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Influence of whisker toughening and
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A comparative study of the influence of randomly-oriented SiC whiskers on the abrasive
wear behavior of several commercially-produced SisN4- and Al,O3-based ceramics
suggested that the residual stress states present within the materials can be important in
predicting their wear resistance. The addition of SiC whiskers to the SizN, matrix created
residual tensile stresses at the whisker-matrix interfaces which led to enhanced bulk
fracture toughness, but which degraded the fracture toughness at the microstructural level,
and thus the abrasive wear resistance, by promoting easier whisker debonding and
removal by the abrasive particles. The addition of SiC whiskers to an alumina matrix, on
the other hand, led to the creation of residual compressive stresses at whisker-matrix
interfaces, producing a locally tougher interface that was more able to withstand the rigors
of the abrasive wear environment. These results indicate that in brittle materials, improved
bulk mechanical properties do not always translate directly to improved performance in a
tribological environment. © 2000 Kluwer Academic Publishers

1. Introduction to enhanced wear resistance in whisker-reinforced ce-
Ceramic-reinforced ceramic composites represent ongimic composites can be an incorrect one.

of the more promising developments to date in the ef- A material’'s response to a wear environment is not
fort to produce tough, yet mechanically reliable, ce-purely anintrinsic one, but is rather a reaction to a com-
ramic materials for advanced structural applicationsplicated combination of stresses imposed by an exter-
and particularly for applications at elevated tempera-hal system that is defined by such variables as contact
tures in severe environments. Over the course of thgeometry, speed, load, temperature, lubrication and en-
last decade, much research has gone into the underironment. Because of the complexity and variability
standing of precisely how the addition of reinforcementof the stresses generated by such systems, a generic
phases can influence the strength and toughness of tieodel that can reliably predict how ceramic materi-
bulk ceramic material. For whisker-reinforced ceramicals will react in tribological environments continues
materials enhanced toughness can occur through ang elude materials and design engineers. Nonetheless
one, or several, of the following mechanisms: whiskerthere is a desire, as well as a need, to rank prospec-
pullout, crack bridging, and/or crack deflection [1-7]. tive tribological materials based on intrinsic material
In many cases, large scale toughening requires thatroperties. For the abrasive wear of brittle materials,
(i.) the whisker-matrix interface be relatively weak mathematical models [18, 19] generally assume that
to facilitate whisker debonding, and (ii.) toughening subsurface lateral fracture is responsible for most mate-
mechanisms be activated over some distance behind thi@l removal, leading to the prediction that volume wear
tip of the propagating crack. As a result, while the long-will be inversely proportional to both the material's
crack toughness of the bulk material can be enhanceblardness and fracture toughness. Unfortunately, a num-
by the presence of the whisker reinforcement, the shortber of studies on a wide variety of ceramic materials
crack toughness may remain unchanged, or even Wdeave indicated that conventionally-measured hardness
degraded, by the presence of these whiskers. Studiemd fracture toughness are often not good predictors of
of how whisker reinforcement influences the tribolog- a ceramic’s wear resistance [8, 9, 20]. This model, and
ical properties of ceramic materials are largely miss-others, fail to adequately describe the abrasive wear be-
ing, although several studies have addressed the relhavior of most advanced ceramic materials in at least
tive performance of whisker-reinforced ceramic matrixone important way: they assume that bulk hardness and
composites in sliding and abrasive wear environmentfracture toughness measurements are sufficient to de-
[8-17]. However, one point is clear: the assumptionscribe the deformation and fracture characteristics of
that enhanced mechanical properties translate directlihe test material in an abrasive wear environment. In
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particular, it has been noted that in ceramic materials Hardness and fracture toughness were measured for
which exhibit increasing fracture toughness with in-each material on surfaces mechanically polished to a
creasing crack length, such as alumina, silicon nitride1 xm diamond finish. Vickers hardness was determined
zirconia, and many ceramic-reinforced composites, theinder a load of 1 kg, with a dwell time of 15 seconds.
measured bulk fracture toughness may not describe theen separate hardness measurements were taken for
fracture toughness of the ceramic at the microstruceach material, with the results averaged. Fracture tough-
tural scale where abrasive wear mechanisms are activeess was measured utilizing the indentation technique
[21-23]. In addition, many of the testing proceduresdescribed by Anstigt al. [25] with an identing load
commonly used to determine mechanical propertiespf 10 kg. A minimum of five fracture toughness mea-
such as fracture toughness, employ carefully controlledurements were made for each material and the results
semi-equilibrium environments, which may not pro- averaged.
vide data relevant to the wear environment, where the Material response to two-body abrasive wear was
forces imposed on the material can be both transieniheasured utilizing a pin abrasion test designed at the
and variable [24]. Clearly then, there is a need for aAlbany Research Center to simulate abrasion that oc-
better understanding of how these macrostructurallyurs during crushing and grinding operations. This test
tough materials perform in environments where toughis described in detail elsewhere [26], and will not be dis-
ness on a microstructural scale is also an importantussed here; however, it is important to recognize that
factor. With that goal in mind, this study examines howduring this test, the sample was continually exposed to
microstructure and the presence of randomly-orientedresh abrasive. The ceramics and ceramic composites
SiC whiskers can influence the abrasive wear behavioof this study were identically tested against four differ-
of several commercially-produced silicon nitride- andent abrasive cloths: 150-grit D3 (nominal abrasive
alumina-based ceramic materials. particle size of 10Qum; average hardness of 18.6 GPa);
and 400-, 240- and 150-grit SiC (with nominal abrasive

. particle sizes of 37, 58, and 1Q0n, respectively, and
2. Experimental procedure with an average hardness of 23.1 GPa). In each of these
Three commercially-available, SiC-whisker reinforcedigsts the pin sample, 6.35 mm in diameter, was abraded
composite materials were selected for this study, alonginder an applied load of 66.7 N (corresponding to an
with three chemically-similar, but unreinforced, ma- gyerage applied pressure of 2.11 MPa), for a distance of
trix materials for comparison. All six materials were 16 m. Abrasive wear was expressed as the specific wear

The first pair of silicon nitride-based materials were

processed in an identical manner, except for the addi-
tion of 15 volume percent SiC whiskers to the com- W =
posite material. This series had a predominantly crys- pLFN
talline grain boundary phase, and so was designated
SisN4-C and SiNg4-C+ SiC,, for the monolith and whereAm was the mass loss of the test specimen un-
composite, respectively. The second series of silicorer the test conditions describggwas the density of
nitride-based ceramics,$Bl4-G and SiN4-G + SiC,,  the test sample measured using Archimedes principle;
were processed somewhat differently than the first in. was the sliding distance; anéy was the normal
order to produce a glassy grain boundary phase; howforce applied to the pin through the chuck assembly.
ever, the composite material also contained 15 volum@&able | contains a summary of the results of the pin-on-
percent SiC whiskers. For the alumina-based materialglrum tests, including the number of tests run on each
the composite, AlO3; + SiC, consisted of 34 volume sample for each abrasive type, the average mass loss,
percent SiC whiskers in a high-purity alumina matrix. the standard deviation, and the coefficient of variation.
Because no similarly-processed monolithic aluminaThe standard deviations listed in Table | were calcu-
was available, a 99.8%40; of relatively high hard- lated using the “small sample size” statistical analy-
ness was selected for comparison with the compositesis recommended for abrasive wear testing in the ap-
Microstructural characterization of these materialspendix of ASTM G65 [28]. This method of calculating
was performed primarily by transmission electron mi-the standard deviation utilized the range of measured
croscopy (TEM), in combination with chemical analy- mass loss values for each sample set, and thus typically
sis by X-ray Energy Dispersive Spectroscopy (XEDS).yielded a higher value for the standard deviation than
In addition, X-ray diffraction (utilizing Cu K radia- did root mean square deviation analyses. However, be-
tion) was employed to determine the primary matrixcause of the smaller sample size, the results were more
phase of the silicon nitride ceramics. Analysis of therepresentative of the actual error. Inspection of Table |
materials’ microstructural response to the various abraindicates that the values for the coefficient of variation
sive wear tests was by scanning electron microscopfor these tests ranged from a low of 0.7% to a high of
(SEM) in secondary electron imaging mode. Samples.2%. The average coefficient of variation was 3.2%.
preparation for TEM analysis followed traditional cer- Thus differences in test results greater thato were
amographic techniques, including ion milling to elec- attributable to real differences in the wear behavior of
tron transparency. Sample preparation for SEM analythe materials.
sis was limited to ultrasonic removal of the wear debris To better understand the microstructural response of
from the wear surfaces, followed by coating with athe ceramics to individual events occurring in the abra-
Au-Pd alloy to reduce charging in the microscope.  sive wear environment, a series of single-pass scratch
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TABLE | Data from the abrasive wear tests of the ceramics and ceramic composites, including standard deviations (S.D.) and coefficients of
variation (C.0.V)

Material Abrasive Type, Size #Tests Average Mass Loss (9) S.D. (9) C.0.V. (%)
SizNg-C Al>03, 100 um 6 2.97 0.16 5.3
SiC, 100 um 9 31.84 121 3.8
SiC, 58 um 6 23.33 0.47 2.0
SiC, 37 um 3 8.63 0.24 2.7
SizN4-C + SiCy Al03, 100 pm 6 3.53 0.12 34
SiC, 100 um 7 33.05 1.66 5.0
SiC, 58 um 6 23.58 0.43 1.8
SiC, 37 um 3 6.40 0.18 2.8
SizNs-G Al>03, 100 um 6 5.73 0.36 6.2
SiC, 100 um 6 43.05 1.22 2.8
SiC, 58 um 6 30.62 0.55 1.8
SiC, 37 um 3 10.30 0.35 34
SizNs-G+ SiCy Al03, 100 pm 4 6.55 0.21 3.3
SiC, 100 um 6 49.35 0.79 16
SiC, 58 um 1 33.40 —= —*
SiC, 37 um 2 11.70 0.35 3.0
99.8% AbO3 Al203, 100 pm 5 6.42 0.21 3.3
SiC, 100 um 6 36.22 0.36 1.0
SiC, 58 um 6 24.65 1.34 5.4
SiC, 37 um 6 8.67 0.36 4.1
Al>,03 + SiCy Al203, 100 um 4 2.82 0.08 2.8
SiC, 100 um 6 18.58 0.13 0.7
SiC, 58 um 6 12.74 0.25 2.0
SiC, 37 um 6 3.47 0.19 5.5

Average C.0.V=3.2%+ 1.5%.
*Insufficient material available to conduct additional wear tests.

tests were performed on each material with a conicasilicate phase is also observed at the homo- and het-
diamond indenter (tip radius equal to 20n), under erophase boundaries, and is expected to be a continu-
normal loads of 150, 200, 250, and 300 grams, at @us phase inthese materials. Bend contours, suggesting
speed of 10@m/min. The resulting scratches were ex- residual strain, are visible at many of the heterophase
amined using both optical microscopy and SEM. boundaries, although the residual stress is not sufficient
to cause microcracking at any of the grain boundaries
observed. The §N4-C + SiC,, composite (Fig. 1a) is
3. Results microstructurally identical except for the distribution of
3.1. Microstructure randomly oriented, intergranular SiC whiskers, which,
Micrographs illustrating the general microstructural with an average diameter of/dm and average aspect
features of the three composite materials, and the monaatio of 10:1, are large relative to the matrix grains.
lithic 99.8%AL03, can be found in Fig. 1, and an Although not apparent at the magnification of the mi-
outline of the microstructural characteristics of all of crograph in Fig. 1la, a thin amorphous silicate phase
the ceramics examined in this study can be found iralso wets the Sig— SisNg4, SiCy — Y2SisN4O3, and
Table I1. All of the ceramics and ceramic compositesSiC — Y ,Si,O; boundaries.
tested are liquid-phase sintered materials in which the The matrix microstructure of the second series of
matrix grains are bonded by a continuous crystallinesilicon nitride ceramics, $N4-G, consists of a distri-
and/or amorphous grain boundary phase. The composiution of SgN4 grains which are larger than those in the
tion and nature of these grain boundary phases deperigtseries (average matrix grain size is Ouff as com-
upon the additives and impurities introduced into thepared to 0.4«m in SgN4-C), bonded by an amorphous
materials during processing, and the total thermal hisyttrium aluminosilicate phase that is also believed to be
tory of the ceramic. In the @N4-C ceramic, this grain continuous in these materials. This amorphous phase
boundary phase is primarily crystalline,SisN4O3, is observed at the homo- and heterophase interfaces
with someg-Y ,Si,O;; however, a narrow, amorphous (including the whisker-matrix interfaces) in both the

TABLE Il Microstructural characteristics of the ceramics and ceramic composites

Material Matrix Grain Size gm) Primary Matrix Phase Primary Grain Boundary Phase(s) SiC Reinforcement
SizgN4-C 0.4 B-SizNg Crystalline Y,Si3N4O3, 8-Y2SirO7 —

SigNg-C+ SiCy 0.4 B-SizNg Crystalline Y>Si3N4O3, 8-Y2SiO7 Random, Intergranular

SizN4-G 0.75 B-SizNg Amorphous Y, Al Silicate —

SisN4-G + SiCy 0.75 B-SizNg Amorphous Y, Al Silicate Random, Inter- & Intragranular
99.8% AbO3 2.0 a-Al,03 Crystalline Graphites-Al,03 —

Al203 + SiCy 4.0 a-Al,03 Amorphous Mg, Al Silicate Random, Inter- & Intragranular
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monolithic and composite @W4-G ceramics. Bend posite materials. The 99.8%4/D; (Fig. 1c) contains
contours suggestive of residual stress are also appagraphite at most three- and four-grain junctions, which
entin this series of silicon nitrides, although not as pro-extends along many of the two-grain alumina-alumina
nounced. The microstructure of the composite is similaboundaries. These microstructures have not been ex-
to that of the monolith (Fig. 1b), except for the pres-amined by high-resolution TEM, and so it is not clear
ence of randomly oriented SiC whiskers, which havewhether or not the graphite is a continuous phase in
an average diameter of 0.786n and a variable aspect this material. In addition to the graphite, elongated
ratio. In this case, the whiskers are located both intra*whiskers” of a potassium-modifie@-Al,O3; phase
granularly (i.e., either partially or entirely encapsulatedare also occasionally observed at the grain boundaries.
within a SgN4 grain) and intergranularly within the Significant stresses are apparent at #hél,O3—3-
microstructure. Al,O3 interfaces; however because the population of
For the alumina-based ceramics, the microstructuresuch interfaces is relatively small within this material,
vary quite a bit between the monolithic and com-the presence of this stress is unlikely to influence the

Figure 1 General microstructural features of (a) thgl&-C + SiC, composite; (b) the §N4-G + SiC,, composite; (c) the 99.8%403 (“«” and
“B" refer toa-Al 2,03 andB-Al 203, respectively); and (d) the ADs + SiC, composite (“Gr” refers to graphite)Continued
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iill

Figure 1 (Continued.

tribological properties of the bulk material. The alu- granularly. Under dynamical imaging conditions, stress
mina grain size in this material averages arounch?,  contours indicative of a residual tensile stress [29] are
although there are also pockets of much smaller, subvisible in the ALO3 grains surrounding the intragran-
micron, grains within the microstructure. In contrast, ular whiskers. In amorphous pockets adjacent to the
the alumina-based compositep@®; + SiCy, isaglass- intergranular SiC whiskers, small crystals of graphite
bonded ceramic (Fig. 1d), containing approximatelyand an iron-nickel intermetallic are often observed (as
two volume percent of an amorphous magnesium aluin Fig. 1d). Alumina grain size within this composite
minosilicate phase that is located at the three- andverages around4m.

four-grain junctions and along most two-grain bound-

aries. This amorphous phase is also observed as a thin

layer (<50 nm) at whisker-matrix interfaces. The SiC 3.2. Hardness and fracture toughness

whiskers, with an average diameter of 0% and a Measured values for density, hardness and fracture
variable aspect ratio, are distributed randomly throughtoughness, along with reported values for Young’s mod-
out the alumina matrix and occur both inter- and intra-ulus (as provided by the manufacturers), are listed in
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TABLE 11l Physical and mechanical properties of the ceramics and ceramic composites

Material Density (g/crf) Young’s Modulus (GP4) Hardness (GP4&) Fracture Toughness (MRan)*
SizNg-C 3.29 310 15.6£0.2) 5.4 ¢0.3)
SizNs-C + SiCy 3.27 335 19.040.4) 6.4 ¢-0.3)
SizNs-G 3.26 303 15.04£0.2) 5.5 ¢0.3)
SizNs-G+ SiCy 3.27 335 16.5£0.5) 5.4 @&0.3)
99.8% AbO3 3.93 400 19.340.5) 3.4 ¢0.5)
Al>,03 + SiCy 3.64 395 23.8€1.1) 4.6 @¢0.1)

*Data provided by the respective manufacturers.
*Standard deviations for these values are in parentheses.

Table 11l for all of the ceramic materials examined in 3.3. Abrasive wear behavior
this study. The alumina-based materials;®@d + SiC, ~ The measured specific wear rates for all of the ceram-
and 99.8%Ad03, have the highest hardness, with val- ics and ceramic composites tested against alumina and
ues of 23.8 and 19.3 GPa, respectively; whereas the ugilicon carbide abrasives are listed in Table IV. The
reinforced silicon nitrides, $N4-G and SiN4-C, have  100um alumina abrasive is clearly the least aggressive
the lowest hardness with values of 15.0 and 15.6 GPdpr all of the ceramics tested. Against the SiC abrasives,
respectively. The addition of silicon carbide whiskersan increase in abrasive wear rate with increase in SiC
to the silicon nitride and alumina matrices results in anabrasive particle size is observed for all of the ceramics
increase in the hardness of the composite in all caseand ceramic composites over the abrasive size range
The variation in hardness measurements does not exf 37 um to 100um (Fig. 2). An interesting aspect of
ceedt5% for any of the ceramics tested, although therehis data is the large increase (150—-300%) in wear with
is more variation in the measured hardness of the comincrease in SiC abrasive particle size fromdi (400-
posites than in that of the monoliths, thanks to the presgrit) to 58..m (240-grit). Such a large difference inwear
ence of the relatively harder SiC whiskers. rate over a relatively small change in abrasive particle
Indentation fracture toughness measurements do naize suggests a change in wear mechanisms [30], and
always provide the most accurate measure of the bulin fact such a change is observed at the wear surfaces.
fracture toughness of a ceramic, often resulting in val+ollowing wear against the 3/m SiC abrasive, exam-
ues lower than those obtained by other measuremeimation of the wear surfaces indicates that the response
techniques [25]; however, the indentation technique iof these materials is primarily one of deformation, with
selected here because it is believed to provide a valuenly minimal fracture observed. Examination of the
more representative of the near surface regions of mawear surfaces following the test against the&8 SiC,
terial exposed to an abrasive wear environment. And asen the other hand, indicates that fracture has become a
expected, the measured values for fracture toughnessgnificant material response to the wear environment.
obtained in this study are somewhat lower than those Under the various abrasive wear conditions of this
provided by the manufacturer for identical materials, orstudy, monolithic S$iN4-C is consistently a better per-
guoted in the literature for similar materials. Nonethe-former than is monolithic $N4-G, particularly against
less, the toughness values measured in this study follothe “softer” alumina abrasive. Examination of the wear
the same trend as those reported by the manufacturesurfaces of these materials after abrasion against
Itis apparent from Table Ill that as a class of materials 100 um alumina indicates that both materials are in
the alumina-based ceramics are not as tough as the sthe mild wear regime, where fracture toughness is pre-
icon nitride-based ceramics, and that the 99.89@Al  dicted to dominate wear behavior [31]. Yet, there is no
has the lowest toughness of all of the materials testeceal difference inthe measured fracture toughness of the
in this study. The addition of SiC whiskers tg;Bi-C ~ two monolithic S§N4's (Table 111). Acomparison of the
results in a 20% increase in toughness, makin®lgi  top performing silicon nitride (3N4-C) with the 99.8%
C+ SiC, the highest toughness material of this study,Al>,O3, shows that the alumina, with the higher hard-
whereas the addition of SiC whiskers results in no reahess but lower fracture toughness, possesses a lower
change in the toughness of;Ni;-G. The variation in  wear rate for all SiC abrasive environments. Against
toughness measurements is consistently less than 108te softer alumina abrasive, however;i-C has a
for all of the ceramics tested, except for the 99.8% alu-75% lower wear rate than the 99.8%8%, no doubt
mina, where the variation is closer to 15%. because of its higher fracture toughness.

TABLE 1V Specific wear rates for ceramics tested against various abrasives, with an applied load of 66.7 N and a sliding distance of 16 m

Specific Wear Ratex10~3 mn?/N-m)

Material 100um Al>O3 100 um SiC 58um SiC 37um SiC
SizNs-C 0.85 9.07 6.61 2.46
SizN4-C+ SiCy 1.01 9.47 6.76 1.83
SizNs-G 1.65 12.39 8.81 2.93
SiaN4-G + SiCy 1.88 14.14 9.57 3.35
99.8% AbOs3 1.53 8.64 5.88 2.07
Al>,03 + SiCy 0.45 4.78 3.28 0.89
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o T of the scratch, and represent a key source of material
SiNcC +sic, removal during the scratching of these ceramics.
W0F A sne 7 Specific examples of the microstructural response to
v SNGESIC, a single scratch test under a 200-gram load are illus-
. 1 trated in Fig. 3. In all cases, the silicon nitride based
a materials exhibit more plastic deformation, whereas the
10 - X 5 - aluminas show more intra- and intergranular fracture,
g particularly within the wear groove. Thes8I;-G con-
o O PeeANO sistently exhibits a wider, deeper scratch, as well as
8 © O Mo more fracture in the pile-up region, than does\giC,
R although both SNy4-based materials respond to the di-
0 20 4060 80 100 120 140 amond indenter in approximately the same way. For
SIC Abrasive Particle Size (jum) all materials as the load is increased on the diamond
indenter (up to 300 g), the level of damage within the
Sscratch increases; however, the mode of damage does
not change. The exception to this is theNgj-C mono-
lith and the AbOs + SiC,, composite, neither of which
Perhaps the most interesting result of this study isshows any evidence of fracture, and only minimal de-
the observation that the addition of 15 volume percenformation, under a scratch load of 150 gramgNgiC
SiC whiskers to a silicon nitride matrix either does notexhibits only minimal fracture at the scratch periphery
affect the abrasive wear behavior of the bulk materialunder a load of 200 grams (Fig. 3a), in contrast to the
or degrades it slightly (Fig. 2). This trend occurs in spiteSizN4-C composite (Fig. 3b), which exhibits extensive
of the fact that the addition of SiC whiskers increasedracture at the scratch periphery and cracking within
the hardness of both $i,’s and increases the fracture the scratch trace under identical test conditions. In the
toughness of $N4-C. The only exception to this rule alumina-based ceramics (Fig. 3c and d), the debris at
is in the S§N4-C ceramics tested against g SiC, the edges of the scratch on the 99.8%@y is of a
where the composite outperforms the monolith. In thelarger scale than that at the periphery of the scratch in
alumina-based ceramics, onthe other hand, the additiothe Al,O3 + SiC, composite in spite of the fact that
of SiC whiskers leads to a dramatic improvement in thethe average grain size of the monolith is approximately
abrasive wear resistance under all test conditions of thibalf that of the composite. Reflected light microscopy
study. In fact, with its high hardness and respectablg@eveals far more subsurface fracture directly beneath
fracture toughness, ADs+ SiC,, is by far the most the scratch trace in the 99.8%8); than in any of the

oo |

mmS/N—m)

Specific Wear Rate (x 107

Figure 2 Plot of the specific wear rate versus SiC abrasive particle siz
for all materials examined in this study.

wear resistant material examined in this study. other ceramics examined.
3.4. Microstructural response 3.5. Microstructural response
to the single scratch to abrasive wear

When the conical diamond indenter scratches the sumMhereas the scratch test involves a single interaction
face of the silicon nitride and alumina ceramics of thisbetween an abrasive “particle” (the diamond indenter)
study, the material responds by deformation and/or fracand a surface, the pin-on-drum test involves the interac-
ture. The specific mechanisms activated in this series dfon of multiple abrasive particles of various shapes and
experiments of course depend upon the load applied torientations, and under variable loads, with a surface.
the diamond as well as the characteristics of the mateAs a result, the microstructural response to the abrasive
rial. However in all cases, as the diamond moves acrossnvironment can be much more difficult to interpret.
the surface, a plastic groove (the scratch) is formedExamples of several wear surfaces following abrasion
Heavily deformed material extruded from beneath theagainst the 10um SiC (the most aggressive test of
indenter is pushed to the sides and piles up at the edgdisis study) are provided in Fig. 4. From these and other
of the scratch. Although often similar in appearanceobservations [35—-37], itis apparent that one of the char-
to the plastically deformed pile-ups which form at the acteristic microstructural responses of a ceramic to an
sides of scratches in ductile materials, pile-ups in thesabrasive wear environment is the formation of a dam-
more brittle ceramics are formed by the accumulatiorage layer, or wear sheet, at the surface being abraded.
of material that is heavily microcracked along the grainDebris from individual abrasive-surface interactions, as
boundaries and which has a high dislocation densityvell as from the fracture of abrasive particles, accumu-
within grains [32—34]. As aresult, these highly stressedates and is bonded together by the force and heat gen-
regions will often fracture, leaving fine-scale debriserated as the drum and sample surfaces move past one
at either side of the scratch. Within the scratch, suranother. Some years ago, Hockey [38] observed part of
face fracture frequently occurs at the trailing edge ofthis damage layer using TEM, and noted that the sur-
the indenter and at the scratch periphery, where tensiliace grains of a polycrystalline high alumina ceramic
stresses are highest. As the load is increased on the igentain a high dislocation density. Similar observations
denter, lateral cracks formed beneath the scratch extertthve been made by the present authors in abraded ce-
to the surface, often times resulting in the removal oframics containing between 85% and 99.997% alumina
large chips of material. These subsurface lateral crackid 9, 39]. Recently, Ol and Ericsson [40] also reported
can extend many times the scratch width to either sidelirect TEM observations of a deformation layer, some
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1 to 2 um thick, at the surface of a machined SiC- the silicon nitride ceramics have a wear sheet that is
whisker reinforced alumina. A cross-sectional view of approximately twice as thick as that which forms on
the wear sheet at the surface of a polycrystalline highthe alumina ceramics; further,38i4-G with an amor-
alumina ceramic (not the 99.8% AD; of this study, phous boundary phase and larger matrix grain size, has
although representative of it) abraded by 108 SiC  a thicker wear sheet than does theNgiC. The ad-

is illustrated in Fig. 5a. A similar deformation layer dition of SiC whiskers does not seem to influence the
is observed at the wear surface of the silicon nitridedevelopment of the wear sheet in either the oxide or the
ceramics, as illustrated in the cross-sectional view ofitrides, although the presence of whiskers does appear
SisN4-G in Fig. 5b. However, as is apparent in a com-to make the wear sheets more susceptible to fracture.
parison of Fig. 5a and b, the thickness of the wear sheet Superimposed on the wear sheet are the effects of
which develops depends upon the deformation and fradhe most recent individual abrasive particle-surface in-
ture characteristics of the matrix material, as well as orteractions. In the C-series of silicon nitride materials,
the bulk microstructure. For the materials of this study,the principal response to the SiC wear environment

L&l

Figure 3 Secondary electron images of single scratches produced byan2€onical diamond under a normal load of 200 grams and a constant
speed of 10Qem/min (scratch widths are indicated). (a38i-C; (b) SgN4-C + SiCy; (c) 99.8%Ab03; and (d) AbOs + SiCy. (Continued
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Figure 3 (Continued.

(Fig. 4a and b) is wear sheet formation and plastianary responses to the 10n SiC wear environment,
grooving, although fracture at wear groove peripherieslthough the relatively lower hardness of thgNgj-G
and delamination within the grooves is also readilyseries results in deeper penetration by the abrasive par-
apparent. Because of the relatively lower hardness dicles, and therefore, a thicker wear sheet. Although
SisNy4-C, the SiC abrasive particles can penetrate morelelamination fracture is not as obvious within the wear
deeply into the surface of the monolith than into that ofgrooves created in these materials, subsurface fracture
the composite, leaving deeper scratches in the wear suat the groove peripheries is more extensive, leading to
face of the monolithic material. However, in spite of the relatively more material removal than in the series C
higher hardness and toughness of thiNgiC + SiC, silicon nitrides. In both SN4-C+ SiC, and SgNs-
composite, there are no obvious differences in the wea + SiC,, evidence of whisker debonding and removal
mechanisms in the two materials. In fact, the wear suris apparent within the fractured regions.
face of the composite (Fig. 4b) shows more evidence of In the alumina-based ceramics worn against the
fracture, consistent with its higher measured wear ratel00 um SiC (Fig. 4c and d), plastic deformation plays
For the glass bonded silicon nitride materials, weamuch less of a role in the materials’ response to the
sheet formation and plastic grooving are again the priwear environment. Because of their relatively high
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hardness, the wear sheets produced at the surfacesefpressed primarily by the formation of a wear sheet,
99.8%AkL03; and the alumina composite are relatively with only shallow scratches formed by individual abra-
thin, and the grooves created by the abrasive particlesive particles. Fracture, which initiates primarily at mi-
are correspondingly shallow. Delamination fracture ofcrostructural heterogeneities, is minimal in these wear
the wear sheet extends into the bulk of the materialsurfaces, although more obvious in the composites than
resulting in subsurface material removal. The mode ofn the monolithic materials.
subsurface fracture in both ceramics is almost entirely
intergranular.

Wear against the 58m SiC abrasive results in the 4. Discussion
activation of similar types of damage mechanisms inlt is clear from the results of this study that a sim-
all of the ceramics examined, although the degree ople increase in the bulk hardness and/or toughness of
damage and material removal is less severe. Againgt ceramic-based material, through the addition of ran-
the 37 um SiC and 100um Al,O3 abrasives, how- domly oriented whisker reinforcement, does not always
ever, damage transitions to the mild wear regime and isranslate into improved performance in an abrasive

Il

B

Figure 4 Secondary electronimages of the wear surfaces following abrasion against(@80-grit) SiC particles. (a) @N4-C; (b) SgN4-C + SiCy;
(c) 99.8%Ab0s3; and (d) AbO3 + SiCy. (Continued
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Figure 4 (continued.

wear environment. For example, the addition of 15 vol-microstructures of these materials, and in the residual
ume percent silicon carbide whiskers to thgNgtC  stresses created by the addition of second phases to the
matrix results in a 22% increase in the hardness of theeramic. A second important aspectis the influence that
material and a 20% increase in the fracture toughnesshe variables of the wear environment have on the wear
Yet, for the most part, the abrasive wear behaviotbehavior of the composite.

is either unchanged or degraded by the presence of

these whiskers. On the other hand, the addition of SiC

whiskers to a high-AlO3; matrix, results in a 23% in- 4.1. Influence of microstructure

crease in the hardness and a 35% increase in the fra¥ariations in the microstructures of the monolithic ma-
ture toughness in comparison to a 99.8%2J. Andin  terials, as well as in the microstructures of the compos-
this case, the addition of SiC whiskers provides a draites, can often be linked to variations in the abrasive
matic improvement in the abrasive wear resistance ofvear behavior through their role in the creation of in-
the ceramic. One possible explanation for this variatiorternal stress. In ceramics it is well known that dif-
in the effect of whisker reinforcement on the wear be-ferences in the thermal expansion between phases of
havior of ceramic-based composites may reside in tha multiphase material, as well as anisotropic thermal
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Figure 5 Secondary electron images of a cross section of the pin-on-drum wear surface following abrasion against a 150-grit SiC cloth. (a) A
high-alumina ceramic and (b) 4bi4-G. In these micrographs, “ws” refers to wear sheet and “sf” refers to subsurface fracture.

expansion in a single phase material, can result in thewo materials, and therefore, to a difference in abrasive
creation of residual tensile and compressive stressesear behavior. In 3N4-C, the grain boundary regions
at hetero- and homophase boundaries. Such residublve almost completely crystallized teSisN,O3z and
stresses have been predicted and measured in materi@sy ,Si,O7, whereas in SN4-G the grain boundary re-
similar to those of this study [4, 41-45]. The magni- gions consist of an amorphous yttrium aluminosilicate
tude of these local stresses, which are proportional tphase. Although the thermal expansion coefficients of
both the expansion mismatci¢) and the tempera- the boundary phases have not been measured, it is ex-
ture range over which the stresses develap ), can  pected that crystalline 25isN4O3, a member of the
be sufficient to directly influence the tribological per- gehlenite family, has a coefficient of thermal expansion
formance of the bulk ceramic [21-23, 46-50]. Inthe un-in the range of 1- 10-%/°C over the temperature
reinforced silicon nitrides of this study, a difference in range of 25 to 1000C [51]. This is somewhat lower
the grain boundary microstructures leads to a differencéhan the coefficient of thermal expansion ®{SizN4

in the local stress state at the grain boundaries of thever the same temperature range=(3.0 x 1076/°C)
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and results in the boundaries ing8i-C being leftin - 5x 10-6/°C, which puts their boundaries in residual
residual compression at room temperature while theompression and thus increases the local fracture tough-
matrix grains are in residual tension. (Recall that TEMness. The combination of small matrix grain size and
observations suggestthat aresidual stress exists at majy¢ally tough grain boundaries makes the 99.8%@A|
of the heterophase boundaries in this material.) The ne&{ more wear resistant material than many other high-
result is an increase in the local fracure toughness chlumina ceramics tested under identical wear condi-
the boundary regions, making them more resistant téions [39]. In the composite material, the addition of the
fracture in an abrasive environment. In contrast, theelatively lower expansion SiC whiskers to the glass-
amorphous boundary phase present in th&l$G is  bonded alumina matrix sets up residual compressive
estimated to have a coefficient of thermal expansiorstresses at the whisker-matrix and whisker-glass in-
of around 5x 107/°C [52], which is higher than that terfaces. As a result, the whisker-matrix interfaces are
of the -SizN4 matrix, and which therefore leaves the again locally tougher, resisting the debonding and pull-
boundaries in residual tension. Such a residual stressut of the SiC whiskers in the abrasive wear environ-
state would be expected to decrease the local fracturigient under all test conditions of this study. Thus re-
toughness, providing an easier fracture path througkained, the SiC whiskers, with their higher hardness,
the grain boundaries under the stresses imposed kyte available at the surface to enhance the wear resis-
the abrasive environment. As a result of their residuatance of the composite material. Under all conditions
stress states, §4-C tends to be more resistant to abra- of this study, the alumina-based composite is between
sive wear environment than isg8is-G. Matrix grain  80% and 250% more wear resistant than the 99.8%
size and grain shape are also known to influence thg|,0;, in spite of its larger matrix grain size.
fracture toughness of silicon nitride ceramics [6], and
therefore the wear resistance, and these effects are no
doubt combined with those created by the thermal ex4.2. Influence of the wear environment
pansion mismatch in these ceramics. While the matrin/ariables in the wear environment combine with vari-
grain shape is essentially the same in both silicon niables in the material properties (and microstructure)
trides, the average matrix grain size of$j-G is ap- to determine the wear resistance of a composite mate-
proximately twice that of 3N4-C. rial. Under the relatively “softer” abrasive wear con-
The addition of SiC whiskers to these matrices re-ditions of the alumina abrasive, the primary response
sults in an increase in the hardness of the compositesf all composites is plastic deformation with only lim-
and, in the case of @\4-C, an increase in bulk frac- ited fracture. However, the presence of whisker rein-
ture toughness. But, the glass phase which wests the SiGrcement in the silicon nitrides tends to increase the
whiskers in both SN4-based composites creates a rela-amount of fracture observed at the wear surface relative
tively weak interface that leads to easy debonding of théo that of the monolithic materials. This results in a
whisker during fracture-type events (the origin of en-higher measured wear rate and suggests that the rel-
hanced long-crack fracture toughness). As a result oétively weaker SN,—SiC interfaces are the origin of
this debonding, the SiC whiskers are easily pulled fronthis increased surface fracture. Under the more aggres-
the surface of the composites in an abrasive wear ersive conditions of the harder SiC abrasive, SiC whisker
vironment, leading to increased material removal, andlebonding and pullout in the $h, composites results
degradation of the wear properties when compared tin a higher wear rate, as described in the previous sec-
the monolithic S§N4. Regions of whisker debonding tion. Because of the stronger matrix-whisker interfaces
are apparent at the wear surfaces of bogiNgibased in the AlLO3 + SiC, composite, this material performs
composite materials. This effect is also apparent in thevell under both “soft” and “hard” abrasive conditions.
results of the single scratch tests, and particularly forthe While abrasive particle size does influence the mea-
SisN4-C materials, where there is far more fracture assured wear rate of both the monolithic ceramics and the
sociated with a given scratch in the composite materiateramic composites (increasing the abrasive wear rate
than there is for an identical scratch in the monolithicwith increasing particle size, see Fig. 2), itis only when
ceramic (compare for example Fig. 3a and b). the abrasive particle size is small that the composite be-
In the alumina-based ceramics, a similar effect ofcomes more wear resistant than the matrix material. In
microstructure on tribological properties is observed.this study, this phenomenon is observed for th&SIC
Matrix grain size plays a decisive role in determining materials in wear tests against a3 SiC, where the
the abrasive wear behavior in many alumina cerameomposite is 25% more wear resistant than the mono-
ics [21-23, 46-50], with wear resistance generally indithic material. In this case, such a change in the rela-
creasing with decreasing grain size according to a Halltive ranking of composite and monolithic materials is
Petch type relationship. Enhancing the grain size effectnore likely due to the stress state created by the wear
is the influence of grain boundary phases on the residuanvironment than to any differences in the microstruc-
stress state of the alumina ceramics [21, 22]. The twdure between the two materials. SEM analyses of the
aluminas of this study have very different boundaryvarious abrasive cloths used in this study indicate that
microstructures: the 99.8% #Ds3 contains graphite while abrasive particle size does scale, as expected, with
at many boundaries, whereas the composite is glasgyit size, the average particle shape does not, and more
bonded, with an amorphous magnesium aluminosiliimportantly, the average contact area per abrasive par-
cate boundary phase. Nonetheless, both graphite aritle does not change greatly with grit size. However,
the Mg-aluminosilicate glass are expected to have avbecause the number of contact points per unit area in-
erage coefficients of thermal expansion between 4 andreases with decrease in abrasive patrticle size, there are
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approximately a factor of 10 more load-carrying pointsReferences

per unit area for a 400-grit cloth than for a 150-grit 1.
abrasive cloth [53]. Thus, the average load per abrasive
particle is reduced, and the wear rate is correspond-z'
ingly lower at smaller abrasive particle sizes. For the 3
SizsNy4-C composite, the stresses created by the 400-grit
(37 um) SiC particles under the conditions of this study 4.
are no longer sufficient to cause significant penetration
of the wear surface or large-scale debonding and frac-"
ture of the whisker reinforcement, and the wear rate g
is correspondingly reduced. Because the hardness and
toughness of the gi4-G composite are lower, a simi-

lar effect is not observed in that material over the range®:
of abrasive sizes used in this study.

9.
5. Conclusions

Study of the influence of randomly-oriented SiC 10.
whisker reinforcement on the abrasive wear behavior
of silicon nitride- and alumina-based ceramics indi-
cates that simple increases in bulk hardness and fractuig
toughness through the addition of whisker reinforce-
ment will not always lead to enhanced wear resistance.s.
Instead the results of this study suggest attention shoult*
focus on the residual stress state of the whisker-matrix
interface in whisker-reinforced composites, and its in-i5
fluence on the local fracture toughness, in order to un-
derstand abrasive wear behavior. The addition of SiGé.
whiskers to a SiN4 matrix sets up tensile stresses at the
whisker-matrix interfaces, enhancing the bulk tough-
ness of the composite, but degrading the abrasive weag
properties by promoting easier whisker debonding ando.
removal by the abrasive particles. The addition of SiC
whiskers to an alumina matrix, on the other hand, results
in the creation of compressive stresses at the whiskef:
matrix interface, producing a relatively stronger bond,q
that can better withstand the rigors of an abrasive wear2.
environment. As a result, the AD; + SiC,, composite

is consistently a more wear resistant material than are
the SgN4 + SiC,, composites.

A similar effect of microstructure is noted in the un-
reinforced materials. In the case where grain boundza.
aries are left in residual compression at room temper-
ature, the local fracture toughness of these regions is
increased, enhancing the material’s wear resistance i
an abrasive environment. Boundaries which are left in
residual tension are more susceptible to fracture, ange.
result in more material removal in the wear environ-
ment. In many cases, these changes in local toughne3d$
are not reflected in a bulk toughness measurement.

These results imply that a compromise may be nec-
essary in the design of materials that are expected to .
macrostructurally tough and yet withstand the rigors of
an environment where fracture events on a microstruc2?-
tural scale are also important.
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