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Abstract

The effect of molecular weight between cross-links on the abrasion behavior of rubber was investigated using acrylonitrile–butadiene
rubber (NBR), styrene–butadiene rubber (SBR), and natural rubber (NR) with a blade abrader. The rate of abrasion was found to be almost
constant irrespective of the cross-link density of rubber at low frictional input work, whereas it decreased to a minimum and increased again
as frictional input work increased. For rubbers with high cross-link density, it was found that the rate of abrasion increased slowly below the
critical frictional input work and increased abruptly above the critical frictional input work. A similar phenomenon was also found in the
fatigue test. The values of critical input work in the abrasion test and fatigue test were very close to the fracture energies of rubber. Thus,
mechanical fatigue was the major abrasion mechanism below the critical frictional input work and the abrasion mechanism changed from
mechanical fatigue to direct tearing at the critical frictional input work. As cross-link density decreased, the critical point in the frictional
input work was not observed due to the high fracture energy of rubber. In this range, the abrasion mechanism was the mechanical fatigue,
which was confirmed by the fatigue test. However, the critical frictional input work was observed at high test-temperature due to the lowering
of the fracture energy. For rubbers with very low cross-link density, a rolling-type abraded surface occurred as a result of the thin surface
layer peeling away by abrasion.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Abrasion is defined as the removal of materials from a
surface by frictional force, and the process by which mate-
rials are removed from a surface is an abrasion mechanism.
The rate of abrasion is an important characteristic of rubbery
articles, especially for tires, for example, because the abra-
sion rate is directly related to the service life. A primary
characteristic feature of the abrasion of rubber is a ridge
pattern, which is formed perpendicular to the direction of
abrasion [1]. The debris, i.e. rubber particles removed from
the surface, also forms with a ridge pattern. Many studies
[2–8] have been done investigating the abrasion of rubber
by various types of abraders in order to elucidate the abra-
sion mechanism and to predict the service life of rubbery
articles with the aid of abrasion mechanisms. Over the last

few decades, many abrasion mechanisms such as mechan-
ochemical decomposition [2], mechanical fatigue [3,4], and
chemical degradation [5–7] were proposed to explain abra-
sion behavior.

The Thomas et al. [3] investigation of the abrasion of
rubber by a razor blade is particularly informative. In their
studies the slope of the abrasion rate was observed to be the
same as that of crack growth rate in fatigue. Mechanical
fatigue was therefore suggested as an abrasion mechanism.
They also proposed a mechanical model by which an abra-
sion rate can be calculated. Gent and Pulford [2] also inves-
tigated the abrasion of rubber by a razor blade and suggested
mechanochemical decomposition as an abrasion mechanism
as well as the mechanical fatigue. Recently, there was an
attempt to relate the abrasion mechanism to the fracture
energy of rubber by Gent and Nah [9].

In this study, an abrasion experiment was performed
using a blade abrader to investigate the effect of the cross-
link density of rubber on abrasion behavior, especially the
relationship between the abrasion mechanism and the frac-
ture energy of rubber.
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2. Experimental procedure

2.1. Material and sample preparation

The rubbers used in this study were acrylonitrile–buta-
diene rubber (NBR, Kumho Petrochemical Co. Korea,
KNB203L, Acrylonitrile content: 35%), styrene–butadiene
rubber (SBR, Kumho Petrochemical Co. Korea, SBR 1502,
Styrene content: 23%), and natural rubber (NR). The
rubbers were mixed with dicumylperoxide (Aldrich) as a
cross-linking agent using an internal mixer with the condi-
tions that the mixing temperature was 608C and the mixing
speed was 60 rpm for 5 min. The amount of dicumylperox-
ide used was varied from 0.25 phr to 3 phr to change the
cross-link density of rubbers. The cross-linked sheets and
specimens for the abrasion test were prepared by molding
the mixtures in a cavity mold at 1508C for 1.5 h. The razor
blade was obtained from Dorco Co. Ltd. (Korea) and its tip
diameter was about 100 nm.

2.2. Measurement of cross-link density

Tensile strips were cut from a cross-linked sheet. Tensile
stress–strain curves were obtained with tensile strips using a
universal test machine(Instron 4206) with a crosshead speed
of 5 mm/min. The Mooney–Rivlin coefficients,C1 andC2

were calculated from the tensile stress–strain curves up to
100% elongation. The average molecular weight between
cross-links,MC was calculated using Eq. (1) based on the
rubber elasticity theory [10]:

MC � 3rRT=E �1�

wherer is the density, R is the gas constant,T is the abso-
lute temperature, andE is the tensile modulus taken as
6(C1 1 C2).

2.3. Measurement of abrasion rate

A schematic diagram of the blade abrader used in this
study is given in Fig. 1. The specimen was a cylindrical
disk with 25 mm outer diameter, a 9.6 mm inner diameter,
and a height of 10 mm. The rubber disk was bonded to an
aluminum backing plate, held in a lathe chuck, and then
rotated at 45 rev/min. The razor blade was clamped in a
blade holder attached to the supporting shaft installed on a
sliding bed. The razor blade was arranged so that it was
positioned at the center of the rubber disk, and the razor
blade was advanced against the rubber disk. The frictional
torque was kept constant during each experiment by advan-
cing the razor blade manually. The strain gauge which was
used to measure the frictional torque on a rubber disk was
attached to the thin steel pipe that made up part of the
supporting shaft. It was confirmed that a linear relationship
exists between the frictional torque and the output voltage
from the strain gauge. Each razor blade was replaced by a
new one at every 900 revolutions. One revolution of the
rubber disk was taken as two revolutions in the calculation
of the abrasion rate, because the rubber disk was in contact
with a razor blade twice at each revolution of rubber disk.

Weight loss was measured at each 900 revolutions after
the steady state, i.e. at about 5000 revolutions. Then loss in
weight per revolution (v ) was calculated from the slope in
the plot of the cumulative loss in weight against revolution.
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Fig. 1. Schematic diagram of the blade type abrader used in this study.



Abrasion rate, i.e. loss in thickness per revolution (h), was
calculated using Eq. (2):

h� v=rp�r2
1 2 r2

2� �2�

wherer is the density of rubber, andr1 andr2 are outer and
inner diameters of the specimen, respectively. The detailed
method to calculate the abrasion rate and frictional input
work was described elsewhere [9].

2.4. Measurement of fracture energy and fatigue test

The fracture energy,GC, of rubber was determined by the
trouser tear test using a universal test machine (Instron
4206) at a crosshead speed of 5 mm/min. The fracture
energy was calculated using Eq. (3)

GC � 2F=t �3�

whereF is the tear force andt is the tear path width.
The fatigue test was carried out on a dynamic testing

machine using pure shear test pieces at a frequency of
150 cycles/min, and the crack growth rate was calculated
by measuring the crack length with an optical microscope
(Zeiss).

3. Results and discussion

3.1. Effect of molecular weight between cross-links

The average molecular weight between cross-links calcu-
lated using Eq. (1) is illustrated in Table 1. As expected,
molecular weight between cross-links increased as the
content of dicumylperoxide decreased. Cumulative loss in
weight was measured every 900 revolutions, and the weight
loss per revolution was obtained from the slope of the plot
for cumulative loss in weight against revolution and then the
abrasion rate was calculated using Eq. (2).

The abrasion rate, i.e. the loss in thickness per revolution
as a function of molecular weight between cross-links, is
given for NBR in Fig. 2. These abrasion experiments were
carried out at room temperature. The abrasion rate was
almost constant irrespective of molecular weight between
cross-links at low frictional input work, say, 234 J m22.
However, the abrasion rate increased with frictional input
work, and the trend of increase in the abrasion rate with
frictional input work was different in each NBR. It was
found that the abrasion rate was minimal at a molecular
weight between cross-links of 5810 g mol21. These results
imply that the abrasion rate and the abrasion mechanism are
dependent on molecular weight between cross-links. The
abrasion mechanism under conditions of different frictional
input work will be discussed in detail in the following
section.

3.2. Rubbers with critical frictional input work

The abrasion rate of NBR cross-linked with 3.0 phr dicu-
mylperoxide (MC� 2310 g mol21) as a function of fric-
tional input work is shown in Fig. 3. The abrasion rate
increased slowly as the frictional input work increased;
however, the abrasion rate increased abruptly above the
critical value of the frictional input work. This phenomenon
was also observed in the abrasion rate of NBR cross-linked
with 1.0 phr dicumylperoxide(MC� 4060 g mol21), as
shown in Fig. 4. The same phenomenon was also observed
in the abrasion of SBR cross-linked with 1.0 phr dicumyl-
peroxide (MC� 4650 g mol21), and the result is shown in
Fig. 5. Below the critical frictional input work, the slope was
unusually flat as in Fig. 5, unlike Figs. 3 and 4. This flatness
is attributed to difficulty in the measurement of loss in
weight due to the formation of a sticky layer on the rubber
surface that resulted from the smearing of SBR. The smear-
ing is the formation of a sticky layer on the surface of the
rubber specimen due to chemical degradation [2]. In the
case of NBR cross-linked with 0.5 phr dicumylperoxide,
the critical frictional input work was not observed at room
temperature(Fig. 6), and this phenomenon will be described
in detail later. However, the critical frictional input work
was observed at a test temperature of 658C. From the above
mentioned results showing the change in the abrasion rate at
the critical frictional input work (Fig. 3–6), it is supposed

K. Cho, D. Lee / Polymer 41 (2000) 133–140 135

Table 1
Molecular weight between cross-links of various rubbers

Rubber Content of
dicumylperoxide (phr)

MC (g/mol)

NBR 3.0 2310
1.0 4060
0.5 5810
0.25 7580

SBR 1.0 4650
NR 1.0 7370

Fig. 2. Abrasion rate of NBR as a function of molecular weight between
cross-links at various frictional input work.



that the abrasion mechanism changes at the critical fric-
tional input work.

According to previous works [2–4], the abrasion of
rubber by a razor blade occurs through the mechanical fati-
gue. This means that abrasion occurs as a result of repeated
crack propagation on a small scale. In order to correlate the
abrasion with fatigue, a fatigue test was performed using
NBR cross-linked with 1.0 phr dicumylperoxide, and the

result is shown in Fig. 7. The crack growth rate increased
slowly below the critical tearing energy and increased
abruptly above the critical tearing energy. The shape of
the graph is similar to that of abrasion (Fig. 4). It is well
known that the crack growth rate in fatigue is dependent on
tearing energy, as expressed in Eq. (4) [11]:

dc=dn� BTb �4�
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Fig. 3. Abrasion rate of NBR cross-linked with 3.0 phr dicumylperoxide
(MC� 2310 g mol21) as a function of frictional input work at room
temperature.

Fig. 4. Abrasion rate of NBR cross-linked with 1.0 phr dicumylperoxide
(MC� 4060 g mol21) as a function of frictional input work at room
temperature.

Fig. 5. Abrasion rate of SBR cross-linked with 1.0 phr dicumylperoxide
(MC� 4650 g mol21) as a function of frictional input work at room
temperature.

Fig. 6. Abrasion rate of NBR cross-linked with 0.5 phr dicumylperoxide
(MC� 5810 g mol21) as a function of frictional input work at room
temperature and 658C.



wherec is the crack growth length,n is the number of cycle,
andB andb are constants. The constantb of NBR is known
to be about 2.7 [12], and this value agrees with the slope
below the critical tearing energy in the fatigue test (Fig. 7).
It was also found that the value of the slope, 2.3 in Fig. 7, is
very close to that of the slope below the critical frictional
input work in abrasion, as shown in Fig. 4. Therefore, the
abrasion below the critical frictional input work appears to
occur through mechanical fatigue in NBR cross-linked with
1.0 or 3.0 phr dicumylperoxide and SBR cross-linked with
1.0 phr dicumylperoxide.

The critical frictional input work in abrasion(Fig. 4) was
similar to the critical tearing energy in fatigue (Fig. 7). It
was also found that the critical frictional input work in NBR
cross-linked with 0.5 phr dicumylperoxide was observed
only at a high test temperature as mentioned before. The
tensile strength and tearing strength of rubber decrease with
increasing test temperature. Therefore, the fact that the

observation of critical frictional input work occurred only
at a high temperature (Fig. 6) may be attributed to the lower-
ing in fracture energy of rubber at high temperature. And it
was supposed that these critical values in abrasion and fati-
gue were related to the fracture energy of rubber. So, the
fracture energy of rubber was measured by trouser tear test
and the result was compared with the critical frictional input
work and the critical tearing energy in Table 2. The critical
frictional input work in abrasion and the critical tearing
energy in fatigue were in good agreement with the fracture
energy in each rubber. Therefore, the critical energies in
abrasion and fatigue are the fracture energy of rubber.
And it is suggested that the abrasion mechanism is mechan-
ical fatigue below the critical frictional input work, i.e. the
fracture energy of rubber and the abrasion mechanism
changes from mechanical fatigue to direct tearing above
the critical frictional input work.

3.3. Rubbers without critical frictional input work

In the case of NBR cross-linked with 0.5 phr dicumylper-
oxide, the fracture energy measured by trouser tear test at
room temperature was 4606 J m22, and this value was much
higher than the highest value of frictional input work of
abrasion employed in this study. Consequently, the critical
frictional input work was not observed in the abrasion test at
room temperature (Fig. 6), and the abrasion mechanism was
only mechanical fatigue. In order to prove the proposed
mechanism, a fatigue test was performed. For NBR cross-
linked with 0.5 phr dicumylperoxide the crack growth rate
as a function of tearing energy in the fatigue test is given in
Fig. 8. The slope at room temperature in the fatigue test was
similar to that in the abrasion test and the critical tearing
energy was not observed in the fatigue test performed at
room temperature as expected. Therefore, for rubbers with
low cross-link density abrasion occurs only through the
mechanical fatigue, and the abrasion rate increases with
frictional input work because direct tearing has not
occurred. At a high test temperature, critical tearing energy
was observed (Fig. 8) and this phenomenon was also
observed in abrasion (Fig. 6). These results are attributed
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Fig. 7. Crack growth rate of NBR cross-linked with 1.0 phr dicumylper-
oxide as a function of tearing energy in fatigue at room temperature.

Table 2
Critical frictional input work in abrasion, critical tearing energy in fatigue, and fracture energy of various rubbers at room temperature

Rubber Content of
dicumylperoxide(phr)

Critical energy (J m22) Fracture energy (J m22)

NBR 3.0 658 593̂ 106
1.0 841 897̂ 261

865a

0.5 791b 953^ 124c

839d

SBR 1.0 466 477̂ 88

a Critical tearing energy in fatigue at room temperature.
b Critical frictional input work in abrasion at 658C.
c Fracture energy at 658C.
d Critical tearing energy in fatigue at 658C.



to the lowering of fracture energy at a high test temperature
as mentioned before.

For NBR cross-linked with 0.25 phr dicumylperoxide
(MC� 7580 g mol21) and NR cross-linked with 1.0 phr
dicumylperoxide (MC� 7370 g mol21) the abrasion rate as
a function of frictional input work is shown in Fig. 9. The
fracture energy of these rubbers were higher than the
frictional input work employed in this study. Thus, critical
frictional input work was not observed for both of the

rubbers. The value of the slope in Fig. 9 was higher than
that in the fatigue test, which was known to be 2.7. And it
was not possible to measure the crack growth rate of NBR
cross-linked with 0.25 phr dicumylperoxide due to the buck-
ling of the specimen during the fatigue test.

It is well known that the slope in a fatigue test is lowered
as the hysteresis increases [13]. Therefore, the hysteresis,
Wd, was determined by evaluating the area between the
extension and the retraction curves, and the hysteresis
ratio, hr, was determined by Eq. (5)

hr � �W0 2 Wr�=W0 �Wd=W0 �5�
where W0 and Wr are the input and the retraction strain
energy densities, respectively. The hysteresis ratio of NBR
cross-linked with 0.5 phr and 0.25 phr dicumylperoxide
were 0.12 and 0.28, respectively.

According to the previous work [13], the slope of NBR
cross-linked with 0.25 phr dicumylperoxide should be lower
than that of NBR cross-linked with 0.5 phr dicumylperoxide
in a fatigue test, because the hysteresis of the former is
higher than that of the latter. And the slope of NBR cross-
linked with 0.25 phr should also be lower than that of NBR
cross-linked with 0.5 phr dicumylperoxide in abrasion if the
abrasion occurs via only mechanical fatigue. However, the
slope of NBR cross-linked with 0.25 phr dicumylperoxide
(Fig. 9) was higher than that of NBR cross-linked with
0.5 phr dicumylperoxide (Fig. 5) in abrasion. This finding
implies that the abrasion of NBR cross-linked with 0.25 phr
dicumylperoxide and NR cross-linked with 1.0 phr dicu-
mylperoxide occurs via another abrasion mechanism
besides mechanical fatigue.

In order to investigate the abrasion mechanism of NBR
cross-linked with 0.25 phr dicumylperoxide, the abraded
surface was observed after 5400 revolutions at the frictional
input work of 1048 J m22, using a scanning electron
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Fig. 8. Crack growth rate of NBR cross-linked with 0.5 phr dicumylper-
oxide as a function of tearing energy in fatigue at room temperature and
658C.

Fig. 9. Abrasion rate of NBR cross-linked with 0.25 phr dicumylperoxide
and NR cross-linked with 1.0 phr dicumylperoxide as a function of fric-
tional input work at room temperature.

Fig. 10. Abraded surface of NBR cross-linked with 0.25 phr dicumylper-
oxide after 5400 revolutions at the frictional input work, 1028 J m22 at
room temperature. The direction of abrasion is upward.



microscope, and the result is shown in Fig. 10. The rolling
type surface and elongated fibrils could be observed in the
abraded surface.

This phenomenon can be explained as follows. As the
blade moves, the tongue of cut rubber is bent backward as
proposed by Thomas et. al. [3]. However, the bent rubber
tongue can not be released due to self-adhesion and set
behavior. This set behavior was confirmed by the buckling
which occurred in the fatigue test and high hystersis ratio.
As a result of the repeated action of the blade, a thin surface
layer was peeled away, and the abraded surface of the roll-
ing type was formed. The morphology of the abraded
surface is in good agreement with the result of the previous
work [14] on the abrasion of rubber with high self-adhesion.
Therefore, in the case of NBR cross-linked with 0.25 phr

dicumylperoxide and NR cross-linked with 1.0 phr dicu-
mylperoxide, i.e rubbers with molecular weight between
cross-links of about 7500 g mol21 and above, abrasion
occurs by peeling away a thin surface layer.

3.4. Morphology of abraded surface

The abraded surface of NBR cross-linked with 0.5 phr
dicumylperoxide was observed using a scanning electron
microscope and the result is shown in Fig. 11. The abraded
surface shows the typical abrasion pattern, i.e. ridge forma-
tion. The abraded surface at low frictional input work
(658 J m22) was smooth and ridge spacing was small (Fig.
11(a)). However, the abraded surface at high frictional input
work (1501 J m22) was rough and ridge spacing was large
(Fig. 11(b)). It was also found that debris was formed on
abraded surface and the debris size increased with frictional
input work. This result implies that crack growth rate at high
frictional input work is high. Consequently, the bent rubber
tongue at high frictional input work is longer than that at low
frictional input work. The result also implies that the rubber
surface under the bent tongue is not abraded by a blade. The
ridge spacings are compared with the abrasion rate, and the
abrasion rate as a function of ridge spacing is given in Fig.
12. Fig. 12 was obtained using all NBR specimens with a
ridge pattern. It was found that the abrasion rate increased
linearly with the ridge spacing. This result is consistent with
previous work [15]. From the above results, it is inferred
that ridge formation accelerates the abrasion of rubber.

4. Conclusions

The effect of molecular weight between cross-links on the
abrasion behavior of rubber was investigated using a blade
type abrader. It was found that the abrasion rate changed
abruptly at the critical frictional input work for rubbers with
high cross-link density. The critical tearing energy at which
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Fig. 11. Abraded surface of NBR cross-linked with 0.5 phr dicumylperoxide after 5400 revolutions at the frictional input work: (a) 658 J m22; (b) 1501 J m22.
The test was performed at 258C and the direction of abrasion is upward.

Fig. 12. Abrasion rate of NBR as a function of ridge spacing.



crack growth rate increased abruptly was also observed in a
fatigue test. The critical frictional input work in abrasion
and the critical tearing energy in fatigue coincided with the
fracture energy of rubber. Therefore, abrasion occurred
because of mechanical fatigue below the critical frictional
work, i.e. the fracture energy of rubber. And the abrasion
mechanism above the critical frictional input work was
direct tearing.

As the cross-link density decreased, the critical frictional
input work was not observed due to the high fracture energy
of rubber, and the abrasion mechanism was only mechanical
fatigue. Therefore, the abrasion rate was relatively low.
However, the critical frictional input work was observed
at a high test temperature, which was attributed to the lower-
ing of the fracture energy at a high test temperature.

In the case of rubbers with very low cross-link density,
the abraded surface showed the rolling type and elongated
fibrils. These rubbers showed self-adhesion and set beha-
vior. Thus, the abrasion might occur by peeling away a thin
surface layer.
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