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Abstract

Single and multipass two-body and three-body abrasive wear behaviour of various polyaryletherketone composites
have been carried out by using a pin-on-disc machine and a rubber wheel abrasion test (RWAT) rig. Abrasive wear
studies were conducted under different loads and sliding distances. Comparative wear performance of all the composites
at different loads shows that specific wear rate (Ko) of two-body abrasive wear (single pass condition) is 30-50 times
greater than three-body abrasive wear. Also, specific wear rate (Ko) of two-body abrasive wear (multipass condition)
is 5-12 times greater than three-body abrasive wear. Efforts were made to correlate the abrasive wear performance
with the appropriate mechanical properties. The operating wear mechanisms under different experimental condition
have also been studied by using scanning electron microscopy.
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1. Introduction

Wear is defined [1] as damage to a solid surface, gen-
erally involving progressive loss of material, due to rela-
tive motion between that surface and contacting subst-
ance or substances. The five main types of wear are
abrasive, adhesive, fretting, erosion and fatigue wear,
which are commonly observed in practical situations.
Abrasive wear is the most important among all the forms
of wear because it contributes almost 63% of the total
cost of wear [2]. Abrasive wear is caused due to hard
particles or hard protuberances that are forced against
and move along a solid surface [3]. The abrasive wear
process is traditionally divided into two groups: two-
body and three-body abrasive wear. A distinction is
made between two-body abrasion, in which wear is

caused by hard protuberances on one surface which can
only slide over the other and three-body abrasion, in
which particles are trapped between two solid surfaces
but are free to roll as well as slide. The distinction
between these and also typical practical examples are
given in Table 1. The rate of material removal in three-
body abrasion is one order of magnitude lower than that
for two-body abrasion [4], because the loose abrasive
particles abrade the solid surfaces between which they
are situated only about 10% of the time, while they spend
about 90% of time in rolling. Most of the abrasive wear
problems, which arise in agricultural and industrial
equipment, are three-body, while two-body abrasion is
encountered primarily in material removal operations.
Despite the importance of three-body abrasion the vast
majority of abrasive wear studies have dealt with two-
body abrasion. Also in the literature, two-body and three-
body abrasion is usually discussed separately.

Engineering polymers and polymer based composites
are widely used in design. Polymers and their composites
are often required to move in contact with hard abrasive
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Table 1
Classifications of abrasive wear, and practical examples and operating conditions

Wear mode Wear mechanism Typical practical examples Operating conditions [2]

Two-body
abrasion

Three-body
abrasion

Pipe and chute liners used to transport Abrasive grit size 50—500 |im and
abrasive materials, rotors of powder mixers, sliding speeds up to 3 m/s; moderate
pivot pins in construction machinery, blades load conditions.
and components in agricultural and earth
moving machinery, impellers in pumps
handling sewage and abrasive fluid wastes,
wear strips and guides.
Sleeve bearing and bushes operating in
abrasive environment, lower sleeve bearing
in vertical sewage pumps, vehicle spring
bushes, marine stern tube bearings, chain
wear strips, rope sleeve bearings etc.

Abrasive grit size 100-300 |im,
sliding speeds up to 2.4 m/s;
Moderate load conditions.

particles as counterfaces. Some practical situations are
listed in Table 1. The increasing use of polymers and
their composites in such practical situations, makes
abrasive wear studies imperative from a technological
and commercial standpoint. In general, it is the mechan-
ical load carrying capacity and specific wear rate of the
materials that determine their acceptability in practical
applications. Different types and amounts of fibre
reinforcement and/or solid lubricants are known to
improve significantly many physical and/or mechanical
properties of polymers, and their potential in improving
the abrasive wear resistance is worth exploring. Wear is
not a simple material property, but depends strongly on
the system in which two surfaces function (Fig. 1).

In recent years research has been devoted to exploring
the potential advantage of a thermoplastic matrix for
composite materials. One such matrix is polyaryletherke-
tone (PAEK), which shows exceptional properties due to
its semicrystalline character and molecular rigidity of its
repeating units. Its high strength and modulus, better
toughness, thermal stability, easy processing, chemical
inertness, wear and radiation resistance, make it an ideal
material for advanced composites. PAEKs such as polye-
theretherketone (PEEK), polyetherketone (PEK), polye-
therketoneketone (PEKK) have similar crystal structures
but differ in ketone content (Table 2). A large amount
of data on abrasive wear behaviour of PEEK and their
composites reinforced with fibres and fillers have been
reported [6-12]. Cirino et al. [6,7] reported the sliding as
well as the abrasive wear behaviour of continuous glass,
carbon and aramid fibre reinforced PEEK. Lhymn et al.
[8] investigated the abrasive wear of short carbon fibre
(CF) reinforced PEEK. Voss and Friedrich [9] studied
the sliding and abrasive wear behaviour of short glass
and CF reinforced PEEK composites at room tempera-
ture. Briscoe et al. [10] reported abrasive wear behaviour

of PEEK filled PTFE and PTFE filled PEEK. Incorpor-
ation of PEEK in PTFE reduced wear rate of PTFE while
wear rate increased in the latter case. Harsha and Tewari
[11,12] investigated two-body abrasive wear behaviour
of various short fibres reinforced PAEK composites. The
above investigations were concentrated on two-body
abrasion studies of PAEKs and their composites against
abrasive papers. According to the author's knowledge,
no study is available in the literature on three-body
abrasive wear behaviour of PAEK composites. Also,
comparison between two-body and three-body abrasive
wear of polymer composites is not reported in the litera-
ture. In view of the above, the objective of the present
investigation is to study the two-body and three-body
abrasive wear performance of PAEKs and their com-
posites under different experimental conditions and to
study the comparative wear performance. Another aim
of the present study is to study the effect of chemical
structure and ketone/ether linkage ratios, the amount and
types of short fibres and filler reinforcement on abrasive
wear resistance of PAEKs having different mechanical
properties.

2. Experimental details

2.1. Materials

Three types of neat resins of PAEKs, having different
chemical structure and ketone/ether linkage ratios, inves-
tigated in the present study are given in Table 2. Details
of mechanical properties of various PAEKs and their
composites are given in Table 3. Initial surface rough-
ness (arithmetic mean average, Ra) of all the specimens
were also measured and given in Table 3. Test specimens
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Composite materials

Polymer matrix
Type and structure of
reinforcement
Filler/Fibre/ Matrix interface
Lubricants
Composition
Fibre orientation/ Length

Relative movements

Single pass condition
Multipass conditions
Sliding

Wear mechanism

Micro ploughing
Micro cutting
Micro cracking
Fracture
Fatigue

Counter body asperties/abrading
surface

Shape
Size
Sharpness
Toughness
Hardness
Particle density per unit

Test parameters

Load
Velocity
Contact area
Contact pressure
Relative humidity
Temperature

Fig. 1. Influence of various parameters on abrasive wear performance of composite materials [5].

Table 2
Chemical structures and ketone/ether linkage ratios of PAEKs investigated in the present study

Structure Name

PEEK

PEK

PEKK

Ketone (%)

33

50

67



Table 3
Mechanical properties of PEEK, PEK and PEKK composites

Material Designation F i l l e r a n d i t s D e n s i t y T e n s
percentage
(W/W)

Density
ASTM
D792
(gem"3)

Tensile
strength

[SI
ASTM
D638
(MPa)

Tensile
modulus
ASTM
D 638
(MPa)

Tensile
elongation at
break [e]
ASTM
D 638 (%)

Flexural
strength
ASTM
D 790
(MPa)

Flexural
modulus
ASTM
D 790
(GPa)

Izod
impact
strength
ASTM
D256
(KJm-2)

Hardness
H] ASTM
D785

Surface
Roughness

M

PEEKa

PEKa

PEKKb

A
B
C
D
E

F
G
H
I
J
K
L

—
GF (20%)
GF (30%)
CF (30%)
CF (10%)
PTFE (10%)
Graphite (10%)
-
GF (10%)
GF (20%)
GF (30%)
-

CF (30%)
CF (10%)
PTFE (10%)
Graphite (10%)

1.32
1.42
1.49
1.44
1.48

1.30
1.38
1.44
1.53
1.31
1.36
1.45

101
120
144
224
141

1120
140
155
165
111
249
159

3600
6800
9700
13000
-

4000
7000
10500
12500
4416
27600
12420

>40
5.81
4.24
2.0
2.5

20
6.03
4.14
3.88
12
1.2
2

170
199
220
350
210

183
265
290
350
194
387
249

4.0
6.7
8.2
20
8.1

5.12
7.9
9.9
13.5
4.55
24.15
12.42

6.4
7.5
10
9.0
6.3

7.0
7.0
7.0
7.0
-
—

122
125
125
125
127

124
126
126
126
126
128
127

97
97
105
104
95

105
107
109
110
110
115
100

115
115
115
115
113

112
111
115
115
115
117
114

0.170
0.304
0.304
1.24
0.450

0.240
0.198
0.261
0.268
0.342
3.83
1.74

1 Victrex Plc., USA, supplied PEEK, PEK and their composites.
' Infinite Polymer System II, USA, supplied PEKK and its composite.
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were cut from the same injection moulded plaque in
order to avoid variation of surface roughness.

2.2. Abrasive wear studies

Two types of abrasive wear tests were carried out.
Two-body abrasive wear studies under single and multi-
pass conditions were carried out by using a pin-on-disc
machine and three-body abrasive wear studies were car-
ried out by using a dry sand/RWAT rig.

2.2.1. Two-body abrasive wear studies
Two-body abrasive wear studies were carried out on

the pin-on-disc machine described in detail elsewhere
[11]. Abrasive paper was fixed on a rotating disc and the
polymer pin was fixed in a holder. The polymer pin 10
x 10 x 6 mm3 was initially abraded against waterproof
1200 grade (grit size~5 Mm) silicon carbide (SiC) abras-
ive paper for uniform contact. During single pass abras-
ive wear studies, after each traversal of the polymer pin
new abrasive paper was fixed until the total abrading dis-
tance was reached. However, under multipass conditions
the polymer pin traversed the same wear track until the
total abrading distance was reached. A scanning electron
micrograph (SEM) of SiC abrasive paper of 120 (grit
size—175 Mm) grade before the wear test is shown in
Fig. 2.

2.2.2. Three-body abrasive wear studies
Three-body abrasive wear studies were carried out on

a dry sand/ RWAT rig as shown in Fig. 3. The abrasives
are introduced between the test specimen and the rotating
wheel with a chlorobutyl rubber tire. The test specimen
is pressed against the rotating wheel at a specified force
by means of lever arm while a controlled flow of grit
abrades the test surface. The rotation of wheel is such
that its contact face moves in the direction of grit flow.

— HOPPER

SILICA SAND

WEIGHTS

SPECIMEN

RUBBER LINED WHEEL

Fig. 3. Schematic diagram of dry sand/rubber wheel abrasive
wear test rig.

The pivot axis of the lever arm lies within a plane, which
is approximately tangential to the rubber wheel surface
and normal to the horizontal diameter along which the
load is applied. The tests were carried out for different
loads and sliding distances. The rubber wheel was rotat-
ing at a speed of 2.4 m/s. Abrasive particles used was
silica sand (r = 2600 kg/m3; Knoop hardness 880 [13])
of size 150-300 Mm. A SEM of the silica sand is shown
in Fig. 4. Sand flow rate between rubber wheel and
specimen was 250 ± 5 g/min The size of the specimen
was 76 x 25 x 5-12 mm3 Weight loss measurements
were made at regular test intervals of 60 s using an ana-
lytical balance reading to 1 x 10~5g. The specimen
holder was designed to ensure that samples are removed
and replaced during each test such that the wear scar was
always at the same location. In all the above tests, wear

Fig. 2. SEM of SiC abrasive paper of 120 grade (grit
size~175 |im) before wear test. Fig. 4. SEM of silica sand of size 150-300 |im.
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was measured by loss in weight, which was then con-
verted into wear volume using density data. The specific
wear rate was calculated for two-body and three-body
abrasive wear from the following equation:

Ld[Nm (1)

where, AV is volume loss in cubic millimetres or cubic
meters; L, the load in Newton's; and d, the sliding dis-
tance in meters.

2.3. Scanning electron micrograph studies

Worn polymer pins and abrasive paper surfaces were
examined by using a SEM (S 360 Cambridge and Phil-
ip's 515). Before taking micrographs, the samples were
coated with a thin layer of gold by sputtering.

3. Results and discussion

Wear volume as a function of sliding distance and load
is shown in Figs. 5(a-d) and 6(a-c). Specific wear rate
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Fig. 5. Wear volume as a function of sliding distance. (a) Two-body abrasive wear in single pass condition (n = 5 cm/s, L = 10
N, SiC abrasive paper of 120 grade (grit size~175 |im); (b) Two-body abrasive wear in multipass condition (n = 0.36 m/s, L = 6
N, SiC abrasive paper of 120 grade (grit size~175 |im) (c); and (d) Three-body abrasive wear (n = 2.4 m/s, L = 5, 12 N, abrasive
particle size 150-300 |im).
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paper of 120 grade (grit size=175 \im) (c) Three-body abrasive wear (n = 2.4 m/s, d= 1433 m, abrasive particle size 150-300 \im).

as a function of load is shown in Fig. 7. Wear volume
as a function of various mechanical properties is shown
in Fig. 8. Comparative abrasive wear performance of
PAEKs and their composites under two-body and three-
body abrasive wear conditions is shown in Fig. 9. Salient
features of the present study are as follows:

• With increase in sliding distance and load, wear volume
increases linearly for two-body (single pass condition)
and three-body abrasive wear. The case of two-body
abrasive wears under multipass conditions showed an

initial rapid increase for all the PAEKs and their com-
posites. Subsequently, wear volume stabilised to an
almost constant value for some materials although others
(D, E, K and L) continued to show a linear increase with
abrading distance and load.
The specific wear rate (Ko) decreases with increase in
load for two-body abrasive wear under single pass
conditions, whereas in cases of two-body abrasive
wear under multipass condition and three-body abras-
ive wear specific wear rate increases with increase
in load.



410 A.P. Harsha, U.S. Tewari/Polymer Testing 22 (2003) 403-418

Fig. 7. Specific wear rate (Ko) as a function of load. (a) Two-body abrasive wear in single pass condition (n = 5 cm/s, d = 4 m,
SiC abrasive paper of 120 grade (grit size~175 |im); (b) Two-body abrasive wear in multipass condition (n = 0.36 m/s, d= 250 m,
SiC abrasive paper of 120 grade (grit size=175 |im) (c) Three-body abrasive wear (n = 2.4 m/s, d= 1433 m, abrasive particle size
150-300 nm).

The specific wear rate (Ko) of the materials for two-
body abrasive wear under single pass condition were
observed to be of the order of 1CT10 m3/Nm, whereas
in cases of two-body abrasive wear under multipass
conditions and three-body abrasive wear it was in the
ranges of 10"11 to 1(T10 and 1(T12 to 10"11

m3/Nm, respectively.
The fillers such as PTFE and graphite were observed
to be detrimental to abrasive wear performance (E
and L).
The CF reinforcement to PAEK matrix (composite D
and K) had worse abrasion resistance as compared to
glass fibre reinforced PAEK composites.
Correlations between wear volume and selected
mechanical properties for two-body (single pass
condition) and three-body abrasive wear were
obtained. However, in cases of two-body abrasive
wear under multipass condition no linear trend was
observed.

• The comparative wear performance of all the com-
posites abraded under two-body and three-body
abrasive wear situation at different loads can be seen
from the histogram in Fig. 9. It was observed that
two-body abrasion (single pass condition) is more
effective in removing material as compared to the
other two abrasive wear conditions.

Archard's equation [14] is generally used to describe
the sliding wear of metal caused by adhesion, but it has
proven very useful in abrasive wear as well. The equ-
ation states that

(2)

where V is the wear volume; L, the applied load; d, the
sliding distance; H, the hardness of material; and K, is
a constant referred to as wear coefficient. Eq. (2) clearly
indicates wear volume is directly proportional to both
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Fig. 8. Wear volume as a function of: (a) [Se]"1; (b) \HSe\~1.
Two-body abrasive wear in single pass condition (n = 5 cm/s,
L = 10 N, SiC abrasive paper of 120 grade (grit size~175 |im);
two-body abrasive wear in multipass condition (n = 0.36 m/s,
I = 6N, SiC abrasive paper of 120 grade (grit size=175 |im);
Three-body abrasive wear (n = 2.4 m/s, L = 5, 12 N, abrasive
particle size 150-300 |im).

the load and sliding distance and it is also inversely pro-
portional to hardness. However, the above equation does
not hold good for polymers and their composites, though
a linear trend has been reported [15] for some
polymers/composites. This is because a combination of
several properties and experimental parameters influ-
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Materials

E 2-body SPC B 2-body MPC m 3-body]

1.00E-08

s2
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1.00E-10

u
£
a 1.00E-11
Q.
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A B C D E F G H I

Materials

J K L

Fig. 9. Comparative wear performance of PAEKs and their
composites for different load at two-body and three-body wear
conditions. Two-body abrasive wear in single pass condition:
(a) L = 6 N; (b) 12 N, n = 5 cm/s, d = 4 m, SiC abrasive paper
of 120 grade (grit size~175 |im); two-body abrasive wear in
multipass condition: (a) L = 6 N; (b) 12 N, n = 0.36 m/s, d =
250 m, SiC abrasive paper of 120 grade (grit size=175 |im);
three-body abrasive wear: (a)L = 5 N ; (b) L = 12 N, n = 2.4
m/s, d = 1433m, abrasive particle size 150—300 |im.

ences the abrasive wear performance of
polymers/composites. In the present study, wear volume
increases linearly with increase in sliding distance and
load in two-body abrasive wear under single pass con-
dition and three-body abrasive wear. However, in the
case of two-body abrasive wear under multipass con-
ditions non-linear increase in wear volume has been
observed (Figs. 5 and 6). This is because of the effects
of transfer of a polymer film to the abrading surface and
trapped debris in multipass conditions. Such transfer
films and wear debris collect in the crevices or
depressions on the abrasive paper leading to a clogging
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effect. Thus, after a certain number of traverses, abrasion
of the materials eventually stops and the system reaches
an equilibrium condition. In the case of singlepass and
three-body abrasive wear, the polymer specimen always
faces fresh abrasive particles, hence wear volume
increases linearly with sliding distance and load.

Fig. 7 shows specific wear rate as a function of normal
load for PAEKs and their composites. In two-body abras-
ive wear under single pass conditions, specific wear rate
for all the materials decreased with increase in load.
Lhymn [16] developed a mathematical model based on
the concepts of crack propagation and classical mech-
anics. According to that mathematical model, the follow-
ing equation is applicable when thermal activation is
insignificant, as in the case of low abrading speed and
loads.

Ws =K
1

EHEJI

where, Ws is the specific wear rate, Vs, the sliding speed;
E, is the elastic modulus; e, the critical strain; m, the
friction coefficient; Vc, the crack growth velocity; and
FN, the normal load. If FN or Vs is large, thermal effects
become significant and this relationship is not applicable.
In the present study both FN and Vs are small in the case
of single pass conditions, and Eq. (3) is applicable and,
hence, wear rate decreases linearly with increase in load.
Lhymn [16] also confirmed the above relationship in the
case of glass fibre (GF) reinforced PA 66, polyoxyme-
thylene (POM), and polybutyleneterephthalate (PBT). In
two-body abrasive wear under multipass conditions and
three-body abrasive wear, specific wear rate increases for
all the materials with increase in load. This is because
the sliding speed was high, the material softens some-
what and causes crack propagation. This results in
increase of specific wear rate. The equation (3) does not
hold well because of high sliding speed.

The primary reasons for adding fillers or reinforcing
fibres to polymers is to improve their mechanical proper-
ties, but the effects on wear rate are not invariably ben-

eficial. According to Lancaster [17] the product of S and
e (where S is the ultimate tensile strength and e is the
ultimate elongation) is very important factor which con-
trols the abrasive wear behaviour of composites.
Reinforcement with fibres/fillers increases tensile
strength (S) of neat polymer, they usually greatly
decrease ultimate elongation to break (e) and hence the
product Se may become smaller than that of neat poly-
mer. Hence, reinforcement usually leads to deterioration
in abrasive wear resistance. Various theories have been
proposed to interpret the abrasive wear performance of
composites. Various researchers have also found a var-
iety of factors such as S, e, H (hardness), cohesive
energy, ploughing component of friction, fracture energy
of composites and probability factor for microcracking
as abrasive wear controlling factors. Table 4 provides
some of the models proposed by various researchers [18—
23] to correlate abrasive wear performance of
polymers/composites. One model that seemed to be quite
reasonable was that proposed by Ratner et al. [18], where
the rate of material removal was said to be inversely pro-
portional to the product of stress and strain at rupture.
In the present studies, Fig. 8 indicates the relationship
between wear volume and [Se]^1 and [HSe]'1. Reason-
ably good linearity was observed between wear volume
and relevant mechanical properties for two-body abras-
ive wear (single pass condition) and three-body abrasive
wear. However, in the case of two-body abrasive wear
under multipass conditions the data points were scattered
and no linear trend were observed. This is because the
extent of counterface modification or damage plays an
equally important role. According to Lancaster [24], dur-
ing abrasion the condition of the abrasive paper is modi-
fied to a different extent by different types of composites
due to the different nature of the fillers or fibres. Some
of the fillers (PTFE or graphite) transfer to the abrasive
paper clogging up the depressions whereas other fillers
such as fibres (CF and GF) might cause fracture or pull
out of abrasive grains. Eventually the condition of the
paper will reach a steady state after a large number of

Table 4
Some of the models for abrasive wear of polymer/composites

1 W~/iL/H<7£ , friction coefficient; L, load; H, hardness; ere, stress and strain
rupture

2 W~f5NPd b, abrasive wear factor; N, scratching efficiency factor; P, normal
load; d, sliding distance

3 wV = {FNS(1 + 4f2)0.5/sy} FN, normal load; S, sliding distance;f, friction
coefficient; sy, rupture stress of polymer; Wv, wear volume

4 W—Clff5/ GIC fi, probability factor for microcracking; H, hardness of
composites; GIC, fracture energy

5 W^lIC0-5 C, cohesive energy
6 W~K\ivIHea mp, is the ploughing contribution to the coefficient of friction; H, Vaziri et al. [23]

hardness; e, percentage elongation to failure; s, tensile strength and K is the
constant

Ratner et al. [18]

Yamaguchi [19]

Czichos [20]

Friedrich and Cyffka [21]

Giltrow [22]



Table 5
Wear volumes, the relative ranking order of the material under different experimental condition

Material Two-body abrasive wear, single pass
condition
L = 10N, v = 5cm/s, d= 6.6m

Two-body abrasive wear, multipass
condition
L = 6N, v = 0.36m/s, d = 400m

Three-body abrasive wear
L = 5N, v = 2.4m/s, d = 430m

Three-body abrasive wear ^
L = 12N, v = 2.4m/s, d = 430m ^

AV (mm3) AV/AVA Ranking
order

AV (mm3) AV/AVA Ranking
order

AF(mm 3 ) AV/AVO Ranking
order

AV (mm3) AF/AF Ranking
order

A
B
C
D
E
F
G
H
I
J
K
L

11.692
17.873
25.100
27.625
36.148
14.833
15.525
18.263
19.128
16.723
29.623
40.246

1.0
1.27562
2.14
2.36
3.09
1.26
1.32
1.56
1.63
1.43
2.53
3.44

1
5
8
9
11
2
3
6
7
4
10
12

45.575
58.443
161.879
184.121
365.810
53.846
61.244
74.263
149.540
56.671
210.640
403.190

1.0
1.28
3.55
4.05
8.02
1.18
1.34
18.2
3.28
1.24
4.62
8.84

1
4
8
9
11
2
5
6
7
3
10
12

15.462
17.929
24.281
29.970
50.148
16.046
14.070
680.230
25.390
17.022

1.09
1.27
1.72
2.13
3.56
1.14
1.0
1.29
1.80
1.20

1/2
5
7
9
10
3
1
6

42.727
62.866
99.476
117.52
234.25
65.750
69.970
80.230
82.2 94
74.816

1.0
1.47
2.32
2.75
5.48
1.53
1.63
1.87
1.92
1.75

1
2
8
9
10
3
4
6
7
5
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passes. Thus, correlation between wear and mechanical
properties is not possible under multipass conditions
because of the combination of material properties, which
influence the counterface. In two-body abrasive wear
under single pass conditions and three-body abrasive
wear, the wear volume Vs \Se\~l, [HSe]^1 showed better
correlation indicating all the three factors i.e. S, e, H
played a role in controlling wear behaviour of selected
composites rather than just one. In the present study, the
product of Se was a maximum for neat PEEK, which
showed the highest wear resistance under different
experimental conditions. This product decreased with the
inclusion of fibre and/or fillers which results in deterio-
ration of abrasive wear performance.

3.1. Comparisons of wear test

It is well known that abrasion resistance of polymers
will deteriorate with short fibre reinforcement. However,
in many practical applications, e.g. gears, chute liners,
bearings, and pipe, fibre reinforced plastic will be used.
Therefore, it is necessary to examine the performance of
the material with different types and amount of fibre
under different experimental condition before it is used
in a particular application. Fig. 9 shows comparative
abrasive wear performance of PAEKs and their com-
posites at different loads under different experimental
conditions. It was observed that specific wear rate of
two-body abrasive wear (single pass condition) is 30-50
times greater than three body abrasive wear. Also, spe-
cific wear rate of two-body abrasive wear under multi-
pass condition is 5-12 times greater than three-body
abrasive wear. In the two-body abrasion process particles
or asperities are rigidly attached to the second body,
whereas in three-body abrasion the abrasive particles are
loose and free to roll. Hence, two-body abrasion con-
ditions are expected to produce higher wear rates than
three-body conditions because the contact between the
abrasive particle and the wearing surfaces is sliding
rather than rolling. It was observed that CF reinforce-
ment to PAEK matrix (composite D and K) had worse
abrasion resistance as compared to glass fibre reinforced
PAEK composites. Also, fillers such as PTFE and graph-
ite reinforcement to PAEK matrix showed higher spe-
cific wear rate. If fibre reinforced plastic has to be used
in any abrasive wear situation, it is always preferable to
have a low amount of glass fibre reinforcement rather
than a combination of CF and filler reinforcement.

The relative performance of the different PAEKs and
their composites under different experimental conditions
is given in Table 5. The ranking order of the materials
under different experimental conditions is slightly
varied. This type of ranking is useful for the selection
of material for particular situation i.e. non-film transfer
(single pass condition), film transfer (multipass
condition) and three-body wear. From Table 5, two-body

Fig. 10. Surface topography of SiC abrasive paper of 120 (grit
size~175 |im) grade after wear against: (a) neat PEK (single
pass condition, n = 5 cm/s, L = 4 N, d = 4 m); (b) CF reinforced
PEEK (composite D) (multipass condition, n = 0.36 m/s, L =
6 N , d = 250 m).

abrasive wear (multipass condition) can be compared
with three-body abrasive wear, which has almost similar
experimental conditions except sliding velocity. It is
quite clear that two-body abrasion is more effective in
removing material compared to three-body abrasive

3.2. SEM observation of worn surfaces

SEM micrographs of SiC abrasive paper and pin sur-
faces are shown in Figs. 10,11 and 13. Several mech-
anisms have been proposed to explain how material is
removed from the surface during abrasion. These mech-
anisms include fracture, fatigue and melting. Because of
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(f)

Fig. 11. SEM of surfaces of neat PEEK: (a) L = 4 N; (c) L = 12 N (two-body abrasive wear (single pass condition), n = 5 cm/s,
d = 4 m, counterface SiC abrasive paper of 120 grade (grit size~175 |im)); (b) L = 4 N ; (d) L = 10 N (two-body abrasive wear
(multipass condition) ν = 0.36 m/s, d = 250 m, counterface SiC abrasive paper of grade 120 (grit size~175 |im) (e); and (f) L = 12
N (three-body abrasive wear), n = 2.4 m/s, d = 1433 m.

Direction of particle motion

Entrance zone

central zone exit zone

Fig. 12. Schematic representation of different zone on the
wear scar in three-body wear situation.

the complexity of abrasion, no one mechanism com-
pletely accounts for all the loss. In general, the abrasive
wear process involves four different mechanisms
microploughing, microcutting, microfatigue and
microcracking [4]. Using SEM images it is possible to
identify qualitatively the dominant wear mechanisms that
operate under two-body and three-body abrasive pro-
cesses. In Fig. 10a and b micrographs of abrasive papers
(120 grade, grit size—175 um) are shown after wear
against neat PEK and CF reinforced PEEK at different
load conditions (4 and 6 N) under single pass conditions
and multipass conditions. The noticeable difference
between the two types of abrasion condition is that less
wear debris transferred to the abrasive paper in single
pass conditions (Fig. 10a). SEM studies seem to support
the difference in wear behaviour observed under differ-
ent experimental conditions.
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Fig. 13. SEM of surfaces of neat PEK: (a) L = 4 N; (d) L = 12 N, two-body abrasive wear (single pass condition), n = 5 cm/s, d
= 4 m, counterface SiC abrasive paper of grade 120 (grit size~175 |im); (b)L = 4 N; (e) L = 10 N two-body abrasive wear (multipass
condition), n = 0.36 m/s d = 250 m, counterface SiC abrasive paper of grade 120 (grit size~175 |im); (c) L = 5 N and (f) L = 12
N, three-body abrasive wear, n = 2.4 m/s, d= 1433 m, abrasive particle size 150-300 |im.

Fig. 11a and c shows SEMs of neat PEEK surfaces
abraded at different load under single pass conditions.
The wear debris appears as fine fibrils cut from the poly-
mer surface and the nature of the surface damage con-
firms the cutting type of wear mechanism. It is also
observed that at low load the abrasive tips have cut the
material much like a machine tool does. The curled chips
are reflected on the surface of polymer (Fig. 11a). This
results in removal of material, but very little displaced
material relative to the size of the groove. At higher load
the surface of neat PEEK is highly plastically deformed
with much fine wear debris, which is adhered to the sur-
face (Fig. 11c). Fig. 11b and d shows SEMs of neat
PEEK surface abraded at different load under multipass
conditions. The surface damage to the neat PEEK after
sliding under multipass conditions appears to have been
caused by a severe ploughing type of wear mechanism.

At low load (Fig. 1 1b), a number of parallel ploughing
mark appeared on the surface and also the sharp ridge
formation is reflected in the micrograph. At higher load
(Fig. 11d), neat surface is plastically deformed and sev-
ere plough marks are also reflected in the micrograph.
Fig. 11e and f shows damage morphologies of neat
PEEK matrix at 12 N under three-body abrasive wear
conditions. Fig. 12 shows schematic representation of
different zones on the wear scar under three-body wear
conditions. At the entrance and exit zone, where the
pressure applied to the abrasive is lowest, the damage
morphologies were consistent with particle rolling. Fig.
11e shows a micrograph of the entrance zone, smaller
grooves were formed on the surface because most of the
time the particles were rolled between the surfaces,
rather than sliding. In the centre of the wear scar (Fig.
1 1f), parallel grooves were formed, typical of particle



A.P. Harsha, U.S. Tewari/Polymer Testing 22 (2003) 403-418 All

sliding, a result of the higher pressure forcing abrasive
into the rubber wheel. Displacement of material had
occurred within the grooves, forming shallow ridges
similar to the ploughing process. A long microcrack may
be observed, predominantly in the transverse direction.
The transverse microcracks observed on the surface are
consistent with a repeated ploughing mechanism causing
surface fatigue. The grooves observed in the wear direc-
tion on the surface are formed by microcutting by the
abrasive particles.

Fig. 13a-f shows SEM of neat PEK worn under differ-
ent experimental conditions at different load conditions.
The different abrasive wear mechanisms can be clearly
seen from the micrographs. Fig. 13a and d shows micro-
graphs of neat PEK abraded under single pass conditions,
the furrows in the abrasion direction are clearly visible.
Also, wear debris appears as fine fibrils cut from the
polymer and which are adhered to the surface. The dam-
age of polymer confirms cutting type of wear mech-
anism. Fig. 13b and e shows micrographs of neat PEK
abraded under multipass conditions. The abraded surface
has many parallel ploughing marks in the abrasion direc-
tion. Fig. 13c and f shows neat PEK surface abraded
under three-body abrasive wear situation. The micro-
graphs show the matrix damage and subsequent matrix
removal due to the formation and propagation of micro-
as well as macro-cracks at the surface. Comparison of
these SEM micrographs confirms different wear mech-
anisms. In single pass condition cutting, multipass con-
dition ploughing and three-body abrasive wear condition
microcracking mechanisms were observed to be domin-
ating.

4. Conclusions

An experimental study of two-body (single pass and
multipass conditions) and three-body abrasive behaviour
of PAEK and their composites at different loads and slid-
ing distances reveals the following characteristics.

1. Abrasive wear of PAEK and their composites
strongly depends on the experimental test parameters
such as load and sliding distance.

2. Comparative wear performance of all the composites
at different loads shows that specific wear rate (Ko)
of two-body abrasive wear (single pass condition) is
30-50 times greater than three-body abrasive wear.
Also specific wear rate (Ko) of two-body abrasive
wear (multipass condition) is 5-12 times greater than
three-body abrasive wear.

3. The fillers such as PTFE and graphite were observed
to be detrimental to abrasive wear performance (E
and L). Glass fibre (GF) reinforcement to the PAEK
matrix provides better abrasion resistance as com-
pared to the CF reinforced PAEK composites.

4. Better correlations between wear volume and selected
mechanical properties for two-body (single pass
condition) and three-body abrasive wear were
obtained. However, in case of two-body abrasive
wear under multipass condition no linear trend is
observed.

5. SEM studies of worn surfaces indicate cutting,
ploughing, cracking wear mechanisms under different
experimental conditions.
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