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The abrasive wear of rubbers is strongly affected by the filler particles dispersed in the 
elastomer matrix. The fillers are incorporated usually for the purposes of mechanical 
reinforcement and improving the conductivity of the neat resins. It is found that the wear rates 
of the filled silicone rubbers increase slowly with filler concentration until a critical volume 
fraction, Vc, is reached, at which point they increase very rapidly with increasing filler 
concentration. This behaviour appeared to be universal in all the filled silicones we studied, 
regardless of the type of filler and silicone rubber used. However the magnitude of the critical 
filler fraction, Vc, can be changed significantly with the filler shape, resin cross-linking density 
and filler surface treatments. No reasonable relationship could be found between this wear 
behaviour and the mechanical properties measured in a macroscopic manner. Experimental 
evidence suggests that the incipient 'cracks' that lead to wear losses may start within the thin 
layers of highly stressed material, the 'damage zones', surrounding the rigid particles. A simple 
model taking into account the stress concentration induced by the rigid fillers shows excellent 
correlation between the wear rate and the damage zones volume. With this new model, the 
observed wear behaviours can be explained satisfactorily. 

1. In troduc t ion  
Engineering rubbers are used extensively in modern 
technology. In particular, silicone rubbers, noted for 
their superior thermal stability, are widely employed 
when elevated temperatures are present during appli- 
cations. Because they are compliant and tough, the 
rubbers can easily absorb and survive a single strike of 
large deformation. However when used in contact 
with moving parts, a process of micro-tearing can 
occur on the rubber surface around the sharp asperi- 
ties, gradually removing the material and finally ter- 
minating the functional life of the rubber. In many 
applications, abrasive wear is the major failure mode 
of rubbers. Extensive work has been undertaken 
[1-14] in an attempt to unlock the mysteries behind 
the wear phenomena, yet the underlying mechanisms 
are not fully understood and few predictive models of 
wear can be found in the literature. This is due to the 
extremely complex nature of wear in rubbers. For  
example, many testing parameters will not only 
change the measured wear rate quantitatively, but will 
also qualitatively alter the governing mechanism o f  
the wear process. 

Nevertheless, since abrasion is clearly a manifes- 
tation of mechanical failure, people have been trying 
to relate it to material fracture. Shallamach [1, 9] used 
tearing energy to describe the rubber wear mech- 
anisms, and Ratner [4-6]  has established an equation 
in which the wear loss is related to macroscopic 
mechanical properties such as tensile strength, elonga- 
:ion at break, hardness etc. But since the local frac- 
tures that eventually lead to abrasive wear are several 

0022-2461/91 $03.00 + .12 �9 1991 Chapman & Hall 

orders of magnitude smaller in scale than these in 
which the macroscopic properties are determined, it is 
curious to learn whether Ratner's equation can be 
applied to systems that are heterogeneous in nature, 
e.g. filled rubbers. Fillers have long been used to 
impart or improve the properties in various materials, 
and are indeed a major component of modern engin- 
eering rubbers where the filler fraction can be as high 
as 70 wt % of the material. The role of filler in abrasive 
wear needs careful study. 

In this paper we consider how filler particles influ- 
ence rubber wear. The wear rates are measured as 
functions of filler concentration, filler type and filler 
shape, as well as filler surface treatments and the resin 
cross-linking density. Ratner's equation is examined 
with the macroscopic mechanical data. Finally, a new 
micro-mechanical model is presented to explain the 
observed phenomenon. 

2. Experimental procedure 
The sample of a filled rubber was prepared by first 
thoroughly blending a filler with poly(dimethyl silox- 
ane) (PDMS) rubber at room temperature, and then 
cured at 170~ for 30 rain in a mould. The cured 
sample was then removed from the mould and post 
cured in an oven for 1.5 h at the same cure temper- 
ature. Before any curing occurred, the fluid mixture 
was degassed in a vacuum chamber to remove air 
bubbles that were introduced during mixing. Two 
types of PDMS were used: a commercial resin, Dow 
Coming Sylgard S-182, and vinyl-terminated PDMSs 
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from Petrarch Systems, with different molecular 
weights of 6,000, 17,250 and 120,000. The vinyl termin- 
ated PDMSs were cross-linked using a methyihydro 
dimethylsiloxane copolymer with chloro-platinic acid 
inhibited with propargyl alcohol that became active 
above 80~ The Sylgard 182 rubber was crosslinked 
with the cure agent from Dow Corning. The filler was 
selected from one of the following fine powders of zinc 
Oxide, alpha-iron oxide, aluminium oxide, mica flakes, 
small glass beads and short glass fibres. Some of the 
small glass beads and mica flakes were surface treated 
with organic coupling agents before arrival. 

According to the particle geometry, the fillers can be 
grouped into three categories: (i) spherical particles: 
zinc oxide, a-iron oxide, aluminium oxide and small 
glass beads; (ii) platelets: micas; and (iii) short fibres: 
the short glass fibres. The particle size and aspect ratio 
of one filler Vary over a broad range, but the mean 
values are obtainable by averaging measurements on 
images, usually around 30, from the SEM micro- 
graphs. For  the spherical particles, the zinc oxide and 
the iron oxide particles are very small with an average 
diameter approximately equal to 0.1 gm for zinc 
oxide, and 0.2 ~tm for iron oxide. The aluminium oxide 
appears to have an even wider distribution with an 
average diameter of approximately 10gm, con- 
siderably larger than those of the zinc oxide and iron 
oxide particles. Comparable in size to the aluminium 
oxide particles are the small glass beads which have a 
diameter range from 1 to 40 gm. The average dimen- 
sions of the platelet mica are roughly 30 by 0.2 gin, 
and the glass fibres 50 by 10 gm. 

The cured sample has a thickness of approximately 
2 mm and is cut into a disc of 10 cm in diameter for 
wear testing. The disc sample is mounted on a rotating 
stage in a Taber Abraser that rotates at a fixed angular 
speed, ~ 60 r.p.m. A pair of abrading wheels, the 
standard H-18 calibrase wheels, contact from the top 
of the sample surface with a weight of 500 g and a 
counter weight of 125 g on the other end of the 
abrading arm. A pair of suction nozzles were posi- 
tioned slightly above the sample surface to remove the 
worn debris during the wear test. The abrading wheels 
were refaced while the weight loss in the filled rubber 
was measured every 1000 revolutions. The worn sur- 
face was gently cleaned by air gun before the weight 
measurement was taken. SEM was used to study the 
worn rubber surfaces, 

The mechanical properties, tensile strength, elonga- 
tion a t  break and Young's modulus, of the rubber 
composites were measured by using an Instron 1122 in 
a standard uniaxial tensile test. The tearing energy was 
obtained in a similar way by measuring the force 
required for propagating a crack in a trouser-type 
specimen at a constant speed (25.4 mm s- 1 ). The spe- 
cimen surfaces were taped so that the crack would 
propagate straight along the centre of the specimen, 
allowing consistent and reliable measurements to be 
taken. The taping may cause the measured force to be 
slightly higher than that of an untaped specimen, but 
this effect seems to be independent of the specimens so 
the data obtained appears to be a reliable measure of 
the tearing energy. The friction coefficients were meas- 
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Ured by using a friction and slip tester from Testing 
Machines Inc. A sand paper of grit 220 Was used as the 
counter face in the test because the asperity spacing, as 
revealed by using an optical microscope, is close to 
that of the standard H-18 calibrase wheels (around 
100 gm). The hardness of the filled rubbers were meas- 
ured by a Shore A Durometer. 

The adhesion strength at the filler/rubber interface 
was estimated by measuring the peel force of a thin 
layer Of PDMS cured on an oxide-deposited substrate. 
A thin layer (110 nm thick) of the filler substance, e.g. 
ZnO, was deposited by reactive RF sputtering on a 
glass slide and then a layer of silicone rubber was 
cured on top of the coating. Peel force was measured 
as a function of the PDMS layer  thickness and the 
adhesion strength was obtained from the extrapola- 
tion of the peel force at either zero or infinite thickness 
where the plastic deformation becomes negligible 
during peeling (Brown and Yang, J. Adhesion Sci. 
Technol., in press): The peel rate was held constant at 
25.4 mm min-  x. 

3. Results and analysis 
The wear properties of composites with different filler 
particles were compared by measuring the wear rates 
in a Taber abrader. The wear rate of each composite 
was obtained from the slope in a plot of the total wear 
weight loss against the number of abrasion revolu- 
tions. The initial data point of the first 1000 revolu- 
tions that involved the removal of the top surface was 
discarded to eliminate the effect of possible conta- 
mination and damage to the sample external surface. 
A linear relationship was generally followed by the 
data points, indicating that the wear rate was well 
defined. Since the abraded surface had been rough- 
ened after 1000 revolutions, the wear rates so obtained 
represent those of steady-state wear. 

Fig. 1 shows the plot of the wear rates of the 
composites against filler weight fraction for the vari- 
ous fillers. In all the curves, a common trend of the 
wear rate with the filler fraction can be clearly ob- 
served: as the filler fraction increases, the wear rate 
increases slowly until the filler fraction reaches a break 
point, called the 'critical filler fraction~, after which the 
wear rate starts to increase very quickly with xncreas- 
ing filler fraction. The critical filler fraction should 
carry important information, as it apparently divides 
two wear regimes dominated by different mechanisms. 
The first regime where the filler fraction is low seems 
to be dominated by the intrinsic wear process of the 
neat resin. The second regime, on the other hand, 
appears to be controlled by the weakening effect of the 
filler particles. The weakening effect of the filler par- 
ticles, however, looks remarkably similar for all three 
classes of fillers. The wear rates of all the materials rise 
sharply in the second wear regime, approaching a 
straight line. The only exceptions are the materials 
filled with mica particles, where the rapid increase in 
wear rate tends to slow down eventually and the wear 
rate levels off. Nevertheless, the critical filler fraction, 
which represents the onset of the second regime, is a 
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sensitive function of the particle geometry and, for 
larger filler particles, particle surface treatments. Con- 
sistent with previous results (A. C.-M. Yang et al., 
Wear, in press), the critical filler fractions for short 
glass fibres and micas  are significantly lower than 
those of the spherical particles. Also, in the case of 
micas, the critical filler fraction increases when the 
filler-matrix interaction is enhanced by the organic 
surface treatment. 

The wear data of Fig. 1 are plotted again in Fig. 2 in 
terms of wear volume and filler volume fraction. The 
shape of each curve remains unchanged, maintaining a 
clear break point at the critical Volume fraction. Due 
to the difference in particle density, the curves shift 
horizontally, yet the conclusions drawn previously 
remain valid, i.e. the platelets and short fibres have 
lower critical filler fractions. However, it is noteworthy 
that the curves of the zinc oxide, iron oxide and 
aluminium oxide particles now converge together in 

this plot in both the first and the second regimes, as 
shown in Fig. 2. The only spherical particles that do 
not converge are the small glass beads which show a 
higher critical filler fraction. It is thus interesting to 
examine why the three different fillers follow a single 
curve, and yet why the glass beads behave differently. 
The quasi-universal behaviour of the three spherical 
particles seems to indicate that the spatial arrange- 
ment of the filler particles in the rubber matrix plays a 
crucial role in the wear of composites. On the other 
hand, the fact that the glass beads follow a different 
curve indicates that some important parameters other 
than just the filler occupation in the matrix must also 
be taken into account. 

Before we proceed further in comparing different 
filler particles, we first focus our attention on one 
representative species, say zinc oxide, and try to un- 
derstand the characteristics of the wear rate against 
filler fraction. The worn surfaces and the wear debris 
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were examined under SEM. We found that the worn 
surfaces of the composites of lower filler content were 
much smoother than those of higher filler concentra- 
tions. Except the large ploughing lines that cross each 
other, there are few features on the worn surface, for 
example of the neat resin as shown in Fig. 3a. Reflec- 
ting this topography, the wear debris of the neat resin 
are large, round and smooth at the external surfaces 
(Fig. 3b). As the filler concentration increases, the 
worn particles become more and more coral-like 
(Fig. 3d); microscopically, the debris are smaller as 
they contain features in fine scales, but because of the 
interconnected structure between the wear debris, ma- 
croscopically the worn particles of the higher filler 
concentrations appear to the naked eye to be larger 
than those of the lower filler concentrations. The worn 
surfaces of the composites of higher filler concentra- 
tion show signs of micro-tearing with a wear pattern 
of ridges and valleys in the lateral scales of 10 gm 
(Fig. 3c). 

Since micro-tearing seems to prevail during the 
abrasion, the connection between wear rate and 
macroscopic mechanical properties that are usually 
cited in existing wear models were examined. Accord- 
ing to Rather et al. [4-6]  the abrasive wear can be 
described by the following equation 

V W 
= K~, U,~,~-- ~ (1) 
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where V/L is the volume of worn material per unit 
length of sliding, ~t the friction coefficient, W the load 
at contact, H the indentation hardness, o- b the tensile 
strength, ~b the elongation at break of the polymeric 
material, and K a proportionality constant. Ratner's 
equation works well with the unfilled neat resins, 
where a good correlation of wear rate with the 
product (Yb~b has been found for silicone rubbers 
(A. C.-M. Yang, unpublished data). To test the model 
further, for the filler rubbers the hardness of the 
materials was measured in Durometer Shore A. Fig. 
4a shows that the Durometer increases monotonically 
with the filler fraction for zinc oxide, iron oxide and 
small glass beads. The tensile strength, ~b, and the 
elongation at break, %, measured from Instron, are 
not as straightforward as is the durometer, as shown 
in Fig. 4b and c. The two quantities always fall as a 
small amount of filler is added to Sylgard 182 binder. 
As the filler concentration increases further, they go 
through a minimum, increase and finally decrease 
again. Although each data point fluctuates, the 
characteristics of the curves between the data points 
are remarkably reproducible, and are repeated for 
different filler particles. Friction coefficients, g, were 
measured as a function of zinc oxide concentration, 
and were found to be virtually constant with filler 
concentration. Since the load W is constant, the 
quantities 1/(HCYbSb) for the three fillers are plotted 
against the filler fraction in Fig. 3d. If Ratner's model 



Figure 3 SEM micrograph of(a) worn surface of the neat Sylgard 182 elastomer; (b) worn particles of tfie neat Sylgard 182 elastomer; (c) worn 
surface of the elastomer filled with 70 wt % zinc oxide; (d) worn particles of the filled elastorner with 70 wt % zinc oxide. 

(Equation 1) is applicable here, we would expect to see 
curves very similar to those of the wear rate in Figs 1 
and 2. But by comparing Figs 1 and 3d, we conclude 
that no linear relationship exists between the quantity 
1/(Hcy~) and the wear rate, and hence that Ratner's 
equation is not applicable in this class of materials. 

As a further check, a different silicone binder, a vinyl 
terminated PDMS (Mw = 17250), was used with the 
zinc oxide filler particles and its wear rate and mech- 
anical properties were measured. The results are plot- 
ted, along with the data of the Sylgard 182 composites, 
in Figs 1, 2 and 4. The same characteristics in wear, as 
seen in the previous materials, were observed again 
even though the tensile strength was qualitatively 
different from the previous systems: the tensile 
strength o" b monotonically increases with the filler 
fraction. This confirms that the macroscopic tensile 
properties have little connection with the abrasive 
wear in rubber composites, and that approaches other 
than Ratner's equation should be explored. 

The discrepancy between our data and Ratner's 
equation probably can be understood from the fact 
that the macroscopic tensile properties were generally 
determined by the weakest linkage in the materials, i.e. 
any dominant flaws or stress concentrators. A single 
crack initiator can cause the whole bulk sample to fail 
and thus dramatically change the mechanical proper- 
ties. On the other hand, abrasive wear is a cumulative 
process of failures of the length scale comparable to 
that of the counterface asperities. Micro-tearing, as 
strongly suggested from the topography of the worn 
filled rubbers shown in Fig. 3, takes place locally, 

contributing to the total wear loss Of the samples. A 
single stress concentrator can only produce limited 
effects on the wear test results. Because of their differ- 
ence in developing the failures, it is conceivable that a 
straightforward one-to-one correspondence between 
wear loss and macroscopic tensile properties could 
not be found. 

This same argument probably can also be used to 
explain the poor correlation between wear and the 
critical tearing energy release rate Go, as shown in 
Fig. 5. 

In an attempt to explore approaches other than 
Ratner's model, the effects of filler in a composite on 
the mechanical response to an applied external defor- 
mation were considered. Because the Young's modu- 
lus of the filler particles is so large compared with the 
soft rubber, the filler can be regarded as rigid. As these 
rigid particles are added into the soft rubber matrix, 
an external strain causes deformation only in the 
rubber phase, resulting in enhanced local strain [15]. 
The ratio of the effective strain in the rubber to the 
applied strain on the whole composite, called the 
strain amplification factor, ~, increases as the filler 
concentration increases. It is interesting to note that 
the strain amplification factor { initially increases 
slowly with decreasing particle spacing before reach- 
ing a critical spacing, after which it takes off very 
quickly, as shown in Fig. 6. This behaviour is remark- 
ably similar to that of the wear rate in the composites. 
Therefore, the spatial arrangements of the filler par- 
ticles in the rubber matrix and the stress fields around 
each filler particle are important when considering the 
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wear in a rubber composite. The reason that the 
composites of zinc oxide, iron oxide and aluminium 
oxide in the Sylgard 182 matrix all follow a single 
curve of wear against filler fraction is probably due to 
the fact that they are all spherical particles, and the 
stress fields associated with the particles are similar. 

The local stress field can be examined analytically. 
At the presence of an applied load, the rigid particles 
in the soft matrix can act as stress concentrators, 
inducing a larger and more complicated stress field, 
than that applied, in their surroundings. The stress 
field around a spherical particle in a matrix, solved 
previously by Goodier [11, 16] can be expressed as 

cr~ ao3(1 + 3cos20)(~ a~'] 
T~ - r 3 -- rZ J + 1 

or00 _ a~ (1 + 7cos20) 
To 4r 5 

o** _ a~ (3 + 5cos20) 
T~ 4r 5 

O'r~00 =T~o 2a~ (58 - ag'] sin 2 0 r 2 / 1  (2) 

where To is the externally applied stress in the direction 
of 0 = 0, ao the particle radius, r the distance from the 
centre of the particle, %0 the shear stress, and o~, or00, 
c%+ the normal stresses in the three principal axes, as 
shown in Fig. 7. Here we have assumed that Poisson's 

5 8 3 0  

ratio of the rubber, v~, is equal to 0.5 and Young's 
modulus of the filler particles, E2, is equal to infinity. 
At the poles of the rigid spherical inclusions, i.e. 
at 0 = 0 and ~t, the shear stress O'r0 vanishes and a 
dilatational tri-axial tension, z, operates. The three 
components of the normal stresses in the principal 
axes can be written from Equation 2 as 

eye _ 1 + 5 ag ag 
To ~- - 4r~- 

croo = ~4,eo _ 2a5o 

To To r ~ (3) 

The induced components, o R -  1, ~00, o**, at the 
poles are plotted against the distance from the par- 
ticle, r/ao in Fig. 7, where the stress oR shows a 
maximum around r/ao = 1.2 while the stresses o00 
and c%, decrease inversely with the fifth power of the 
distance. The tri-axial tension, �9 - I cy~ + or00 + o**1 
= 1 + 5 (ao/r) 3, consequently decreases inversely with 

the third power of the distance r. Because of this 
locally amplified dilatation, conceptually there exists a 
layer of highly stressed region, a so-called 'stressed 
zone', surrounding each rigid particle. Within this 
stressed zone, microscopic damages that eventually 
lead to catastrophic fracture and wear failures are 
more likely to take place than in other areas. 

Gent and Park [11] have shown that for the case of 
a single glass bead inclusion in a silicone elastomer, 
debonding at or cavitation near the bead surface can 
happen when the composite is under tension. They 
reported that the two mechanisms have different de- 
pendences on the Young's modulus, EI, of the rubber 
matrix. The critical cavitation stress ~k measured was 
found to increase with the Young's modulus, Et, 
following the empirical equation of Hall [17] and 
Petch [18] 

~k = A E t  + B ( d ) - l / 2  (4) 

where d is the diameter of the glass bead, and A and B 
are constants. On the other hand, the critical stress for 
debonding decreases with Young's modulus, E 1. If 
either debonding or cavitation, or both, initiate at the 
stressed zones and contribute to the final wear, we 
would expect to observe a considerable effect on wear 
due to the matrix modulus E 1 and the adhesion 
strength at the rubber/particle interfaces. 

It is therefore constructive to measure, or estimate, 
the adhesion strength at the interface. To serve our 
purpose, peel tests were conducted on specimens made 
by curing a uniform layer of silicone rubber on a 
substrate. The substrates were a layer of thin film ZnO 
or iron oxide, deposited by sputtering on a glass slide; a 
bare clean glass slide; and a surface-oxidized alumi- 
nium plate. The adhesion strength of the thin film 
ZnO and FezO3 to the substrate was strong enough to 
avoid any difficulty in successfully peeling the silicone 
layer from the surface of the ZnO or Fe20 3. The peel 
strengths were recorded to estimate adhesion strength 
at the various filler/rubber interfaces. Since the rubber 
arm can dissipate a portion of the mechanical energy 
during peeling action, the peel strength was measured 
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in a model of two dimensional approximation. 

as a function of rubber thickness, allowing the intrinsic 
adhesion strength at the interface to be obtained by 
extrapolation, from the peel strength at both thickness 
extremes, i.e. 0 and oo, where the work of deformation 
becomes negligible (Brown and Yang, J. Adhe- 
sion Sci. Technol., in press). The peel test results are 
plotted in Fig. 8. They show that the bare glass and 
iron oxide apparently have higher adhesion at the 
rubber interfaces when compared with those of zinc 
oxide and aluminium oxide. If these data, obtained in 
bulk samples, are the true measures of the interfacial 
strengths between the small particles and the neat 
resin, it would appear that a correlation between wear 
and debonding is lacking. If, however, we postulate 
that the peel test results are only reliable down to a 
certain particle size, below which debonding becomes 
increasingly unfavoured, the.peel test data are in fact 
quite consistent with the observed wear behaviours. 
For example, in the category of larger particles (glass 
beads and aluminium oxide), lower wear rates were 

found where the higher peel strengths were measured. 
Also, as shown in Figs 1 and 2, the wear rate is 
significantly lower for the surface-treated mica than 
for the untreated counterparts. A similar effect was 
also found (A. C.-M. Yang et al., Wear, in press) 
for large glass beads with diameters from ~ 5 to 

1000gm. These results strongly suggest that a 
debonding process is involved during abrasion in the 
rubbers filled with the large particles. We may postu- 
late that as the particle size decreases, the debonding 
mechanism becomes unfavoured, and instead the 
other mechanism of micro-cavitation starts to domi- 
nate when the material is under dilatation. Then for 
tiny filler particles, as in the cases of zinc oxide and 
iron oxide particles, the adhesion strength at the 
particle/rubber interfaces will consequently become 
less important in wear failure development. 

To try t o  support this picture, the cross-linking 
density and hence the Young's modulus, El, of the 
rubber matrix was changed to examine its effect on 
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2000 

wear. From Equation 4, the critical cavitation stress, 
ok, increases linearly with El.  Three different molecu- 
lar weights (6000, 17 250 and 120000 kDa) of the 
vinyl-terminated PDMSs were blended with zinc 
oxide and cured. The wear rate against zinc oxide 
concentration for the three matrices of different cross- 
link densities is shown in Fig. 9. The mechanical 
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properties of the neat resins were measured and are 
presented in Table I. The three neat resins are very 
weak compared to the commercial grade of Sylgard 
182. It was noticed that although the composites of the 
6000 kDa matrix generally wear faster than the other 
two, a fact we believe to be due to the very weak 
matrix, the critical filler fraction, vc, for zinc oxide is 
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Figure 9 Wear rates against filler concentration for the three 
molecular-weight matrices filled with zinc oxide (ZnO in PDMS). 

significantly larger than those of the highest molecu- 
lar-weight composites. The comparison becomes more 
evident in Fig. 10 where the wear rates are normalized 
to those of the neat resins and plotted against the 
particle spacing which was calculated from the filler 
concentration. It shows that the three Curves overlap 
closely in the first wear regime, and the wear rate of 
the highest molecular weight (120000 kDa) increases 
rapidly at the highest critical particle spacing. On the 
other hand, the Young's modulus E 1 decreases as 
the molecular weight increaseS, from 120p.s.i. for 
Mw = 6000 to 30 p.s.i, for Mw = 120000 (Table I). 
Compared with the relation between the Young's 
modulus E a and the cavitation stress ~k in Equation 4, 
it is strongly Suggested that for the tiny ZnO partiCles 
a cavitation mechanism dominates. Also in Table I, 
the elongation at break is seen to increasesignificantly 
as the molecular weight increases from 6000 to 17 250 
kDa, and continues to increase when the molecular 
weight is increased to 120000 kDa. At the same time, 
the tensile strength remains constant a t  around 
40 p.s.i. Since the highest molecular-weight resin has 
the largest elongation a t  break eb, the failure process 
which leads to wear loss should not start in the bulk of 

TABLE I Mechanical properties of neat resins 

Mw of Elongation at Tensile young's 
pre-cured break, e b strength, crb modulus, E 1 
PDMS (%) (p.s.i.) (p.s.i.) 

6000 40 40 120 
17250 310 50 55 

120000 410 40 30 

the rubber phase, but rather should originate near the 
rigid particles, the stressed zones where cavitation can 
take place. 

Since the highly stressed regions surrounding the 
rigid particles are important in the wear of filled 
rubbers, we can further define a 'damage zone' near 
the particles as where the tri-axial tension, z, exceeds a 
material parameter ~b" The material parameter 6b is 
the mechanical strength of the rubber material in the 
highly stressed region, the stressed zones, and should 
be dependent on the critical stresses of debonding and 
cavitation which are influenced by the degree of re- 
inforcement, thermal stability, etc. By prescribing a 
value for ~b, the total volume of the damage zones, 
Vaz, in the composite can be estimated. It is interesting 
to examine how the volume o f  the damage zones 
correlates with the observed wear rates. To est imate  
the damage Zone volume, the stress fields extending 
from the close particles must be considered. The angu- 
lar dependence of the tri-axial tension z 

(1 + 3cos20)('5ao3'~ 
- 1 + (5)  

Too 4 \ raJ 

shows that ~ is maximal when 0 = 0, n, i.e., in the 
directions parallel to the externally applied stress. As 
I 0] increases from 0, z decreases and the second term in 
Equation 5 of the induced component eventually be- 
comes negative when [0[ reaches 54.7 ~ This means 
that relative to a single particle in a rubber matrix 
the material in the regions near the equator, 
~/2 - 35.3 ~ < [01 < n/2 + 3513 ~ is under a compres- 
sive influence from the filler. Conversely, when consid- 
ering the stress fields in any small area close to a rigid 
particle, of interest in a filled rubber, if any of the other 
filler, particles lie within the compressive range, n/2 
- 35.3 ~ < 101 < n/2 + 35..5 ~ relative to that particle, 

there will be no contribution of dilatational influences 
from these particles and therefore these particles can 
be ignored when calculating the tri-axial tension. For  
simplicity, however, the tri-axial tension at the poles, 
where z is the greatest, o f a  one dimensional lattice of 
particles is first calculated. Expressed as a sum of the 
stress fields of all the rigid particles, z can be expressed 
a s  

z - 1 + 5ao 3 1 1 
Too s - f ) 3  Jr- (S q - f ) ~  

[i I '1 + 5a~ 3s f)3 + (3s + f)3 + ' ' "  

3 1 J r - 3 ( F )  2 

where s is the half spacing between th e particles, F _= r 
- s, and n = 1 represents the first nearest neighbours 
and so forth. As mentioned before, the induced stresses 
decay very rapidly with r. For  low filler concentration, 
10 wt % for example, only around 2% of the applied 
stress Too is extended from the nearest particles of the 

5 8 3 3  
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dilatational range. Even for high filler concentration 
of 80 wt %, although the tension from the nearest 
particles is quite high (approximately 115% of T~), 
that contribution decreases rather quickly to 6% of 
T~ for the second nearest particle and to less than 3% 
for the third. When 0 # 0, n, the stress starts as a small 
fraction of T~, approximately 6% for n = 1, and 
decays even faster. Therefore in a three-dimensional 
case, the tension at the poles of each particle can be 
regarded approximately as the sum of the stresses 
from particles lying on the plane 0 = 0 superimposed 
by the relatively small compressional stresses from 
particles at 0 = n/2. 

However, for the purpose of illustration, the dam- 
age zone volume Vdz was calculated using the tri-axial 
tension from Equation 6, and the angular dependence 
of ~ was ignored assuming the damage zones were 
isotropically surrounding each particle. The latter as- 
sumption is dearly not realistic, but since we are more 
interested in how Vdz varies with filler concentration 
rather than the absolute values, the results should still 
represent what actually happens and provide us with 
insight to:the problem. Fig. 11 shows the calculated 
tri-axial tension �9 for the case of ZnO (density, 
p = 5.6) from.10 to 80wt %, and Fig. 12 shows the 
correspond!ng values of Vaz using a prescribed mater- 
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ial parameter, ~b, normalized to the total rubber 
volume, V o. Compared to the wear data of ZnO, the 
similarity is striking. The volume of the damage zones 
where the microcavitational processes are most likely 
to take place correlates very well with the observed 
wear behaviours. It therefore indicates that the ob- 
served filler effects are due to the stress concentrations 
from these rigid particles, and can be understood from 
this simple approach. The portion of the curve" of 
Vdz/Vo in the low filler concentration regime appears 
to be lower compared to the shape of the wear rate. 
This, however, is believed to be due to the effect of the 
sharp asperities on the abrasive counterpart, that 
tends to smooth the stress concentration effect from 
the filler particles especially when the latter is rela- 
tively small. The calculated result in Fig. 12 assumes 
the material parameter ~b = 5.0 Too, but a range of 6 b 
values have been calculated. It is found that the choice 
of (~b value can change the location of the critical filler 
fraction and the slope of the wear rate in the second 
wear regime, but the characteristics of the curve re- 
main unchanged. Most importantly, from this result 
we can assert that the critical filler fraction, vc, repre- 
sents the onset of effective stress overlapping that in 
turn yields a dramatic increase in the damage zone 
volumes. 
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4. Discussion 
The results presented above strongly indicate that the 
highly stressed rubber layers associated with the rigid 
filler particles are sources of weakness in the filled 
elastomers during abrasive wear. The highly stressed 
regions harbour the microscopic damage processes of 
cavitation and/or debonding, that later develop into 
cracks, leading to material removal. As clearly demon- 
strated, the volume of the damage zones is a conven- 
ient and useful means to quantify the degree of this 
weakness. From the experimental data obtained, we 
speculate that cavitation near the filler particles prob- 
ably dominates the cases where very tiny filler par- 
ticles are used, while for large filler particles debon- 
ding prevails. The material strength, 6%, used here to 
define the damage zone, although artificial, is a natu- 
ral parameter that carries the most important in- 
formation on the fundamental filler reinforcement and 
wear resistance. If we can measure it independently 
and understand how it behaves, we will undoubtedly 
have a much better understanding of the filler's role in 
composite reinforcement, and therefore have a better 
understanding of how to create materials for predic- 
table wear. 

The stress concentration at the edge, 0 = 0, ~, of the 
rigid particles has been shown to increase steadily 
[18] as the particle aspect ratio increases when the 

long axis is parallel to the external stress Too. This 
result is valid for both the short fibres and platelets. 
Our SEM pictures of the cross-section surfaces of the 
mica and the short glass-fibre composites reveal that 
these particles, when embedded in the elastomer, are 
actually aligned in the direction normal to the sample 
thickness, the same direction as the abrasion action. 
Since the critical filler fraction, vc, is the onset of the 
effective stress-field overlapping, a lower critical filler 
fraction should be expected for a higher aspect ratio 
filler. 

The rigid filler particles, however, are not always 
detrimental in terms of abrasion resistance. As shown 
in Fig. 9, the filled low molecular-weight PDMS ac- 
tually shows improved wear resistance when com- 
pared to the unfilled resin in the first wear regime. This 
effect is believed to be due to the effective filler re- 
inforcement. Since the first wear regime is controlled 
by the intrinsic wear mechanisms of the neat resin 
where the improved mechanical properties can en- 
hance the wear resistance, mechanical reinforcement 
by the filler particles can compensate for damage 
initiation in the stressed zone and hence show a lower 
wear rate in the composites. 

There are several limitations on when this damage- 
zone concept can apply. Since the damage-zone con- 
cept is based on the micro-cavitational mechanisms 
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that eventually lead to failure, if fillers cannot trig- 
ger these processes, good correlation between the 
damage-zone volume and the wear rate may be ab- 
sent. Carbon blacks, noted for their effects on improv- 
ing the wear of some rubbers, are not included in this 
study because they tend significantly to change the 
cure characteristics of the silicone rubbers. It is con- 
ceivable, however, that when the particles become 
very small, ~ 5 nm for instance, either debonding or 
cavitation would be very difficult to initiate. Since 
carbon blacks reinforce the rubber significantly, this 
may explain why the wear is improved in these cases. 
Another exception also includes the chemical effect 
from the individual filler species where free radicals 
strongly react with the fillers [10-12]. The damage 
zone concept can still apply in these cases, but when 
the free radical interaction becomes dominant, the 
chemical aspects of wear must also be considered. 

5. Conclusions 
1. Rigid filler particles normally increase the abra- 

sive wear loss of the filled silicone elastomers. There 
exists a critical filler fraction, vc, which divides two 
regimes of wear that 
mechanisms. 

2. The first regime, 
low, is dominated by 

apparently operate by different 

where the filler concentration is 
the properties of the neat resin. 

The increase of wear rate due to the filler is gradual 
here. In the cases of effective filler reinforcement, a 
reduction of wear rate can occur. 

3. The second regime is dominated by the filler's 
detrimental effects where the wear rate increases very 
rapidly with filler concentration. The stress concentra- 
tion introduced by the rigid particles effectively 
creates a 'damage zone' surrounding the particles, a 
location where micro-cavitation and debonding takes 
place. Cavitation appears to dominate in the com- 
posites of very small filler particles, while debonding 
dominates when larger particles are involved. 

4. Higher particle aspect ratio and/or poor adhe- 
sion at the rubber-particle interface leads to a lower 
critical filler fraction of the filled elastomer. 

5. The calculated volume of the damage zones, 
Vdz/Vo, correlates with the wear rate. It indicates that 
the critical filler fraction, vc, is the onset of the stress 
overlapping between particles. 
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