fractured. The cap piece from 
the top of the ring broke off and moved to the side. 

(1 10) type etched surface 
parallel to the stnp boltom surface 

> F < T  (111) Fracture planes (dl >=$)plane (1 11) Fracture plane 

Onginal(691) water surface 

Figure 6 .  Main fractures in the webs usually ran on ( 1  1 I }  type planes. (a) is a front view of a ‘‘Y 
fragment of a hexagonal theta specimen. (b) is a top view looking donn onto the web of the same 
fragment. The fracture planes are marked on the right. (c) and (d) are schematics o f  the web. 

Figure 7. Theta strip after tests to break rings 3 and 6. Rings 2. 5 ,  and 8 had been broken previously. 
Rings 1 and 9 were tack glued in place to help hold the strip in place. Both sides of ring 3 (large 
arrow) are still attached to the base. even though the web has fractured out. The top cap o f  ring 3 
broke off and landed to the right (small arrow). Each theta ring has a 300 pm diameter. 
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FESEM examination of the fracture surfaces revealed the direction of crack propagation and 
the fracture origins for each fracture plane. The origins were identified by radiating hackle lines and 
tell tale cathedral fracture mirrors. The direction of crack propagation was identified by general hackle 
lines, cleavage step hackle, and occasional Wallner lines. Additional infoniiation on the fractography 
of single crystals with explanations and illustrations of these markings may be found in Chapter 8 of 
the NIST Guide to Fractogaphy of Ceramics and Glasses.[l3] 

Nearly all web fractures were perpendicular to the web top and bottom surfaces, but at an angle 
to the web longitudinal axis as shown in Figure 6. It could not be ascertained which came first when 
several web fractures occurred. In fact. it was usually not possible to examine all the multiple origins 
and web shard fragments for a particular ring specimen. Occasionally a web fracture had a slight 
cantilever curl on the fracture plane (an indication of bending stresses) from which it may be surmised 
that the break was either a secondary break or a break in an improperly-loaded specimen. These were 
rare. however. 

The top cap and side T fragments were much easier to examine, and the origins and crack 
propagation directions were fairly easy to interpret. Examples will be shown later in this paper. but it 
is first necessary to characterize the overall breakage pattern shown in Figure 5. The cap fragments 
had cracks that started and ran perpendicularly outwards from an inside surface. The cracks had a 
small compression curl as they approached the outer rim. This is a clear manifestation of bending 
stresses in the ring walls. Similar crack patterns were also observed down at the bottom of a ring. also 
starting from the inside surface and radiating out to the outer rim near the base strip. On the other 
hand. on both sides of a round specimen. cracks started from the outer rim located just to the top or 
bottom of where the web joins the ring. These broke through to the inside with a small compression 
curl. also indicating bending stress fields but with tension on the ring outer rim and compression on the 
inside surface. Cracks in the outer ring lead to the formation of T fragments with either long or short 
segments to either side of the stem of the T. 

The overall breakage pattern has  some similarities to that observed for O-ring specimens tested 
diametrally on the rim. Bending stresses are set up in the walls of the O-ring specimen. Tensile 
stresses are generated on the inside surfaces near the top and bottom load application points. Tensile 
stresses are also present on the outer side surfaces. The local thickening of our theta rings under the 
top and bottom load points and on the sides, where the web joins the body, causes the fracture origin 
locations to shift compared to the O-ring locations. 

Figures 8 to 10 show three fracture origins in one T fiagnent still attached to the base strip. 
The web fracture is identified by a fracture mirror centered on an etch pit. Figure 1 1  shows another 
web fracture. Figure 12 shows other fracture mirrors of various fragments centered on surface etch 
pits. The origin sizes ranged from 200 nm to 500 nm deep. A rudimentarq. estimate of the critical flaw 
size can be made with fracture mechanics. Given a fracture toughness on the { 1 1  1 ; plane of 0.8 
MPadm [12], and using a stress intensity shape factor Y of 1.99 for a long surface crack, and a range of 
average fracture stresses of450 MPa to 600 MPa, then the critical flaws should be 400 nm to 600 nm 
deep. It should be borne in mind that this simple estimate ignores that some of the fracture planes are 
at an angle to the web tensile stress, that some of the secondary fracture origins occurred in areas 
stressed differently than the web, and some fractures were probably secondary breaks. 

The rows of etch pits act as strength limiting flaws. Occasionally the origin was near the back 
face of the specimen. where etch pitting had transformed part of the specimen into a porous sponge- 
like structure. The origins were much more commonly about one-quarter to one-third away iiom that 
face. near where the etch pit rows just started. Evidently the last etch pits in a row were subjected to 
greater stress intensification than those in the sponge like region. The DRIE process entails alternating 
etching-passivating steps that create parallel bands of side wall grooves. The etch pit r o w  that run 
perpendicularly to these groove-bands started to form well down into the DRIE troughs. Once the 
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(a) (b) (C) 
Figure 8.  Ring theta specimen, web fracture. (a) shows the entire piece. The m o w  shows the origin 
site. (b) shows a close-up. and (c) shows the fracture mirror and origin flaw, which is an etch pit. 

(a) (b) (c) 
Figure 9. Ring theta specimen. bottom wall fracture. This is the same piece as above. but the origin is 
an etch pit on the inside surface at the base of the ring wail. A well-defined cathedral fracture mirror is 
centered on the origin. 

(a) (b) 
Figure 10. Ring theta specimen. outside wall fracture. This also is the same piece as above. but 
rotated around. The origin is on the outside wall surface. The fracture plane is very irregular and 
curved back on the inside surface. indicating a bending stress field. 
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(a) (b) (C) 
Figure 11.  Web fracture origin in a ring theta specimen. The arrows show the origin area. (a) shows 
the web. (b) is a close-up. and (c) is the origin which is a ligament between etch pits. 

Figure 12. Origin sites in two ring theta specimens. They have cathedral fracture mirrors centered on 
etch pit flaws. (b) is a close-up of (a). and (d) is a close-up of (c). 
o f  a string of etch pits. 

Note how the origins are at the end 
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trough becomes fairly deep (about 60 pn through the 100 pm thickness wafer in this instance) the 
passivation step fails to completely protect a side wall. An etch pit forms and on further processing. 
the passivation protection layer does not entirely seal it over and subsequent etch steps cause a string 
or row of new pits to form beneath the tirst pit. 

The hexagonal specimens broke as shown in Figure 13. The typical fragments were weh 
triangles, elbow pieces comprised of the top and one side. and T fragments comprised of a web and 
two side wall segments. Figures 14 - 16 show web origins. They are all rows of etch pits. 

Figure 13. Hexagonal theta specimen fracture illustrating the coiiuiion fragments. (a) shows the 
broken pieces seen through the glass slide holder and (b) shows them after extraction. 

Figure 14. Hexagonal theta specimen web piece showing a web fracture. (a) shows the overall break 
pattern. The arrows mark the origin on a { 1 lo} type plane. (b) is a close-up of (a). Fracture started on 
a { 1 10) plane but quickly shifted to { 1 1  1 } type planes. 
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Figure 15.  Hexagonal theta specimen "T" piece showing a web fracture. (b) is a close-up of (a). 

Figure 16. Hexagonal theta specimen "T" piece showing a web fracture. (b) is a close-up of (a). 

The 200 nm to 500 nm deep flaws for both the round and hexagonal specimens are among the 
smallest ever recorded for brittle materials. The average strengths of the specimens were a modest 
450 MPa to 600 MPa. Higher strengths for silicon have been reported in many other studies, and 
presumably the test specimens had even smaller flaws, but good fractogaphic analysis of tiny strength 
limiting flaws is rare. Bagdahn et al. [ 5 ]  observed surface flaws as small as 10 nm to 20 nni on the 
surface of polysilicon specinlens with strengths as high as 2 GPa to 3 GPa. Possible 30 nm - 50 nm 
internal pore flaws were also identified. 

In summary, the fracture origins and breakage patterns in the ring and hexagonal theta 
specimens were similar. It was not certain that the first breaks were in the web. but the oberall 
breakage patterns are consistent with a scenario in which the webs broke first whereupon secondary 
fractures occurred from bending stresses in  the ring walls. The secondary fracture patterns resemble 
those for O-ring speciniens tested in diametral compression. Secondary fractures are common in 
brittle materials such as silicon, especially in highly-stressed parts. Dynamic elastic wave 
reverberations after a web break could trigger the secondary fractures. The dynamic stresses probably 
do not match a static loading stress solution. Specimen redesign could minimize the incidence of 
secondary fractures. Further examination will look for evidence of misalignments in these pieces. All 
fractures initiated at rows of DRlE etch pits that were 200 nm to 500 nm deep. Fracture often 
conunenced at the end of a row. The strengths are on the low end of the range commonly reported for 
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miniature single crystal silicon structures. The surface condition that controlled the stren@hs in our 
specimens undoubtedly would control the strengths of actual MEMS components made the same way. 
Optimized DRIE processing could lead to improved strengths, but that is not the goal of this project, 
which is to develop a new testing method. We are making new theta and C-ring silicon specimens 
with better geometry and surface control. 

CONCLUSIONS 
Micro-sized theta specimens, which are diametrally-compressed ring shaped specimens with a 

central uniformly stressed web. were used to measure the tension strength of single crystal silicon. 
The strengths averaged 450 MPa to 600 MPa. The overall fracture patterns were interpreted. The 
fracture origins were 200 nm to 500 nm deep etch pits that were aligned in rows parallel to the etching 
direction and perpendicular to the ring faces. 
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