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The abrasive wear performance of vinyl ester resins modified with various volume
fractions (5, 10, 15, 20 and 30%) of graphite powder has been measured. Using a conveyor
belt driven testing machine developed locally, it has been possible to realistically simulate
the effect of three-body abrasive wear upon these graphite modified polymer samples. A
comparison of the calculated dimensionless wear rates obtained for these surfaces reveals
that the effect of the graphite powder depends strongly upon the volume fraction of
particles in the resin matrix. It appears that, for intermediate volume fractions, the presence
of graphite powder in the resin matrix reduces the abrasive wear of the polymer surface.
Scanning electron microscopy has been used to probe the mechanisms of abrasive wear of
the pure resin and graphite modified surfaces. It appears that the embedded graphite
particles can act as a lubricant during the abrasion process thus reducing the wear rate. The
effect of increasing graphite powder volume fraction upon the abrasive wear mechanism is
discussed. © 2001 Kluwer Academic Publishers

1. Introduction wear resistance and friction properties of the composite
Friction and wear can be considered to be the responsesirface [4].

of a tribological system. In general, the coefficients of There have been a number of investigations of poly-
friction and wear are not material constants but rathemer matrix composites subjected to sliding and abrasive
they are parameters describing the state of contact ofiear. These studies indicate that the wear resistance of
the interacting bodies in the tribological system. In cer-the surface depends on the material properties, wear
tain special states of contact however, and for technimechanisms and external conditions (such as applied
cal convenience, they may be treated as material progressure, contact velocity, relative contact motion and
erties in an engineering sense [1]. Intuitively, friction the properties of the wear counterparts) [5, 6].

and wear are closely related, with an increase in fric- The study of abrasive wear of bulk solids is further
tion leading to a corresponding increase in the ob-complicated by the fact that the wear process can oc-
served wear of the material. In reality however, the recur as either two-body abrasion, three-body abrasion
lationship between friction and wear is not always thisor a combination of the two [4]. In two-body abrasion,
straightforward. Indeed, under certain conditions an inthe two surfaces in contact are constrained to move
verse relationship between friction and wear can be obin two dimensions and as such wear occurs through
served [2]. In the case of a composite material the situaabrasive material on one surface sliding over the other
tionis further complicated by the fact that the compositesurface. On the other hand in three-body abrasion, the
surface often exhibits tribological behaviour widely abrasive material is trapped between the two surfaces
different from that of its individual constituents [3]. in contact but is free to roll as well as to slide. Al-
Moreover, it is the exact size, shape and distribution othough in practice three-body wear is more common,
these constituents that is important in determining thdaboratory scale wear tests (e.g. pin-on-disc tests) are
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typically designed only to simulate two-body abrasion.that has been developed at the University of Newcastle.
Typically, wear rates obtained under two-body con-A binand hopper arrangement delivers the abrasive par-
ditions are much higher than those actually observedicles onto a conveyor belt and under the test specimen
inthree-body wear, sometimes by as much as an order @ind carrier. The carrier is loaded with steel weights al-
magnitude [7]. Furthermore, some of the processes thadbwing the normal load on the specimen to be varied.
may occur during three-body abrasion (such as ploughFor the experiments described here the applied pres-
ing, wedge formation, cutting, micro-fatigue and micro sure was set to 5.4 kPa. Shear load cells attached to
cracking) may not be accurately modelled by a simplethe carrier allow continuous monitoring of the friction
two-body test [8]. In reality, because of the complex-force. The conveyor belt has a variable speed hydraulic
ity of the abrasion process, no single mechanism cadrive to allow the incident flux of abrasive particles
completely account for all of the material loss. to be altered. Approximately 0.5%of wear medium

A variety of solid lubricants have been employed in can be stored in bin and hopper and drawn out as the
low-friction materials, due to their beneficial effects on conveyor belt moves beneath the hopper exit creating
the tribological characteristics when pre-dispersed int@ flow of wear media with a uniform bed depth of ap-
base polymer before moulding [9]. Graphite is a well-proximately 15 mm. After the media passes beneath
known solid lubricant and the purpose of this study waghe test specimen, it is circulated back to the bin and
to establish its effect upon the material removal mechthen hopper via a bucket elevator. For the experiments
anisms observed during realistic three-body abrasiveescribed here the belt speed was set to be 0.55'm s
wear. A detailed description of the testing machine is given

Inthis study, the effect of the addition of graphite par-elsewhere [10].
ticles upon the abrasive wear mechanism exhibited by Dimensionless wear rates were calculated according
polymer surfaces has been investigated. In particulatp Equation 1 [9]. Cumulative and progressive wear
the influence of graphite particle volume fraction uponrates have been calculated for a number of specimens
the observed wear rate has been measured. These maad compared.
surements, together with scanning electron microscopy, (M; — My)
have been used to demonstrate that the graphite particle W= T LAVE (1)
volume fraction has a significant effect upon the abra- , p
sive wear mechanism observed and hence the wear raf¥1 andM are the specimen mass before and after test

A possible mechanism to explain the observed result&€SPectively,o is the density of composite) is the
is discussed. apparent wear surface ared,is the belt speed and

is the running time. Measurements were taken every
15 minutes to monitor the kinetics of the wear process
2. Experimental and to ensure that the system had reached a steady-state
The resin used for manufacturing all the polymer mate-wear condition. Previous wear studies have shown that,
rials was Derakane 441-400 (Epoxy Vinyl Ester, Dowalthough the mean size of the abrasive particles is rel-
Plastics), which is a vinyl ester based resin containatively large (2—8 mm), there are sufficient numbers of
ing about 7.5 wt % of a carboxyl-terminated butadienesmaller abrasive particles within the particle size dis-
acrylonitrile (CTBN) liquid polymer reacted into the tribution to ensure that it is possible to obtain a reliable
resin base. The resin was cured with 2 weight % methymeasure of the abraded contact area [11].
ethyl ketone peroxide (MEKP). The graphite particle
modified resin specimens were fabricated by mixing3. Results and discussion
the required amount of resin with calculated amount ofThe variation of dimensionless wear rate for the pure
graphite powder to obtain the desired graphite particlgesin and the five graphite powder modified surfaces
volume fraction. This mixture was then laid on a sin-is shown in Fig. 1. The results indicate that the wear
gle sided mould and cured at room temperature. Five
samples were fabricated for the wear tests described

—

here containing 5, 10, 15, 20 and 30 volume % graphité&,
powder. x 22
Ignimbrite particles were chosen as the abrasive weeg
medium due to their hardness and highly angular part
ticle shape. Ignimbrite consists of vitric (glass) shardsg
variable proportions of pumice fragments and crystalsg 1.6
and a further variable proportion of lithic (stone) frag- €
ments. Primary devitrification results in pumice while 5 4
secondary devitrification results in shards, which ex-& 1.2
hibit varying degrees of flattening and welding, ands |, |
sometimes centrally directed tiny crystals. The typical 15 35 55 75 95
hardness of the ignimbrite particles was measured t Wear Time (min)
lie in the range, VHN~255-295, as measured on the
Vickers hardness scale. The particle sizes were meg_igure 1 Varia_tion of .dimensi(_)nless wear rate as a functio_n of wear
sured to lie in the range 2.0-8 mm. time for grgphlte particle modified resin samples with graphite volume
. 8 . concentrations of0, 5, 10, 15, 20 and 30%. All of the samples demonstrate
All of the abrasive wear testing was conducted Usingome degree of time-dependent wear behaviour before the wear rate
an open three-body linear sliding abrasive wear testeaches an asymptotic value and the equilibrium wear is established.
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rate for all of the samples is initially time-dependent pure resin. In the third and final regime, increasing the
and that there is a “bedding-in” of the wear specimenconcentration of graphite powder embedded in the resin
during which time the wear rate either increases or dematrix beyond 20 volume %, leads to a corresponding
creases gradually until finally equilibrium, or steadyincrease in the measured wear rate. Therefore, it would
state, wear is established. It is commonly understoo@ppear that the presence of graphite can enhance the
that this so-called transient wear is due to asperitiesbrasive wear resistance of a polymer surface, but that
and inhomogeneities in the wearing surface [12]. Thethe concentration of graphite powder plays a critical
gradual increase in wear rate can be attributed to the reole in determining its efficacy.

moval of a more wear resistant resin skin before the Graphite is one of a variety of solid lubricants em-
homogenous surface structure is exposed. The graduployed in low-friction polymer materials. For exam-
decrease in wear rate is most likely due to the presenaale, polytetrafluroethylene (PTFE), silicones, molyb-
of prominent surface asperities. The load experiencedenum disulphide and graphite are commonly used
by these surface features, and hence the wear rate, $8lid lubricants, due to the beneficial effect they have
initially very high. As the wear progresses, the surfacesipon the tribological characteristics of composite ma-
are worn more evenly resulting in a wear rate that deterials when pre-dispersed into the base polymer be-
creases to an asymptotic level. Therefore, in order tdore moulding [9]. These lubricant packages decrease
compare the wear rates of the six different surfaces, ththe coefficient of friction and thus the wear rate. The
samples are worn initially to remove these resin richlubricating effect of graphite is a consequence of its
surfaces and to establish the steady state wear surfaa@olecular structure, which consists of hexagonal car-

Fig. 2 shows the variation of the measured equilib-bon sheets (bound by strong®spybridised carbon —
rium wear rate, that is the wear rate at the asymptoticarbon bonds) held together by weaker van der Waals
limit of each of the curves in Fig. 1, as a function interactions. It is the motion of these carbon sheets,
of graphite powder concentration. The data in Fig. 2which are relatively free to slip over each other, which
exhibit a systematic variation of the equilibrium wear provides graphite with its known lubricity. However,
rate as a function of increasing graphite powder volumehe presence of graphite powder in the polymer resin,
fraction. The reproducibility of the data was checked byas with any impurity species, will also disrupt the ho-
repeating the entire wear measurement at least twice fanogeneity of the polymer matrix. It seems plausible
each surface studied. It was found that although theréhat the presence of structurally weak graphitic regions
were batch-to-batch variations of as muchtdb% in  is likely to lead to a necessarily weaker resin structure,
the measured wear rate, the observed systematic varigthich in turn is likely to be associated with a corre-
tion in the data was reproducible to withirb%. sponding decrease in abrasive wear resistance.

It seems that the effect of the graphite powder mod- Thus, it would seem that there are two competing
ification can be considered to occur in three distinctfactors that influence the abrasive wear performance
concentration regimes. In the first regime, increasingf the graphite modified polymer surface. Firstly, there
the volume fraction of graphite powder from 0-10% is the inherent weakening of the polymer matrix due
results in an immediate increase in the measured weao the disruption of the matrix structure caused by
rate compared to that of the pure resin. It would seenthe graphite powder, which would tend to increase
that the presence of graphite powder at these corthe observed abrasive wear rate. Secondly, there is the
centrations has a detrimental effect upon the abraself-lubricating effect of the graphite particles, which
sive wear resistance of the resin matrix. In the sectends to decrease the observed wear rate. The observed
ond regime, from 10-20 volume % of graphite powder,changes in wear rate as a function ofincreasing graphite
the wear rate of the graphite modified surfaces systenpowder concentration can be explained in terms of these
atically decreases, reaching a minimum wear rate (atvo competing factors. Inthe first concentration regime,
20 volume %) that is lower than the wear rate of the(0—10 volume % graphite powder), the weakening of
the polymer matrix by the graphite is the dominant pro-
cess and the wear increases. In the second regime (10—
20 volume % graphite powder) however, the lubricity
of the graphite particles plays an increasingly impor-
tant role in determining the abrasive wear performance
of the polymer surface and the wear rate of the surface
drops to a minimum. Interestingly, the minimum wear
rate, observed at a concentration of 20 volume % of
graphite powder, is lower than the wear rate of the pure
resin. This observation demonstrates that, in terms of
abrasion, the weakening effect of the graphite powder
upon the matrix structure can be overcome by the self-
lubricating nature of the graphite particles to produce a
surface with an enhanced wear resistance.

Figure 2 Variation of the dimensionless wear rate at equilibrium as a  |n grder to study the details of the wear mechanisms
function of the volume fractign of g'raphite particle reinforcemen't for occurring in the three wear regimes, scanning electron
surfaces abraded by ignimbrite particles. The observed systematic vari- . .
ation, with a maximum wear rate at 10 volume % and a minimum Wearmlcroscopy (SEM) was used to determine the role that

rate at 20 volume % of graphite particle reinforcement, was reproducibledraphite plays in determining the behaviour of these
to within £5%. modified polymer surfaces during abrasive wear. In
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particular, the effect of the graphite particle concen- A low magnification scanning electron micrograph
tration upon the dominant wear mechanisms that occuof the resin after abrasion by ignimbrite particles is
during the abrasion process was investigated. shown in Fig. 3. The SEM pictures of the abraded resin
Itis recognised that the abrasive wear occurs mainhsurface clearly show wear marks along the direction
by three mechanisms known as micro ploughing, mi-of the flow of the wear media, which are consistent
cro cutting and micro cracking [12]. Micro ploughing with a 2-body wear process. In addition, short and deep
is also referred to as plastic grooving, whereby matescratch-like grooves are also presenttogether with short
rial is displaced sideways by plastically deforming themicro cracks on the surface, which appear to be ran-
abraded material. During this mechanism no materiatlomly distributed. At higher magnifications (Fig. 4), a
is removed from the surface and it is typically presentfine wear debris can be observed on the surface. These
when hard particles abrade a soft and ductile materiabarticles appear to be the product of surface fatigue,
Micro cutting refers to chipping of the abraded sur-caused by sections of the surface cracking away, rather
face, whereupon surface material in front of abradinghan through micro cutting of the surface. This obser-
particle is actually removed as small fragments. Thisvation suggests that the fatigue damage is caused by
mechanism depends mainly on the ability of the parti-highly angular ignimbrite particles that are free to roll
cle to penetrate the surface and hence upon the relativender the specimen, which create repeated indentations
hardness of the two materials in contact as well as th@ the resin surface. These repeated impacts lead to the
particle geometry. The micro cracking mechanism isformation of micro cracks in the relatively brittle resin
generally accepted to involve the formation of crackssurface, which lead to a brittle fracture of small sections
on the surface due to localised stress without actuallpf the surface.
removing material from the surface. The repeated ap- Fig. 5 shows an electron micrograph of the resin sur-
plication of these localised surface loads results in théace with 5% graphite particle reinforcement after wear
propagation of these micro cracks until eventually ma-y ignimbrite particles. Comparing this image with that
terial is removed from the surface as relatively largeof the pure resin surface shown in Fig. 3 it is clear that
particles. Micro cracking is observed when the criticalthe 5% graphite-modified surface exhibits an increased

surface pressure is exceeded which is given by density of fatigue failure areas. SEM images obtained
K2 at higher magnifications (Fig. 6) also appear to indicate

Perit o <_'C> (2) that the fatigue affected areas are larger than for the

H pure resin surface (Fig. 4). This observation is consis-

whereK ¢ is the mode | toughness ahtlis the hardness  tent with the increase in wear rate observed for these
of the material being abraded [12]. Table | summarisesamples and can be attributed to a weakening of the
the measured hardness data for the experimentaesin matrix due to the addition of the graphite particles.
samples. Similar micrographs were also observed for wear of
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Figure 3 Low magnification SEM image of the resin surface following abrasion by ignimbrite particles. Wear marks are observed on the surface
together with short deep scratches. Material loss appears to occur predominantly through fatigue damage of the surface with many pits and craters
clearly visible. The location of the majority of the craters does not appear to be correlated with the visible scratches on the surface.
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Figure 4 High magnification SEM image of the resin surface following abrasion by ignimbrite particles. Evidence of wear debris is clearly present
on the surface and is consistent with impact fatigue of the surface leading to sections of the surface cracking away.
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Figure 5 Low magnification SEM image of the resin surface modified with 5 volume % of graphite particles following abrasion by ignimbrite particles.
Score marks are visible on the surface together with a high density of fatigue damaged areas.

the 10% graphite modified surfaces. Thus, it appears However, when the volume fraction of graphite
that the addition of graphite particles at low concentraparticle reinforcement is increased to 15%, the wear
tions (5—-10%) actually enhances the effect of the threemechanism appears to alter significantly. The surface
body abrasion process and hence increases the wemmorphology of a 15% graphite particle modified sam-
rate. ple after abrasion by ignimbrite is shown in Fig. 7, and
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Figure 6 High magnification SEM image of the resin surface modified with 5 volume % of graphite particles following abrasion by ignimbrite
particles. As with the pure resin sample, the main material loss appears to occur through fatigue damage of the surface but the 5% graphite modified

sample appears to exhibit an even higher density of damaged areas than the pure resin sample.

AccV Spot Det WD ExpLi = 200 um
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Figure 7 Low magnification SEM image of the resin surface modified with 15 volume % of graphite particles following abrasion by ignimbrite
particles. This surface exhibits a relatively lower density of surface pitting and cracking than the pure resin and 5% graphite modified saimple follow
abrasion. Furthermore, there now seems to be a much stronger correlation between the location of the surface craters and the linear wear marks and

scratches that are observed to run from the top to the bottom of the electron micrograph.
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shows a number of significant differences from the pure Plastic groove
resin and 5% graphite modified samples. First, the sur-
face has a much smoother appearance indicating thal
the 15% graphite surface has undergone much less wea )
than the other surfaces. Second, the surface density of1astic zone
fatigue affected areas appears to be much lower than
for the other two samples. Comparing the high magni-
fication micrograph of the 15% graphite surface shown ~_
in Fig. 8 with that of the pure resin surface shown in TSN
Fig. 4, there again appears to be a general decrease il

the density of fatigue affected areas. Third, and most \ /
important, the fatigue affected areas observed in Fig. 7
now appear to be, in general, more closely associated
with the wear marks that are observed on the surfacesigure 9 Schematic illustration of the material removal process that
Indeed, there appears to be a network of micro cracksccurs for brittle material worn by a hard abrasive particle (after
assaclater wilh the grooves that re abserved to rufies £, e shoass rosess s e e o 2 o
from the top to th_e bottom Of_the micrograph. The pre_s_assgociate(’j subsurface region undergoes plastic deformation. In‘order to
ence of lateral micro-cracks in the surface together withejieve the stress generated by this plastic deformation, a network of
the observed surface debris is consistent with previougteral cracks is created under the surface and when these coalesce and
studies of the wear of brittle materials [7]. Micro cut- reach the surface then sections of the surface can crack, or spall, away.
ting by the hard abrasive ignimbrite particles leads to

the presence of thin scratch-like grooves on the surface Therefore, it would appear that for graphite particle
along the wear direction. However, as a sharp particleoncentrations above about 15% there is a transition in
slides over the surface forming a plastic groove, laterathe dominant wear mechanism present on the surface.
cracks grow upwards to the free surface from the bas€or graphite particle concentrations below 15%, ma-
of the subsurface deformed region driven by a residualerial removal from the surface occurs predominantly
stress associated with the deformed material [13]. Ay the impact of ignimbrite particles that are free to
illustrated in Fig. 9, the subsequent repeated applicaroll under the specimen surface (3-body abrasive wear).
tion of an applied load causes these micro cracks télowever, for graphite particle concentrations above
coalesce and eventually material is removed by brittlel 5%, features associated with ignimbrite particles slid-
fracture [16]. ing over the surface (2-body abrasive wear) dominate

Wear
direction

Lateral cracking

%
a

AcoN™ SpotPet WONERp « F———rt—"rd
15 0RV 4.0 “SET™M02L8 S Graphite Parties *
\:. " 4 _' @ ," . ; - . / A ; .

Figure 8 High magnification SEM image of the resin surface modified with 15 volume % of graphite particles following abrasion by ignimbrite

particles. Although surface craters and their associated wear debris are observed on the surface, the density of these is lower than that observed
following wear of the pure resin surface.
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Figure 10 Low magnification SEM image of the resin surface modified with 20 volume % of graphite particles following abrasion by ignimbrite
particles. Compared with the 15 volume % graphite modified sample, the surface morphology is again smoother, with fewer pits and craters observed.
The morphologies observed on the 20 volume % graphite modified samples exhibited the smoothest morphologies of all of the samples tested, which
is entirely consistent with the observation that these materials gave the lowest wear rates at equilibrium. The groove running from top to bottom on
the right hand side is a good example of a plastic groove formed by a hard particle sliding across the surface and indicates that 2-body (rather than
3-body) wear dominates the material loss on this surface.
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Figure 11 High magnification SEM image of the resin surface modified with 20 volume % of graphite particles following abrasion by ignimbrite
particles. The density wear debris on the surface is now quite low and is, in the most part, associated with the surface groove that have been gouged

out of the surface by the motion of the hard abrasive ignimbrite particles.
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Figure 12 Low magnification SEM image of the resin surface modified with 30 volume % of graphite particles following abrasion by ignimbrite
particles. Compared with the surface of the 20 volume % graphite modified material, this surface shows a much higher density of wear debris. Although
the wear appears to still be dominated by the formation of craters and pits along the observed wear marks, the extent of these features is much greater
than for the 20 volume % graphite surface. This observation appears to be consistent with a surface that is mechanically weakened by the further
addition of graphite particles, despite the fact that the wear mechanism is still predominantly 2-body abrasion.

the observed morphology_ |ntuitive|y’ this transition TABLE | Measured Vickers hardness data for the graphite particle
from 3-body to 2-body abrasive wear arises from a demodified resin samples with graphite volume concentrations of 0, 5, 10,
crease in the surface friction (caused by the increasd 20 214 30%

in graphite concentration) leading to a transition fromgraphite particle Measured Vickers Standard deviation
ignimbrite particles rolling over the surface to sliding volume concentration hardness number of measurement
across the surface.

It is known that transitions from three body to two ° 2025 020
body wear can occur in response to changes in experiy 2585 054
mental conditions. For example, Trezastaal. showed 15 25.50 1.24
that the abrasive wear mechanism can be changed frora 24.90 0.37
two body to three body wear due to variation of the30 23.58 0.88

test conditions [15]. They investigated the wear mech-
anisms over a range of loads (0.1 to 5.0 N), slurry con-
centrations (0.000031 to 0.24 volume fraction abrasive)
and abrasive materials (SiC,/3; and diamond). Wear in the surface has also reduced the extent of two-body
mechanism maps, interms of the applied load and slurryvear occurring at the surface. These observations are
concentration for SiC, AlO; and diamond show the confirmed by the high magnification image of the 20%
transition between two-body grooving and three-bodygraphite surface shown in Fig. 11, which indicates that
rolling to occur at an approximately constant ratio ofthese surfaces have a much smoother morphology and
load to volume fraction concentration. less wear debris than those fabricated with lower vol-
This trend towards two-body, rather than three-bodyume fractions of graphite particles.
abrasion continues as the concentration of graphite par- Fig. 12 shows an electron micrograph of a 30%
ticles is increased to 20%. The morphology of the 20%graphite particle modified sample following abrasion
graphite particle modified surface (Fig. 10) is smootheiby ignimbrite. Comparing this micrograph with that of
than that observed for the 15% graphite sample. Therthe 20% graphite sample shownin Fig. 10, indicates that
are now only very faint wear marks present on the surthe density of wear debris has once again started to in-
face and the density of fatigue affected areas is agaiorease. Furthermore, the fatigue related areas are now
reduced. Furthermore, there is a reduction in the degresignificantly larger than those observed for the 20%
of grooving and lateral cracking on the surface, whichgraphite samples. Thus, it would appear that the wear
indicates that the increased concentration of graphitenechanism has altered once more, and that the polymer
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matrix has been further weakened by the presence athanges from 3-body to 2-body abrasive wear and the

additional graphite in the structure. wear rate decreases. In regime 3, the weakening effect
of the further addition of graphite particles again domi-
4. Conclusions nates the tribological nature of the surface and although

The addition of graphite particle to resin polymers has anaterial removal still occurs primarily through 2-body
significant influence upon the tribological behaviour of wear more material is removed in each wear event and
the surfaces of these materials. As the volume fractiothus the wear rate increases.
of graphite particles is increased from 0 to 30%, the
observed wear rate varies systematically and appears
to pass through three distinct behaviour regimes. ~ Acknowledgements
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