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Abstract

The solid particle erosion behaviour of various polyaryletherketones (PAEKs) and their short fibre reinforced composites has been
characterised. The erosion rates (ERs) of these composites have been evaluated at different impingement angles and impact velocities.
Silica sand particles of size ranging between 150 and 212 (xm were used as erodent. Neat polyetheretherketone (PEEK) and 20% glass
fibre (GF) reinforced PEEK showed peak erosion at 30° impingement angle whereas other PAEK matrix and their composites showed
peak erosion at 60° impingement angle. The ketone/ether ratios among the selected polyaryletherketones showed significant influence on
erosion behaviour at different impingement velocity and mass of erodent. Better correlation was observed between steady-state erosion
rate and relevant mechanical properties. The morphology of erodent surfaces was examined by using scanning electron microscopy (SEM).
Possible erosion mechanisms are discussed.
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1. Introduction

Solid particle erosion is the progressive loss of original
material from a solid surface due to mechanical interac-
tion between that surface and solid particles. Polymers and
their composites have generated wide interest in various
engineering fields, particularly in aerospace applications, in
view of their good strength and low density as compared
to monolithic metal alloys. There have been various reports
of applications of polymers and their composites in erosive
wear situations in the literature [1-3]. Solid particle erosion
of polymers and their composites have not been investigated

to the same extent as for metals or ceramics. However,
a number of researchers [1-39] have evaluated the resis-
tance of various types of polymers and their composites
to solid particle erosion. Materials that have been eroded
include nylon [4,5], polystyrene (PS) [6], epoxy [7,8],
polypropylene [9,10], polyethylene [11], ultrahigh molecu-
lar weight polyethylene (UHMWPE) [12], polyetherether-
ketone (PEEK) [13], rubber [14-16], elastomers [17-23]
and various polymer based composites [24-39]. The ero-
sion experiments carried out by the various investigators
on different polymer composites are listed in Table 1 along
with the experimental conditions. It is widely recognised
that polymers and their composites have a poor erosion re-
sistance. Their erosion rates (ERs) are considerably higher
than metals. However, elastomers and rubbers are being
used as protective coatings for erosion resistance [16]. The
erosion resistance of polymers is two or three orders of
magnitude lower than that of metallic materials. Also, it is
well known that the erosion rate of polymer composites is
usually higher than that of neat polymers [25].

In general, the various factors, which influence the ero-
sive wear performance of polymers and their composites
are shown in Fig. 1. The most important factor for design
with composites is the fibre/filler content, as it controls the
mechanical and thermo-mechanical properties. In order to



Table 1
Details of erosion experiments carried out on polymer/polymer matrix composites by various investigators

Matrix Fibre/filler Weight percent Test conditions Erodent type Shape Size ([xm) Reference

Polyimide

Epoxy

PPS

Nylon

Epoxy

Polystyrene

Epoxy

Continuous gf

Woven gf

Woven AF
Chopped gf

GF
CF
GF
Steel powder

N.R.

N.R.

N.R.
40

30
25
70
80

EP

Ultrahigh molecular
weight polyethylene
(UHMWPE)

EP

Epoxy

Phenolic

Polyester

EP

PEEK

PEKK

Polybutadiene

Epoxy

UD-CF (treated)
UD-CF

_

GF
GF (modified)

-

HD-PUR-G
HD-PUR
HD-PUR-G*
HD-PUR*

-

E-glass plain

Weave woven fabric

UD-GF

UD-CF
UD-AF

UD-CF

UD-CF

Quartz

Glass cloth laminate
E-glass laminate

65.0
61.4

_

68 (Vf)
68 (Vf)

-

10, 20, 40, 60
60, 80
33
33

-

N.R.

N.R.

65

65
65

80

v = 31 m/s

a = 30, 45, 60, 90° at RT

v = 100-1000 ft/s

a = 90° at RT

v = 15, 20, 40 m/s
a = 15, 20, 25, 30, 40, 50, 60, 70,
80, 90° at RT

v = 19, 35, 56m/s
a = 15, 30, 45, 60, 90° at RT

v = 70 m/s
a = 30, 60, 90° at RT

v = 10, 20, 40, 70, 100 m/s

a = 15, 30, 45, 60, 75, 90° at RT

v = 70 m/s
a = 30, 45, 60, 90° at RT

v =38 , 45 m/s

a = 30, 90° at RT

v = 85 m/s

a = 15, 30, 45, 60, 90° at RT

v = 42 m/s

a = 30, 45, 60, 75, 90° at RT

Silica sand

Quartz

Glass beads

SiC abrasives

Coal powder, silicon

dioxide

Corundum particles

Silica sand

Corundum particles,
steel balls

Natural sea sand

Spherical

Irregular

Round

Irregular

Corundum particles Angular

Angular

Angular

Angular

Angular, spherical

155

125-150

[1]

[5]

160

100-150

60-120

60-70 meshes

60-120

200 ± 50

400

[6]

[7]

[8]

[12]

[20]

[24]

[25]

Slightly rounded 210-297 [26]



Polyimide

Bismaleimide (BMI)

Bismaleimide (BMI)

(Component A)

Polystyrene, polyethylene,
polypropylene,
polybutene-1

Nylon 66

Quartz

UD-gf

Bisphenol

(Component B)

Epoxy

Polyimide

Polypropylene

PEEK

Unsaturated polyester

UD-CF

E-glass fibre

65

65-70

20, 30, 46, 60

Nylon 6, A

Nylon 6, B

ABS

Unsaturated polyester
resin

GF
CF

GF

GF (surface treated)

GF
CF

-

30
30

30

30

20
20

-

GF (acryle silane treated)
GF (chrome treated)
GF
GF (acryle silane treated)

GF (epoxy silane treated)
GF (chrome treated)
GF

GF
CF

S-GF
L-GF
UD-GF
UD-GF
UD-GF
UD-GF

60.4
60.3
58.2
44.5

63.8
61.7
61.1

15, 30
15, 30

40
40
40
48
55
60

65

59

v =20 , 40 and 60m/s
a = 30, 90° at RT

v = 60 m/s

a = 90° at RT

v = 57 m/s

a = 90° at -40 °C to RT (23 °C)

v = 18, 23, 29, 35, 47m/s
a = 15, 30, 45, 60, 90° at RT

v = 17, 34, 56 m/s
a = 15, 30, 45, 60, 90° at RT

v = 70 m/s
a = 30, 60, 90° at RT

v = 45, 85 m/s
a = 15, 30, 45, 60, 75, 90° at RT

v = 19, 49, 59 m/s
a = 15, 30, 45, 60, 90° at RT
Soaked in hot distilled water at 80 °C
for 50-1000 h

Al2O3

Al2O3

Steel balls

SiC abrasives

Angular 63, 130 and 390 [27]

Angular 42, 63, 143 and 390 [28]

Spherical 500

Irregular 100-150

SiC abrasives Angular 100-150

Corundum particles Angular 60-120

Steel balls

SiC abrasives

Round 300-500

Irregular 100-150

[29]

[30]

[31]

[35]

[36]

[39]

v, impact velocity (m/s); a, impingement angle (°); N.R., not reported.
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Erosive wear
• Mechanism
• Wear rate

Properties of target material
• Composition
• Microstracture
• Fibre/Filler/Matrix interface
• Mechanical property profile
• Amount of fibre/fillers
• Fibre orientation
• Surface roughness

Erodent properties
• Shape
• Size
• Hardness
• Type of erodent
• Particle flux

Test parameters
• Angle of impingement
• Particle velocity
• Temperature
• Particle flux (mass per time)
• Erosion media (air or water)

Fig. 1. Influence of material, erodent and test parameters on erosive wear performance of polymers and their composites.

obtain the desired material properties for a particular ap-
plication, it is important to know how the material perfor-
mance changes with the fibre content under given loading
conditions. The solid particle erosion behaviour of polymer
composites as a function of fibre content has been studied
to a limited extent [31,35]. A literature survey showed that
a few studies have been carried out on the solid particle ero-
sion behaviour of neat PEEK and its composites [13,36]. In
these studies, spherical balls were used as erodent. In most
practical situations, however, erosive wear particles are ir-
regular dust grains of much lower density than steel. Hence,
a comprehensive and systematic study of erosion behaviour
of various polyaryletherketones (PAEKs) and their compos-
ites is required. In view of the above, the objective of the
present investigation was to study the solid particle erosion
behaviour of three types of PAEKs with varying chemical
structure and ketone/ether linkage ratios and hence mechan-
ical properties. Another aim was to study the effect of the
different amount and type of short fibres and filler reinforce-
ments on the erosion resistance of PAEKs.

2. Experimental details

2.1. Material

Details of the three types of neat resins of polyaryletherke-
tones having different chemical structures and ketone/ether

linkage ratios that were investigated in the present study are
given in Table 2. Details of the mechanical properties of
various PAEKs and their composites are given in Table 3.
The initial surface roughness (arithmetic mean average, Ra)
of all the specimens were measured and given in Table 3.
Test specimens were cut from the same injection moulded
plaque in order to avoid variation of surface roughness.

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

Structure Name Ketone

PEEK 33

PEK 50

PEKK 67



Table 3
Mechanical properties of PEEK, PEK and PEKK composites

Material Designation Filler (%, w/w) Density ASTM
D 792 (g cm"3)

Tensile strength Tensile modulus Tensile
(S) ASTM D ASTM D 638 elongation at
638 (MPa) (MPa) break (e) ASTM

D 638 (%)

Flexural
strength ASTM
D 790 (MPa)

170
199
220
350
210

Flexural
modulus
ASTM D
790 (GPa)

4.0
6.7
8.2

20
8.1

Izod impact
strength
ASTM D
256 (kJm~2)

6.4
7.5

10
9.0
6.3

Hardness (H)
ASTM D 785

R

122
125
125
125
127

M

97
97

105
104
95

L

115
115
115
115
113

Surface
roughness

" («a) (M™]

0.165
0.304
0.304
1.247
0.450

PEEKa A
B
C
D
E

PEKa F
G
H
I

PEKKb J
K
L

Glass fibre (20)
Glass fibre (30)
Carbon fibre (30)
Carbon fibre (10)
PTFE (10)
Graphite (10)

Glass fibre (10)
Glass fibre (20)
Glass fibre (30)

1.32
1.42
1.49
1.44
1.48

1.30
1.38
1.44
1.53

1.31
Carbon fibre (30) 1.36
Carbon fibre (10) 1.45
PTFE (10)
Graphite (10)

101
120
144
224
1.481

1120
140
155
165

1101
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

183
265
290
350

194
387
249

5.12
7.9
9.9

13.5

4.55
24.15
12.42

7.0
7.0
7.0
7.0

124
126
126
126

126
128
127

105
107
109
110

110
115
100

112
111
115
115

115
117
114

0.233
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 composites.
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Fig. 3. Scanning electron micrograph of silica sand (150-212 \xm).

Table 4
Erosion test conditions

Fig. 2. Schematic diagram of erosion rig.

2.2. Erosive wear studies

A schematic diagram of the solid particle erosion rig used
in the present investigation is shown in Fig. 2. The rig con-
sists of an air compressor, a particle feeder, an air parti-
cle mixing and accelerating chamber. Dry compressed air
is mixed with the particles which are fed at a constant rate
from a conveyor belt type feeder in the mixing chamber
and then accelerated by passing the mixture through a WC
converging nozzle of 4 mm diameter. These accelerated par-
ticles impact the specimen, which can be held at various
angles with respect to the impacting particles using an ad-
justable sample holder. The feed rate of the particles can be
controlled by monitoring the distance between the particle
feeding hopper and the belt drive carrying the particles to
the mixing chamber. The impact velocities of the particles
can be varied by varying the pressure of the compressed air.
The velocity of the eroding particles is determined using a
rotating disc method [40]. In the present study silica sand
(ρ = 2600 kg/m3; Knoop hardness 880 [41]) was used as
erodent. A scanning electron micrograph of the silica sand
is shown in Fig. 3.

Square samples of size 30 mm x 30 mm x 5 mm were cut
from the plaque for the erosion testes. The conditions un-
der which the erosion tests were carried out are listed in
Table 4. A standard test procedure was employed for each
erosion test. The samples were cleaned in acetone, dried and
weighed to an accuracy o f l x l 0 ~ 5 g using an electronic bal-
ance, eroded in the test rig for 5 min and then weighed again
to determine weight loss. The ratio of this weight loss to the
weight of the eroding particles causing the loss (i.e. testing
time x particle feed rate) is then computed as the dimension-
less incremental erosion rate. This procedure is repeated till
the erosion rate attains a constant steady-state value.

Test parameters

Erodent
Erodent size ([xm)
Erodent shape
Impingement angle (α, °)
Impact velocity (m/s)
Erodent feed rate (g/min)
Test temperature
Nozzle to sample distance (mm)
Nozzle diameter (mm)

Silica sand
150-212
Angular
15, 30, 60, 90
39 ± 3, 68 ± 3, 90 ± 3
4.5 ± 0.2
RT
10
4

2.3. Characterisation of eroded samples

To characterise the morphology of the eroded surfaces,
the samples were examined under a scanning electron micro-
scope (SEM) (S-360, Cambridge). The samples were gold
sputtered in order to reduce charging of the surface.

3. Results and discussion

3.1. Erosion rate as a function of mass of
the erodent

Fig. 4 shows the influence of impact velocity on erosion
rate at 30 and 90° impingement angles for neat polyethe-
retherketone, polyetherketone (PEK), and polyetherketo-
neketone (PEKK). Fig. 5 shows the effect of impingement
angle (30 and 90°) on erosion rate at an impact velocity of
90 m/s for various PAEK composites. In all these cases, dif-
ferent types of curves were obtained. Figs. 4 and 5 indicates
that for the various PAEKs and their composites, the erosion
rate either initially increases from a low value to a con-
stant value or initially increases from a low value to a high
value and then decreases to a constant value. In some cases,
the erosion rate initially decreases from a high value to a
constant value at different impingement angles and impact
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8.00E-05

•g 6.00E-05

*- 4.00E-05

2.00E-05 - A

0.00E+00

(f)
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Cumulative weight of
impinging partilce [g]

Fig. 4. Variation of erosion rate for neat PAEKs as a function of cumulative weight of erodent at 30 and 90° impingement angles for different impact

velocities [(a and d) PEEK; (b and e) PEK; (c and f) PEKK].

velocities. The variation of erosion rate with mass of erodent
for the various impingement angles and impact velocities for
various PAEKs and their composites was nearly the same
as that shown in Figs. 4 and 5 and hence not shown here.
The PAEKs, such as PEEK, PEK, and PEKK have different
ketone contents. It is known that the ketone moiety displays
more rigid behaviour than ether moiety [42] and also the
chain stiffness is known to increase with increase in ketone
content. The variation in number of ketone groups has an
effect on the microstructure and hence on the mechanical

properties. In the present study, the different ketone content
among the selected PAEKs showed a significant influence
on erosion rate with mass of erodent at different impact ve-
locities and impingement angles (Fig. 4). This is clearer in
the erosion rate response with mass of erodent for selected
PAEKs and their composites at different impingement angles
(Fig. 5).

In the literature, it has been reported for ductile poly-
mers and some elastomers [5,11,21,22,29] that they show an
initial incubation period with mass gain before steady-state
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Fig. 5. Variation of erosion rate of PAEKs and its composites as a function of cumulative weight of erodent at impact velocity of 90m/s and at
impingement angles of 30 and 90°.

erosion rate was established under constant erosion condi-
tions. However, in the present study, an initial mass gain and
incubation period was not observed for the various PAEKs
and their composites under the experimental condition cho-
sen. Instead the response of erosion rate to mass of erodent
was acceleration, peaking, deceleration, and stabilisation
(Figs. 4 and 5).

3.2. Effect of impingement angle

Figs. 6 and 7 show the influence of impingement angle
on the erosion rate of PAEKs and their composites at dif-
ferent impact velocities. It can be seen that the erosion rate
was a maximum at 30° impingement angle for neat PEEK
at the different impact velocities studied (Fig. 6). Whereas
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Fig. 6. Influence of impingement angle on erosion rates of PAEK matrix.

in the case of neat PEK and PEKK, the erosion rate was a
maximum at 60° impingement angle at the impact veloci-
ties studied. The erosion rate increased by almost a factor
of 4 when the impact velocity was increased from 39 to
90 m/s for the various PAEK matrices. The shapes of the
three curves are similar in both cases (Fig. 6). Table 5 pro-
vides a performance ranking of the various PAEK matrices
at the impingement angles and impact velocities studied.

Fig. 7 shows the influence of impingement angle on the
erosion rate of PAEKs and their composites. It can be seen
that the erosion rate was a maximum at 30° impingement
angle for materials A (PEEK) and B (PEEK + 20% GF)
for the impact velocities studied. Whereas, other materials
showed a peak erosion rate at 60° impingement angle at the

-A

H

-D

K

6.00E-04

0.00E+00

0 15 30 45 60 75 90 105

Impingement angle

Fig. 7. Influence of impingement angle on erosion rates of PAEKs and
their composites.

Table 5
The order of performance of PAEKs at various impingement angle and
impact velocities

Impact
velocity

39
90

(m/s)
Imping

15°

A « J
A > F

gement

> F
^ J

angle

30°

F >

(α)

F >
J
J

60°

A >
A >

F
J

> J
> F

90°

A >
A
F

> J
^ J
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Table 6
The order of performance of PAEKs and their composites at various impingement angles and impact velocities

Impact Impingement angle (α)
velocity (m/s)

15° 30° 60° 90°

3 9 A ? « J > F > B > G > H > I F > A « J > G > B > H > I A > B > F > G > H > I f « J F « A > G > H > B « I >
> D > C > K > L > E > C > D > K > E > L > K > C > D > L > E I > C > D > K > L ss E

9 0 A > F « I > G > H > B > I A « F > G > I « H > B > I A > B > J > F > G > H > I A > F « J > B > G > H >
> D > C > K > L > E > C > D > K > E > L > C > D > K > L > E C > I > D > K > E > L

impact velocities studied. The erosion rate was almost three
to four times higher when the impact velocity was increased
from 39 to 90 m/s for the various PAEK composites. The
shapes of the curves varied slightly with increase in impact
velocity (39-90 m/s). Table 6 provides a performance rank-
ing of the PAEKs and their composites at the impingement
angles and impact velocities studied.

• A - B * C xD xE »F +G oH - I oJ nK
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c
o
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2 1.00E-04 -
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Velocity [m/s]
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It is known that impingement angle is one of the most im-
portant parameters for the erosion behaviour of materials. In
the erosion literature, materials are broadly classified as duc-
tile or brittle, based on the dependence of their erosion rate
on impingement angle. The behaviour of ductile materials
is characterised by maximum erosion rate at low impinge-
ment angles (15-30°). Brittle materials, on the other hand,
show maximum erosion under normal impingement angle
(90°). Reinforced composites, have been shown, however,
to exhibit a seem-ductile behaviour with maximum erosion
occurring in the angular range 45-60° [24-26]. However, in
the literature mixed trends have been reported even for nom-
inally brittle or ductile materials. According to Hutchings
[43], materials can show either ductile or brittle behaviour

Table 7

Fig. 8. Variation of the steady-state erosion rate of PAEKs and their
composites as a function of impact velocity.

Parameters characterising the
test materials

Material

A

B

C

D

E

F

G

H

I

J

K

L

Impingement
angle (α, °)

30
90

30
90

30
90

30
90

30
90

30
90

30
90

30
90

30
90

30
90

30
90

30
90

velocity

k

2
3

2
1

2
1

1

5

3
4

1
6

3
8

3
4

2
5

9
3

2
9

3
2

dependence

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

10~7

io-9

10~7

io-8

io-7

io-8

io-7

io-9

io-7

io-9

io-7

io-10

io-7

io-10

io-7

io-9

io-7

io-9

io-8

io-8

io-7

io-10

io-7

io-9

of erosion

n

1.5
2.10

1.52
1.90

1.60
2.00

1.75
2.30

1.65
2.55

1.55
2.40

1.48
2.50

1.43
2.17

1.61
2.20

1.65
2.00

1.70
2.80

1.70
2.70

rate of the

R2

0.97
0.98

0.95
0.97

0.94
0.94

0.98
0.94

0.99
0.99

0.99
0.98

0.97
0.98

0.99
0.96

0.99
0.98

0.96
0.98

0.97
0.98

0.99
0.99



Table 8
Erosion constant of various polymer/composites reported in the literature

Material Impingement
angle (a, °)

Velocity (m/s) Erodent type Shape Size (fJLm) Number of c
points used

Reference

Nylon

Nylon + 30% GF

Nylon + 25% CF

EP + 70% GF

EP + 80% steel powder

EP

EP + 65% CF (treated)

EP +61.4% CF

UHMWPE

Glass polyester resin

Glass phenolic resin (modified)

Glass phenolic resin (unmodified)

Glass epoxy resin

BMI

BMI + 65-70% UD-gf

Nylon 66

Nylon 66 + 30% CF

Nylon 66 + 30% GF

ABS

ABS + 20% CF

ABS + 20% GF

Unsaturated polyester (UP)

UP + 60.4% GF (acryle silane treated)

UP + 60.3% GF (chrome treated)

UP + 58.2% GF

UP + 44.5% GF (acryle silane treated)

Epoxy (EP)

Epoxy (EP) + 63.8% GF (epoxy silane treated)

EP + 61.7% (chrome treated)

EP +61.1% GF

Polyimide (PI)

PI + 1 5 , 30% GF

PI + 1 5 , 30% CF

100-1000 ft/s

90

90
30

90
30

90
30

90
30

30

90
30
90

45

10, 20, 40, 70, 100

20, 40, 60

18, 23, 29, 35 and 47

Quartz

SiC abrasives

Coal powder
Silicon dioxide

Silica sand

Al2O3

SiC abrasives

Irregular

Irregular

Angular

Angular

Angular

Irregular

125-150

100-150

60-70 meshes

200 ± 50

63, 130 and 390

100-150

N.R

N.R.

1.54
6.49

8.40
11.00

33.8
18.87

5.75
4.54

2.71
12.00

N.R.

N.R.

x
x

X

X

X

X

x
X

x
x

io-7

io-7

io-12

io-10

io-12

io-12

io-12

io-12

io-12

io-12

2.3

2.3

2.3

2.3

2.3

2.6

3.0

3.0

1.82
1.95

4.79
3.50

4.53
4.69

4.99
4.91

4.97
5.74

1.76

2.11
2.04
3.11

2.95

2.89

2.80

2.53

2.37

2.45

2.33

2.39

2.40

2.39

2.53

2.64

SiC abrasives Irregular

[7]

[12]

[24]

[27]

[30]

[31]

N.R.: not reported.



704 A.P. Harsha et al./Wear 254 (2003) 693-712

if the erosion conditions are changed, such as impingement
angle, impact velocity, particle flux, erodent properties such
as shape, hardness or size, etc. Tilly and Sage [5] investi-
gated the influence of velocity, impingement angle, particle
size and weight of impacted abrasive for nylon, carbon fi-
bre (CF) reinforced nylon, epoxy resin (EP), polypropylene
and glass fibre (GF) reinforced plastic. Their results showed
that, for the particular materials and conditions of their test,
composite materials generally behaved in an ideally brit-
tle fashion (i.e. maximum erosion rate occurred at normal
impact). Zahavi and Schmitt [26] performed erosion tests
on quartz-polyimide (PI), quartz-polybutadiene composites
and reported their erosion behaviour as nearly ideally brittle
with maximum erosion at an impingement angle of 75-90°,
whereas an E-glass epoxy composite exhibited semi-ductile
erosion behaviour with maximum weight loss at an impinge-
ment angle of 45-60°. Häger et al. [25] conducted erosion
tests on GF/EP, CF/EP, CF/reinforced PEEK, CF/PEKK, and
aramid fibre reinforced EP (AF/EP). The authors claimed
semi-ductile behaviour for both thermoset and thermoplas-
tic composites under jet erosion by corundum particles. The
maximum erosion rate was observed at an angle of impinge-
ment of 60° for all the materials tested except AF/EP. Roy
et al. [24] concluded that composites with a thermoset matrix
(epoxy or Phenolic) behave in a brittle manner while com-
posites with a thermoplastic matrix (polyester) responded in
a ductile fashion. Miyazaki and Takeda [30] carried out ex-
periments to study the effect of matrix reinforcement with
short carbon and glass fibres, varying the interface strength
between matrix material and fibres, impingement angle and
particle velocity on the solid particle erosion behaviour of
nylon and acrylonitrile butyldiene styrene (ABS) compos-
ites. The composites showed a maximum erosion rate at im-
pingement angle of 60°.

In erosion tests, plastics show ductile behaviour, and it
is known [44,45] that ductile materials have a peak erosion
rate around 30° because the cutting mechanism is dominant
in erosion. Miyazaki and Takeda [30], Miyazaki and Hamao
[31], reported that the peak erosion rate for neat nylon, ABS
and epoxy matrix occurs at around 30° impingement angle.
However, in the case of carbon or glass fibre reinforced ny-
lon, ABS, and epoxy composites the peak of the erosion
rate shifts to a larger value of impingement angle (60°). In
the present study, similar observations were made for neat
PEEK and its composites. A possible reason for the erosion
behaviour found in the present study is that carbon and glass
fibres were used as reinforcement for the PEEK matrix are
typical brittle materials, so that erosion is mainly caused by
such damage mechanisms as micro-cracking due to the im-
pact of solid particles. Such damage is supposed to increase
with the increase of kinetic energy loss. According to Hutch-
ings et al. [46], kinetic energy loss is a maximum at an im-
pingement angle of 90°, where erosion rates are maximum
for brittle materials. The erosion rate was maximum at im-
pingement angle of 60°, for all the materials tested except
for neat PEEK (material A) and PEEK + 20% GF (mate-

rial B) (Fig. 7). The neat PEK and PEKK matrix, however,
showed a peak erosion rate at 60° impingement angle. This
may be due to the low ductility of the matrices.

3.3. Effect of velocity

The velocity of the erosive particles has a very strong ef-
fect on erosion rate. In order to study the effect of particle
velocity on erosion rate, erosion tests were performed by
varying the particle velocity from 39 to 90 m/s at impinge-
ment angles of 30 and 90°. Fig. 8a and b present the erosion
dependence on impact velocity at 30 and 90° impingement
angle for PAEKs and its composites. The least-squares fits
to the data points were obtained by using a power law (E =
kvn, where E is the steady-state erosion rate, v the impact
velocity of particles, n a velocity exponent and k a constant).
The fitting parameters are summarised in Table 7. The ve-
locity exponents were in the range of 1.5-1.70 and 2.0-2.80
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Fig. 9. A histogram illustrating the steady-state erosion rate of various
composites at different impingement angles and impact velocities.
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for the various materials at 30 and 90° impingement angles,
respectively.

The influence of impact velocity on erosion rate of poly-
mer composites has been investigated to a limited extent
[5,7,12,24,27,30,31]. According to Pool et al. [1], for poly-
meric materials behaving in ductile manner, the velocity
exponent'n' varies in the range 2-3 while for polymer com-
posites behaving in a brittle fashion the value of'n' should be
in the range of 3-5. Tilly and Sage [5] using nylon and epoxy,
reinforced with carbon, glass and steel, reported the velocity
exponent to be 2.3. Table 8 provides erosion constants of
various polymer/composites reported in the literature. In the
present study, the lower velocity exponent is reported at 30°
impingement angle. However, similar observations were
also reported by other investigators for some polymeric
materials [12,27]. This is mainly because the strength of
PAEKs and composites is very high and hence the resistance
to erosion is better than that of other polymeric materials
reported in the literature (Table 8). At 90° impingement
angle, the velocity exponent obtained was in the range of
2.0-2.80. Thus, for composites exhibiting ductile behaviour,
the velocity exponent (2.0-2.80) in the present study at 90°
impingement angle is in conformity with Pool et al. [1].

The ranking of materials changes with variables, such as
velocity, particle type, or size and angle of impingement.
The steady-state erosion rate of all the composites at dif-
ferent impact velocities and at two different impingement
angles is shown in the form of a histogram in Fig. 9. The
erosion rate of all the materials studied increases with in-
crease in impact velocity. The erosion rates of fibre rein-
forced composites are larger than that of neat resin. Also,
the erosion rate of composites increases with increase of fi-
bre content. Hence, erosion rate depends on matrix mate-
rial and weight content of fibres, regardless of type of fibre.
Carbon fibre reinforcement of the PAEK matrix results in
a higher erosion rate as compared to glass fibre reinforce-
ment for any given particle velocity. Also noted is the high
erosion rate exhibited by composites E and L, which con-
tained a combination of three types of fillers; particulate
PTFE, graphite and carbon fibre. It is reported in the litera-
ture that inclusion of brittle fibres in a thermoplastic matrix
lowers the erosion resistance of composites [7]. Hence, the
present results are in agreement with those reported in the
literature.

3.4. Mechanical property correlations

Fibres/fillers are added to polymers to improve their
mechanical properties. However, improvement in mechan-
ical properties does not guarantee in improvement of ero-
sive wear resistance. A large number of studies [13,21—
23,28,29,47-52] were sought to clarify any possible relation
between mechanical properties and erosion rates. The fol-
lowing mechanical properties are the most discussed when
the correlation with the erosive wear response was tackled:
hardness, tensile strength and modulus of elasticity, fracture

toughness, yield stress and yield strain, rebound resilience,
ultimate strength, elongation, etc.

Lamy [50] has proposed using the hardness/fracture
toughness (H/Kc, where H is the hardness and Kc the static
fracture toughness) as a convenient "brittleness index" for
materials subjected to surface scratching in abrasive or
erosive wear processes. He found that for the wear rate of
materials of different fracture energy classes an increase
with increasing "brittleness index". Wiederhorn and Hockey
[51] suggested a modified brittleness index H0.5/K2c to de-
scribing the erosion resistance of brittle target materials.
Friedrich [29,52] studied the erosion resistance of many
polymers by using spherical balls of diameter 500 (xm as
erodent and correlated with hardness (H) and fracture en-
ergy (GIC). An increase in hardness may cause an increase
in brittle erosion, whereas higher fracture energy (GIC), of
the material usually leads to an improvement in erosion
resistance. The author also concluded that the molecular
and morphological structure of semi-crystalline polymers
has a large effect on the erosion resistance. Hutchings et al.
[23] studied eight unfilled elastomers and concluded that

Fig. 11. Scanning electron micrograph of neat PEEK (material A) surfaces
eroded at impingement angle of 30° and impact velocity of 90m/s.
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the erosion rate did not correlate systematically with the na-
ture of the base elastomers, glass transition temperature or
mechanical properties such as hardness, tensile strength or
ultimate tensile elongation. However, good correlation was
found with rebound resilience. The erosion rate was found
empirically proportional to the quantity (1 - fractional

resilience)1.4. Oka et al. [49] developed an equation to es-
tablish a relation between the surface hardness and erosion
damage for metallic and polymeric materials. Erosion rate
was found empirically to be proportional to K(Hv)~

n where
K and n are constants, Hv is Vickers hardness. There are also
many papers which report no correlation with mechanical

Fig. 12. Scanning electron micrographs of surfaces eroded at an impingement angle of 60° and at an impact velocity of 90m/s. (a-c) Material D; (d-f)
material F; (g and h) material I; (i-l) material J; (m and n) material K.
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Fig. 12. (Continued).

properties. Brandstädter et al. [28] did not find any correla-
tion with various mechanical properties such as modulus of
elasticity, hardness and fracture energy, etc. However, they
correlated erosion behaviour using scanning electron micro-
scopic studies. Böhm et al. [48] studied erosion resistance
of a variety of polymers and they did not find any corre-
lation with elongation to fracture (Ef). Roy et al. [24] did

not find any correlation with mechanical properties such as
tensile strength, Charpy impact energy, interlaminar shear
strength, dynamic hardness. However, a good relationship
was established with coefficient of restitution.

In the present study, efforts were made to find a correlation
between steady-state erosion rate and various mechanical
properties such as [Se] 1, [He] 1, [HSe\~l and [e]"1 (where
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Fig. 12. (Continued).

S is the ultimate tensile strength, e the ultimate elongation
to break and H the hardness) for different impingement an-
gles. Fig. 10 indicates the relationship between steady-state
erosion and relevant mechanical properties at 30 and 90°
impingement angles for an impact velocity of 90 m/s. Good
linearity was observed between the steady-state erosion rate
and [Se]~\ [He]~\ [HSe]'1 and [e]"1 at 30° impinge-
ment angle. However, at 90° impingement angle, linearity
was observed between steady-state erosion rate and [Se] 1,
[HSe]~l. However, for two other impingement angles no lin-
earity was observed (i.e. 15 and 60°). Thus, it was concluded
that strength, elongation and hardness play a prominent role
in controlling the erosion rate of selected composites. In
the present study, the product of Se was a maximum for
neat PAEKs, which showed the best erosion resistance. This
product is decreased by inclusion of fibre/fillers resulting in
deterioration of erosive wear performance.

4. Surface morphology of eroded surface

In general, thermoplastic matrix composites exhibit a duc-
tile erosive wear (plastic deformation, ploughing, ductile
tearing) while thermosetting matrix composites erode in a
brittle manner (generation and propagation of surface lat-
eral cracks). However, this failure classification is not defini-
tive because the erosion behaviour of composites depends
strongly on the experimental conditions and the composition
of the target material. It is well known that impingement
angle is one of the most important parameters in erosion
behaviour. It is reported in the literature [20] that when the
erosive particles hit the target at low angles, the impact force
can be divided in two constituents: one parallel (Fp) to sur-
face of the material and other vertical (Fv). Fp controls the
abrasive and Fv is responsible for the impact phenomenon.
As the impact angle shifts towards 90°, the effects of Fp

become marginal. It is obvious that in the case of normal ero-
sion all available energy is dissipated by impact and micro-

cracking, while at oblique angles due to the decisive role of
the Fp the damage occurs by microcutting and microplough-
ing [12,29]. Earlier investigators [1,25] have also observed
anisotropy of erosion behaviour in reinforced composites.

Fig. 11 shows the worn surface of neat PEEK eroded at an
impingement angle of 30° and an impact velocity of 90 m/s.
It can be seen from the micrograph that, when impacting at
low angles, the hard erodent particles can penetrate the sur-
faces of the samples and cause material removal by micro-
cutting and microploughing (Fig. 11a). Fig. 11b indicates
plastic deformation and microcracking as the dominant wear
mechanisms. Fig. 12 shows micrographs of surfaces eroded
at an impingement angle of 60° and an impact velocity of
90 m/s. Micrographs a-c are for material D (PEEK + 30%
CF). Repeated impact of the erodent caused roughening of
the surface of the material. Characteristic features of more
cutting with chip formation is reflected (Fig. 12a). Erosion
along the fibres and clean removal of the matrix to expose
carbon fibres is also seen (Fig. 12b). The matrix shows mul-
tiple fractures and material removal. The exposed fibres are
broken into fragments and thus can be easily removed from
the worn surfaces (Fig. 12c). Micrographs d-f are for ma-
terial F (neat PEK). The neat PEK matrix eroded by exten-
sive plastic deformation. The wear debris appears as large
fibrils cut from the surface which adhere to the surface of
the matrix (Fig. 12d). Localised pit formation is also appar-
ent on the surface (Fig. 12e). One micrograph also shows
embedded sand particles of size 150 (im (Fig. 12f). Micro-
graphs g and h are for material I (PEK + 30% GF). The mi-
crographs show resin removal and exposure of glass fibres.
Eroded surfaces revealed broken glass fibres and fragments
of fibres as well as craters in the matrix zone. These are in-
dicative of local material removal from that zone (Fig. 12g
and h). Micrographs i-l are for material J (neat PEKK). Ma-
trix removal took place by microcutting. The high temper-
ature known to occur in solid particle erosion [53], could
soften the matrix. In the present study also melt flow of the
matrix can be clearly seen in micrographs Fig. 12j and k.
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A large pit formation is also visible (Fig. 12k). However,
Walley and Field [11] during analysis of flux effects and
heat/temperature build-up in polymer erosion. They found
that each individual impact did not generate a large tem-
perature rise, as the work done is small due to the low me-

chanical strength of polymers. One micrograph also shows a
small-embedded sand particle (Fig. 12l). Micrographs m and
n are for material K (PEKK + 30% CF). The observed ero-
sion damage is characterised by exposure of carbon fibres,
fibre-matrix debonding, multiple fibre cracking and material

Fig. 13. Scanning electron micrographs of surfaces eroded at an impingement angle of 90° and an impact velocity of 90m/s. (a-c) Material A; (d-f)
material D.
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removal (Fig. 12m). Plastic deformation, melting of matrix,
pit formation, fibre removals are also seen on the surface
(Fig. 12n).

Fig. 13 shows micrographs of surfaces eroded at an im-
pingement angle of 90° and an impact velocity of 90 m/s.
Micrographs a-c are for material A (neat PEEK). The mi-
crographs show microcracking is the dominant failure mech-
anism (Fig. 13a and b). PEEK is a ductile polymer. How-
ever, the failure mechanism does not reflect any ductility,
instead a brittle failure appearance is reflected in the mi-
crographs (Fig. 13a and b). Walley et al. [13] also reported
similar kinds of observations for neat PEEK by steel ball
impact. Penetration of silica sand particles in the matrix is
also visible in a micrograph (Fig. 13c). It is obvious, that
during normal erosion all available energy is dissipated by
impact. Hence angular sand particles penetrate very easily
in to the soft polymer matrix. Micrographs d-f are for ma-
terial D (PEEK + 30% CF). The micrographs reflect a net-
work of micro-cracks on the composite surface (Fig. 13d).
The continuous impact of sand particles on the composite
surface resulted in local removal of matrix and hence fibres
protruded out of the matrix phase (Fig. 13e and f). Multi-
ple fracture of matrix by microcracking is also visible in the
micrograph.

5. Conclusions

Based on this study of the solid particle erosion of PAEKs
and their composites at various impingement angles, mass
of erodent and impact velocities the following conclusions
can drawn:

1. The neat PEEK and 20% glass fibre reinforced PEEK
composite exhibited maximum erosion rate at an im-
pingement angle of 30° where as other PAEKs and their
composites showed maximum erosion rate at 60° im-
pingement angle under the present experimental condi-
tions studied.

2. The erosion rate is higher in fibre reinforced composites
than in neat matrix. The erosion rate of composites in-
creases with increase of fibre content. The carbon fibre
reinforced to PAEK matrix (composites D and K) had
worse erosive wear resistance compared to glass fibre
reinforced PAEK composites. Fillers such as PTFE and
graphite were observed to be detrimental to erosive wear
performance (composites E and L).

3. In PAEK composites the steady-state erosion rate (E) is
related to particle velocity (v) as E a kvn. The effect of
fibres on the value of the exponent'n' is relatively small.

4. Better correlation between steady-state erosion rate and
various selected mechanical properties emerged from the
studies.

5. SEM studies of worn surfaces support the involved mech-
anisms and indicated plastic deformation, micro-cracking,
melting, sand particle embeddement, exposure of fibres
and fibre cracking and removal of the fibre.
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