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Contact wear mechanisms of a dental composite
with high filler content
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The contact wear behavior of a dental ceramic composite containing 92 wt % silica glass
and alumina filler particles in a polymeric resin matrix was examined. Because this
composite is used for dental restorations, the tests were conducted under contact
conditions that were relevant to those that exist in the mouth. Wear tests were conducted
on a pin-on-disk tribometer with water as a lubricant. Results on wear volume as a function
of load indicated two distinct regimes of wear. The wear volume increased slightly as the
load was increased from 1to 5 N. As the load was further increased to 10 N, the wear
volume increased by one order of magnitude. At loads above 10 N (up to a maximum of
20 N), the wear volume was found to be independent of load. Examination of the wear
tracks by SEM revealed that a surface film had formed on the wear tracks at all loads.
Examination of these films by TEM showed that the films contained a mixture of small
gamma-Al,03 crystallites and glass particles. FTIR analysis of the adhered films indicated
the presence of hydrated forms of silica and alumina, suggesting reaction of filler particles
with water. Chemical analysis by ICP-MS of water samples collected after the wear tests
confirmed the presence of Al and other elemental constituents of the filler particles. It is
proposed that three simultaneous processes occur at the sliding contact: tribochemical
reactions and film formation, dissolution of the reacted products, and mechanical removal
of the film by microfracture. At low loads, wear occurs primarily by a tribochemical
mechanism, i.e., formation and dissolution of the reaction products. At higher loads, wear
occurs by a combination of tribochemical processes and mechanical detachment of the
surface film. © 2000 Kluwer Academic Publishers

1. Introduction tration, filler particle size, and polymerization shrink-
Dental restorations, such as crowns, have traditionallage of the matrix resin [11, 12]. For example, Johnson
been made out of pure metals or metal alloys, which ofet al. [11] studied the effect of filler content (from 0
ten require ceramic porcelain coatings to obtain goodo 44 wt %) on fracture toughness of resin composites.
esthetics [1, 2]. For the past two decades, efforts havé&hey found that, although the hardness was increased,
been directed towards the development of ceramic [3the fracture toughness of the composites was reduced
6] and composite [5, 7-10] restorations to match nots the filler content was increased. In a related study,
only the chemical and mechanical properties of denHtanget al [12] found no effect on the fatigue resis-
tal enamel, but its appearance as well. Unfilled methytance of a resin composite due to anincrease in the filler
methacrylate resins were one of the first of this newcontent.
class of restorative materials in dentistry, although use Wear behavior of filler-resin composites has been
was confined to the anterior teeth [2]. In order to in-investigated under a variety of test conditions [7, 9, 13—
crease strength and hardness and to reduce polymek6]. Resin composites undergo two types of wear in
ization shrinkage, tooth colored polymer resin matrixthe oral environment, referred to as generalized wear
composites containing inorganic filler particles, such asand contact wear. Generalized wear is thought to be
glass or quartz, have been developed for dental restoriased upon three body wear caused by movement of
tions [5, 7, 8]. food over the composite surface during mastication.
It has been reported that the mechanical propertie€ontact wear results from tooth to restorative material
of these composites are influenced by the filler concener restorative material to restorative material contacts.
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Early studies of dental composite resins have not madeo information was made available by the manufac-
a distinction between the two types of wear becauséurer on the specifics of the curing process. In order
generalized wear was considered to be the primary wedo obtain a fundamental basis for evaluating the tribo-
mode. The complexity of the problem has lead to alogical behavior of this material, a limited study was
variety of test conditions and test methods [7, 9, 13—15]carried out to characterize the composition of the crys-
In this paper, we concentrate on contact wear, which isalline phases and filler particle size. Scanning electron
also animportantwear mode in dental composite resingnicroscopy (SEM), transmission electron microscopy
Durandet al. [16] found that while small filler par- (TEM), electron diffraction, energy dispresive x-ray
ticles had no beneficial effect on wear, large filler par-analysis (EDS), and Fourier transform infrared spec-
ticles reduced the wear of the matrix resin. Their re-troscopy (FTIR) were used. The Vicker’s hardness and
sults showed that wear resistance of the composite wasacture toughness of this material determined by in-
improved as the volume fraction of large filler parti- dentation technique were 1.79 GPa and 1.63 M2
cles was increased to 20%. However, no further im+espectively [19]. The elastic modulus measured from
provement in wear resistance was found as the volindentation stress-strain curves and Poisson’s ratio de-
ume fraction was increased above this level. Prasad artédrmined by ultrasonic pulse-echo technique were re-
Calvert [17] investigated the abrasive wear behavior oported to be 20.7 GPa and 0.26, respectively [19].
composites containing quartz and glass particles in a Contact wear tests were conducted using a CSEM
polymethyl methacrylate (PMMA) resin. They found tribometer (Geneva, Switzerland) in a ball-on-disk con-
that particle-pull out from the matrix was the domi- figuration. High-purity alumina balls (AD-995 pro-
nantwear mechanism during abrasion. In another studgluced by Coors, Golden, Colorado) with a hardness of
McKinney [7] stated that “stress corrosion” or tribo- 14.7 GPa were used as the counterface material due to
chemical reactions could play a dominant role in thetheir relatively high hardness compared to the compos-
wear of dental composites containing glass fillers in ate. The alumina balls (12.7 mm in diameter) were used
polymer resin. in the as received condition with a surface roughness
The composites investigated in the above mentionedr, of about 0.Jum. The composite disks were polished
studies typically containedfiller particles to amaximumusing diamond polishing compounds to an average sur-
of about 75% by weight (or 50% by volume). More face roughnes&, of 0.1 um. Prior to the wear tests,
recently, composites containing higher filler contentsthe alumina balls and the composite disks were rinsed
(above 90% by weight) with superior strength and eswith acetone and distilled water. Visual inspection and
thetics have been developed [18]. To attain higher fillerexamination of the samples in SEM revealed no adverse
content, these composites contain a percentage (5—208&ffects (e.g., discoloration or cracking) due to the clean-
by weight) of fumed silica and a broad distribution of ing process employed in this investigation. The normal
filler particles ranging from 0.1 to 10m in size. This loads in the tests ranged from 1 to 20 N. The rotational
results in an efficient packing and, thus, higher strengtispeed of the disks was selected to obtain a fixed sur-
and durability of the composites. These highly filled face speed of 2.5 mm/s at the contact point between the
resin systems, which are known as “hybrid” compos-ball and the disk. A total sliding distancé ® m (ap-
ites, are being used as crowns or for veneering metgiroximately 300 rotational contact cycles) was used.
bridges. These are designated as “ceramic optimizeWear tests were conducted with the disks immersed in
polymers” or ceromers and have been suggested for ughstilled water at room temperature. Based on the data
in CAD/CAM restorations. The purpose of this study is reported by DeLong and Douglas [20], the total sliding
to investigate the contact wear of one of these “hybrid’distance and number of contact cycles employed in our
ceramic dental composites, with the specific goal of detests simulate about 10 days of continuous wear contact
termining whether the wear process in this material isn the mouth.
controlled by microfracture or tribochemical reactions The friction force was monitored with a load trans-
with the environment. ducer during each experiment and was recorded using a
data acquisition system. Following the experiments, the
average cross-sectional area of each wear track on the
2. Experimental disk was determined from the surface profiles recorded
The composite used in this study contained abouatthree differentlocations across the wear track using a
92 wt % inorganic filler particles in a polymeric resin stylus profilometer. The wear volume for each test was
matrix consisting of a polymerizable tetra functional calculated by multiplying the average cross-sectional
monomer. According to the manufacturer [16], the resinarea of wear track by the circumference of the track.
matrix was reinforced with 16 wt % ultrafine ceramic The wear tests were repeated three times at each load
particles (average size of 20 nm) and 76 wt% fineand the mean and standard deviation in the wear volume
glass particles (average size of Lf). This composite  were calculated. The worn surfaces of the composites
is a commercial material (HC-ESTENIA produced by were examined with SEM, TEM, EDS, and micro-FTIR
Kuraray Company, Osaka, Jap&h)The exact chem- to assess possible changes in the chemical composition
ical composition of the resin, the filler particles and and phase structure, as well as morphological charac-
the coupling agents were not available. The sampleteristics of the filler particles, in order to determine the
were light-cured and were supplied by the manufacwear mechanisms. FTIR analysis was performed di-
turer in the form of disks 30 mm in diameter and 7 mmrectly on the sample surface in the reflection mode.
thick. Although the procedure for curing the samples Conventional ion-beam thinning procedures were
could ultimately affect the properties of the composite,used to prepare samples from the composite for TEM
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examination. In addition, a few samples were collected
by gently scratching a polished surface of the compos
ite with a diamond scribe. In order to analyze the mor
phology and composition of the wear debris, severa
samples were removed from the wear track by care
fully drawing a scalpel blade along the wear track. The
scratching process, in both cases, resulted in agglo
erated powder rather than flakes. The powder was the
deposited on a copper grid coated with a thin, “holey”
carbon support film for TEM observation.

Water samples collected after the wear tests wer
subjected to chemical analysis to semi-quantitativelyf
identify the possible presence of elements associate
with the composite. An inductively-coupled plasma
spray mass-spectrometer (ICP-MS) [21] was used fo
the analysis owing to its sensitivity for the detection of __ 1.0 micron
trace amounts (i.e., few ng/ml) of various elements in
solution. Water samples were placed in closed glass _
ware for several days to allow precipitation of the wearfip f*
debris before analysis by ICP-MS. Prior to the analysis
of used water samples, a sample of distilled water alsi..
stored in a glass vial was analyzed as the reference s
In order to confirm the results of chemical analysis,
the water after one wear test was stored in a polyethys
lene bottle instead of a glass vial. In addition, water
sample was collected after a static immersion test ir, *
which the composite sample was set up in the tribome
ter in exactly the same manner as it would have beel
done for a wear test, but without making a contact with. =&
the alumina counterface. The composite sample was r(&/ ;
tated at the same speed used during the wear tests. T
water sample was then stored in a polyethylene botth
for subsequent chemical analysis. -

Y - alumina

3. Results

3.1. Characterization of the composite

SEM examination of polished surfaces of the compos:
ite typically revealed a fully dense structure contain-
ing a uniform distribution of filler particles of varying
sizes, Fig. 1. Based on these observations, the size |
the filler particles range from about 0.5 to Lth. TEM
examination of ion-thinned samples revealed a similai

Figure 2 (a) TEM micrograph of the ion-thinned specimen showing
(a) large glass particles, (b) fine (20 nm) filler particles [inset: electron
diffraction pattern corresponding to gammax®4], and (c) large alpha-
Al;03 particle.

distribution of filler particles, as well as other details
of the microstructure. From Fig. 2a, for example, it can
be seen that the large filler particlesX.0 um in size)

are distributed within a matrix of much smaller parti-
cles, all being held together by the polymeric resin. The
larger filler particles can be identified as a glass, which
Figure 1 SEM micrograph of the polished surface of the composite, CONtains nano-scale crystallites due, presumably, to par-
showing filler particles of various sizes. tial devitrification of the glass phase. Without regard to
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Figure 3 TEM micrograph of the particles removed by scratching the
composite indicating a mixture of nano-scale gammg@4lparticles
and glass particles similar to Fig. 2.
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these crystalline products of devitrification (which typ-
ically decompose on exposure to the electron beam), _ _

electron diffraction and energy dispersive x-ray anaI_Ftl)glir:'\éll Typical surface profile traces of the wear track gt and
ysis (EDS) indicated that the large filler particles can( ) '
be qualitatively described as an alumino-silicate glass 45
containing lanthia and zirconia as major additive con-
stituents. Betweenthe large glassfiller particles, the ma-

trix was found to consist of similar, but smaller (down 0.04
to 100 nm), glass particles and a relatively dense ag-
glomerate of 20-30 nm size gammaB} particles,
Fig. 2b. Here, gamma-A0D3; was readily identified
from selected area electron diffraction (inset Fig. 2b)
and EDS. In addition, several alpha-® particles
(typically 1-30um in size) distributed within the com-
posite were readily identified by electron diffraction
and EDS, Fig. 2c.

The results obtained on the ion-thinned samples were
compared with particulate obtained by gently scratch-
ing a polished surface of the composite with a diamond
scribe. As illustrated in Fig. 3, the particles produced
by scratching also can be described as a mixture of
nano-scale gamma-£D3 particles and larger glass par-
ticles, whose physical and chemical attributes are iden-
tical with those determined from observations on ion-Figure 5 Wear volume of the composite as a function of load, revealing
thinned samples. These particles show no evidence fdwo wear regimes. The data points correspond to the mean values and
microstructural changes due to scratching or exposurl€ uncertainty bars indicateone standard deviation.
to the environment and, thus, provide a more direct ba-
sis for comparison with the particulate obtained from Typical friction force traces at loads of 1 and 15 N
the wear tracks. are shown in Fig. 6. At the low load, the friction force

quickly attains a steady state value and remains in that
state until the end of the test. The variations in the force
3.2. Wear volume and friction coefficient signal at the low load are small. During the high load
Typical surface profiles recorded across the wear trackiest, the friction force signal is erratic and does not at-
of the composite samples tested at two different load#ain a steady state condition during the testing period.
are shown in Fig. 4. The maximum depth of the wearThe coefficients of friction calculated from the friction
track in this example, is about 1;fm at the low load force traces for the last 10 min of sliding (out of 20 min
(1 N) and 3.5um at the higher load (15 N). The widths total test duration) as a function of load are shown in
of the wear tracks are 100 and 20, respectively. Fig. 7. Note that the mean coefficient of friction de-
The measured wear volumes are plotted as a functiopreases from about 0.71 to 0.43 as the load is increased.
of load in Fig. 5. The wear volume slightly increases The uncertainty bars in the plot designatene stan-
as the load is increased from 1 to 5 N. As the load igdard deviation for the repeat measurements, and not the
further increased to 10 N, the wear volume increases byariation in the signal during the tests.
one order of magnitude. At loads above 10 N, the wear
volume is independent of load. As expected, examina-
tion of the alumina counterface in the SEM showed no3.3. Characterization of the wear tracks
evidence for significant wear at any of the loads usedAs a first step in investigating the reasons for the
in this investigation. change in wear behavior with load, the wear tracks were
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Figure 6 Typical friction force traces at a low load (1 N) and a high load (15 N).
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Figure 7 Average coefficient of friction as a function of load.
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trast relative to the background polished surface. At
higher magnifications, Fig. 8b, the film is seen to have
a relatively smooth surface and to contain numerous
microcracks. To determine whether these microcracks
formed during water lubricated sliding or as a result of
subsequent drying, the wear track of a repeat test was
examined by optical microscopy immediately after the
wear test. The observations revealed relatively few mi-
crocracks within the wear track. This sample was then
dried in an oven at 150C for 30 min. Re-examination

by optical microscopy revealed a significant increase
in the number of microcracks within the wear track
after drying. This experiment suggests that although
microcracks can form during the wear test, most of the
microcracks observed in the SEM form as a result of
dehydration of the surface film.

SEM examination of wear track films formed at
higher loads, Fig. 9a, revealed morphological features
similar to those found at the low loads. However, par-
tial detachment of the surface film from the wear track
was also observed. Within the regions where film de-
tachment is observed, Fig. 9b, the structure of the glass

examined by SEM. A low magnification micrograph filler particles and pits due to particle pull-out can be

typical of the wear tracks at low loads is shown in seen. In addition, the surface film, seenin the upper left
Fig. 8a. In this micrograph the wear track is delineatedcorner of this micrograph, is found to be composed of
by an adhered surface film, which exhibits bright con-an aggregate of fine particles.
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Figure 8 Typical SEM micrograph of a wear track on the composité Bl showing (a) a surface film at low magnification and (b) “mud-cracks” at
high magpnification.

- goo4gl 20KV L#Bun
(a)

Figure 9 SEM micrograph of the wear track at 15 N showing (a) the detachment of the surface film and (b) detached locations revealing particle
pull-out from the resin matrix and fragmented patrticles.

Y- alumina :  «— Y-alumina

(@) (b)

Figure 10 (a) TEM micrograph of the surface film revealing fine crystalline particles of alumina and glass particles (a) at 1 N, and (b) at 15 N.

To further investigate the nature of the adhered filmgained from these films are shown in Fig. 10a and b.
on the wear tracks, portions of the films produced durdrrespective of the test load, the wear film aggregates
ing a low load and a high load wear test were removedan be described as a mixture of nano meter-scale (20—
from the wear tracks for examination by TEM. Se- 30 nm) gamma-AIO; crystallite particles and smooth,
lected, but characteristic, aggregates of particles obbut irregularly shaped glass particles of varying sizes.
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No differences could be found in comparing electronparticles obtained from wear track films, Fig. 10. In
diffraction or EDS results from the crystalline and glassfact, examination of the film particles often required
phases present in both sets of wear track films. Morethe use of electron diffraction and/or dark field imag-
over, these results are consistent with those obtaineitig to verify the presence of gamma-#8l; particles in
from polished unworn regions (Figs 2 and 3), discussedegions that otherwise exhibited apparent amorphous
earlier. Because TEM examination was restricted, notontrast. While this difference in the appearance of the
only to a small volume of wear track film but to particle gamma-A}O3 crystallites suggests changes in either
clusters sufficiently thin to be transparent to electronsthe surface structure of the crystallites or changes in
no comparison of the size distribution of discrete par-the substance that surrounds and binds the crystallites
ticles contained within the wear track films and thosetogether, definitive evidence for either of these changes
present in the unworn material could be made. Whilecould not be obtained. Thus, while we cannot specify
there was no evidence suggesting that the glass partihe reason for this observed difference in image con-
cles in the wear track film were formed as a result oftrast, itis reasonable to assume that it was brought about
fracture of the large glass particles that were present iby the wear process.
the composite material, this possibility can not be dis- The FTIR spectra typical of the surface films on the
counted. In addition, no evidence of alpha®4 par-  wear tracks at a low load (1 N) and a high load (15 N)
ticles was found in the wear track films, despite theirare shown in Fig. 11a and b, respectively. The back-
presence in the composite material. This observation iground spectrum, Fig. 11c, obtained from an unworn
also consistent with the no-wear condition of the alu-region on the sample is also shown in the figure for
mina counterface since the counterface material wasomparison. This spectrum shows major peaks at 700,
primarily made from alpha-alumina. 950, 1050, and 1680 cm. Note that the sharp valley
Comparison of particulate from the wear track, at about 1250 cmt in the spectra is due to reflection
Fig. 10, with those removed by scratching from a pol-from the surface and is not associated with chemical
ished surface, Fig. 3, reveals a small, but apparent difoonds. The spectra for the two wear tracks obtained at
ference in the image contrast exhibited by the individ-the two different loads are essentially identical, but in
ual gamma-AJO3 particles. Specifically, the individual comparison with the background spectrum, three new
gamma-phase particles were invariably more sharplypeaks are identified. The additional peaks observed
defined within the clusters of particles produced byon the surface film are attributed to Al(OH{at 764
scratching, Fig. 3, than those found within clusters ofand 3600 cm') and hydrated silica (at 1180 and
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Figure 11 FTIR spectra of (a) the surface film at 1 N, (b) surface film 15 N, and (c) unworn surface. Additional bands (indicated by arrows) observed
on the surface film are attributed to Al(Oind SiQ-xH>0.
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3600 cnT?). This observation is in agreement with ear- water solution. However, no Al, Zr, or Ta was found in
lier FTIR reports of Van der Marel and Beutelspacherthe water solution after the staticimmersion test. While
[22] for Al(OH)3 and FTIR studies of Enomoto and there was no significant difference in the concentration
Mizuhara [23] on silica gel. The appearance of a banfvarious elements detected in the water samples stored
at 3600 cm® due to hydroxyl group in the surface inthetwo differentcontainers, the results obtained from
film suggests an enhanced reaction of silica-rich glas#e static test and the wear tests are different. There is
particles and alumina filler particles with water during @lso a significant increase in the concentration of some
sliding. Since tribochemical reactions often produceof the elements, for example Li and Al, as the load used
amorphous products [24], some of the amorphousn the wear test is increased. In comparison with static
material observed by TEM in the surface films ex-immersion, the results indicate that the concentration
tracted from the wear tracks is likely to be aluminumOf Li, Al, La, Ta, and Zr have increased as a result of

hydroxide and hydrated silica identified by FTIR. wear testing. The Ba concentration detected in water
after the static immersion test and the wear test are not

significantly different. Although such elements as Li,
Al, Ba, La, and Zr are associated with the filler particles
alin the composite investigated in the present study, the

gource of Ta is not known.

3.4. Chemical analysis of distilled water

In a purely tribochemical wear process [25], remov.
of the surface films occurs by dissolution of the reacte
products (e.g., aluminum hydroxide and hydrated sil-

ica) in water. In order to examine this possibility, water

samples collected after the wear tests were subjectegl piscussion

to chemical analysis by an inductively-coupled plasmaryg reqyits on wear volume of the hybrid ceramic com-

spray mass-spectrometer (ICP-MS) to identify the poj%osite indicate that the wear process in this material de-

sible presence of Al and Si in water. Water samples,an g on the load employed during the test. The wear
that were placed in closed glassware for several dayg, | me is small at low loads, butincreases by one order
to allow precipitation of the wear debris were visually ¢ magnitude when the load is increased from 5 to 10 N.
inspected. For low load tests, the water samples werg, o, 3 grastic increase in the wear volume suggests a
clear both before and after storage with no visible de'change (or a transition) in the wear mechanism [26].
bris. However, the water samples were cloudy after thesy s mination of the worn surfaces indicated that a thin

wear tests performed at high loads, and became clegjin, \yas present in the wear track, irrespective of the

after storage. Two water samples collected at two dify,4q \while at low loads, the wear track was completely
ferent loads representing a low load and a high loa

@ overed, the film was discontinuous at high loads and
test were analyzed plus an unused distilled water samy o hartially removed. The wear film was found to be
ple for baseline comparison. Following the analys's’composed of a mixture of gammas@; crystallites

the spectrum for baseline water was subtracted from 4 glass particles, both from the substrate. Since no

the spectra of the used water samples. Similar analySisiterence in the structure and composition of the wear
was conducted on two water samples that were stored ify s were found as a function of load. it is hypothe-

polyethylene bottles, one collected from a repeat weagiz o tha the large increase in the wear volume is due

test at 15 N and the other from the static immersiony,, iy detachment at the higher loads. However, wear
test. It should be noted that the uncertainty associatefacomes independent of load at high loads, despite the

with the elemental concentration obtained in this anaITact that wear is dominated by mechanical detachment
ysis is about:20%. While the unused water sample did ¢ the surface film.

not show any major impurities, the used water samples Analyses by SEM and TEM indicated that the mi-

stored in glass bottles had an abundant amount of Sgoqiricture of the hybrid ceramic composite consists

but those stored in the polyethylene bottles had a mucf; large (1-1Q:m) particles of alumino silicate glass in

lower Si content. However, because of possible intery 1 4trix containing smaller glass particles and gamma-

ferance between the signals for Siand N, it is doubtfuIA|203 particles. In addition, isolated alpha-®; par-
whether the Si results are significant. The results fof;cjaq were occasionally found dispersed within this
the static immersion test in Table | indicate that Sma”composite. The nano meter-scale gammg3lpar-

amounts of Li, Ba, and La have been dissolved in thgjces were also observed in the particulate collected

from the wear films. These films also contained sub-
micro meter glass particles from the substrate material
or resulting from fracture of the glass particles found
in the substrate. The TEM results suggested a change,
Concentration Concentration after Concentration after as a result of wear, in either the surface structure of the

TABLE | Concentration of elements present in the water samples a:
obtained by ICP-MS

after static weartestat2 N weartestat15 N gamma-ApOs particles or the matrix that surrounded
Elements immersion (ng/mi) (ng/ml) (ng/mi) these particles. These observations together with the
Li 28 8.2-8.6 20-71 FTIR results suggest that the silica glass and alumina
Al 0 9-12 12-17 filler particles had reacted on the wear track with water
Ba 0.3 0.35-0.40 0.08-0.75 forming hydroxides and hydrated compounds of sili-
La 0.3 0.88-0.89 0.95-9.16 con and aluminum. Considering the large amount and
Ta 0 0.26-0.28 0.28-0.93

the small size of gamma-AD;3 particles, as compared

z 0 0.78-0.88 0.37-0.47 :
' to the much larger alpha-AD3 particles, and the TEM
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results on the structural change in the gama-aluminavhich include tribochemical reactions, dissolution, and
particles, itis suggested that the hydrated alumina prodnechanical removal. The observed load-independent
ucts observed in the surface film are associated with thevear behavior at high loads requires further explana-
gamma-alumina due to it's high reactivity associatedtion, since material removal by mechanical action alone
with the larger surface area. should be load-dependant. We hypothesize that this be-
These observations suggest that the wear film is comhavior may be related to a combination of tribochemical
posed of a mixture of reaction products and fragmentand mechanical processes. For wear by mechanical pro-
fromthe base composite (i.e., polymeric resin and smaltess [31, 32], the wear rate or the rate of reduction in
gamma-A}O3 crystallites). We hypothesize that the film thickness is proportional to load such that
fragments from the substrate material are removed by a
small-scale fracture process and that the shearing action dx/dt oc L" Q)
associated with sliding at the contact mixes the hydrated
reaction products with the fragments. Although, the tri-wheren is usually about 1. However, the rate of film
bochemical reactions occur more readily at the contactormation by tribochemical reactions is related to the
between the counterface and the wear film because @ontact temperature [31, 32], which is related to the
the higher temperatures at the intimate contact regioripad, i.e.,
water can also diffuse along the microcracks in the film
and react with the particles in the substrate. The rate dx/dt o« Exp(—Q/RT) (2)
of film formation is expected to increase with load,
because of the dependence of contact temperature avhereQ is the activation energy for reactioR,is the
load, as well as an increase in the supply of substratgas constant, and the contact temperaiure
fragments to the film as the load is increased.
The tribochemical reactions (i.e., formation of hy- To fVL
drated oxides on the wear track) can be rationalized
based on the chemical affinity of silica and aluminawhere f is the coefficient of friction and/ is the sur-
with water. Formation of hydroxides on silicon nitride face speed. For dissolution, similar to other thermally
[24-26], silicon [27] and alumina [28—30] during wear activated processes,
have been reported in the literature. Gagesl. [28]
attributed the tribochemical reactions between alumina dx/dt o« Exp(—Q/RT) 3)
and water to the formation of reactive transient phases,
such as bayerite. Dongt al. [29] and Jahanmir and All three processes of film formation, dissolution, and
Dong [30] observed that formation of aluminum hy- fracture can occur simultaneously. It may be noted that
droxide phases dominated the friction and wear behavat high loads, the rate of flm growth may be large
ior of alumina. enough to compensate for dissolution or increase in
Since the wear film consists of loosely held aggre-mechanical wear; thus, resulting in a load-independent
gates of crystalline and amorphous particulates, sombehavior.
of the particles or agglomerates may be removed by Since both tribochemical reactions and microfracture
mechanical means, for example, the shearing action atre important processes in determining the wear rate of
the sliding interface and microfracture. The rate of filmthe hybrid ceramic composite studied in the present in-
removal by fracture is expected to increase as the load igestigation, the wear behavior of this composite could
increased. However, film failure and local detachmenbe altered by changes in the chemical composition of
occur either at a critical load, or as the film thicknessthe filler particles as well as particle size and distri-
reaches a critical thickness (which also depends on thieution. The role of resin matrix in the tribochemical
load), resulting in a large increase in the wear volumeaeaction and film formation needs to be investigated
or a wear transition. further, since water aging of the composites could re-
Contact wear can also occur by tribochemical meanssult in differences in mechanical properties of this type
i.e., removal through dissolution of the reaction prod-of composite [33]. It should be noted that the present
ucts in water [25]. As hydrated oxides of Si and Al caninvestigation was carried out to assess the fundamental
readily dissolve in water, it is not surprising to find el- contact wear processes on the hybrid ceramic compos-
emental Al (from aluminum oxide patrticles), and Li, ite. Therefore, no attempt was made to assess the clini-
La, and Zr (from the glass particles) in the water so-cal relevance of the results presented in this paper. This
lution after the wear tests. However, one cannot ruleould be the subject of a future investigation.
out the possibility for the presence of small nanome-
ter sized particles in solution during chemical analysis.
Although the water samples did not contain any visibles. Conclusions
wear debris and the large particles were removed by th€ontact wear of the studied composite (HC-ESTENIA)
aerosol filters just prior to ICP analysis, the water samis controlled by three simultaneous wear processes,
ples collected after the wear tests could have containedz., tribochemical reactions and film formation, disso-
small nanometer sized wear debris. lution of tribochemical products in water, and mechan-
The results of this study suggest that the hybrid ceical removal of the film by microfracture. At low loads,
ramic composite evaluated in this investigation is subwear is dominated by the tribochemical mechanisms;
jected to a complex set of processes at the contasthereas at high loads wear occurs by a combination of
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tribochemical mechanisms and detachment of the sur1
face film. Our results indicate that optimization of the

wear behavior of this composite may require a changé®

in the chemistry as well as the size distribution of the, ,
filler particles.

14.
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