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Morphology of Worn Surfaces of Rubber Compounds
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Abstract : The morphology of worn surfaces of three kinds of rubbers; polybutadiene (BR), styrene-
butadiene copolymer (SBR), and natural rubbers (NR), was reported in this paper. A blade abrader
was used for the abrasion experiment. The pattern spacing, ridge height, and pattern angle were
investigated as a function of frictional work input during the abrasion. The abrasion pattern of BR
compound was slightly different from those of SBR and NR. A possible explanation was given for the
observed difference. The temperature and lubrication of the abrasion surface greatly affect the

abrasion pattern.

Introduction

The mechanisms of abrasion of rubbery
materials by a scraping have been extensively
studied by various investigators.® Schallamach'?
suggested two possible abrasion mechanisms of
rubber. One was termed as “intrinsic abrasion’,
where small particles of rubber with 1~5 pm in
the diameter are removed from the surface of
rubber. Gent et ol. found that this characteristic
size of the abrasion debris was independent of
abrasion severity.*’® The other was named as
“pattern abrasion”, where a series of parallel ridges
running perpendicular to the sliding direction are
formed and all have similar heights so they form
abrasion pattern, as shown in Figure 1. The
edges of the abrasion patterns are bent over
backwards by the frictional force and then
protect the surface lying immediately behind
them from further abrasion. As a result, abrasion
becomes concentrated at the foot of ridges. The
scale and geometry of the pattern (ridge height,
ridge spacing, and pattern angle) depend on
the rubber type and its hardness as well as the
various abrasion conditions (frictional force applied,
sharpness of the abrader, temperature etc.). The
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ridge spacing is greater with softer, more-exten-
sible rubbers, and with larger frictional forces.?*?

Based on the pattern abrasion, Thomas et al.*®
proposed a simple theory of abrasion in a
fracture mechanics point of view, relating the rate
of abrasion to the crack growth resistance of the
rubber. The theory was reported to be applicable
for unfilled non-crystalline rubbers, but not for
crystallizable rubber, such as natural rubber and
carbon black-filled rubbers.

Recently, Fukahori and Yamazaki®® suggested
a new explanation for the initiation and propaga-
tion of the abrasion pattern using two natural
vibration frequencies of rubber in sliding. A high-
frequency one attributed to surface vibrations set
up by release of an imposed deformation, and a
low-frequency one attributed to stick-slip motion.
They associated the close spacing of initial fine
cracks with the high-frequency wvibration, at
about 1000 Hz, and proposed that the fine
cracks later merge to create the final, fully-
developed abrasion pattern, with a spacing
governed by the stick-slip frequency, about 10~
20 Hz.

Direct observation of worn surfaces is informa-
tive in understanding the abrasion process as well
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Figure 1. The cross-section of an abrader scraping a rub-
ber surface, showing Schallamach abrasion ridges and areas
of concentrated abrasion at their bases.

as the pattern development.’** The appearance
of abraded surfaces of the rubbers having a
similar hardness is considerably different depend-
ing on the rubber type, and so does the cor-
responding rate of abrasion, even when the
abrasion severity; load, temperature, and sharp-
ness of abrasive, is kept to be constant.” Thus, a
fundamental question arises why the rubbers
having similar hardness show such a dramastic
difference in the shape and coarseness of the
abrasion pattern?

In this study, the morphology of worn surfaces
was investigated using a blade abrasion tester’
for polybutadiene (BR), styrene-butadiene copoly-
mer (SBR), and natural rubber (NR) compounds
to understand the basic features of abrasion
pattern, such as initiation and propagation of the
pattern, characteristics, geometry, and scale of
worn surface. A comparison of abrasion pattern
between BR and SBR compounds was made and
the morphological difference was explained by
the frictional characteristics. The effect of both
the temperature and lubrication on the abrasion
pattern was also reported.

Experimental

Materials and Sample Preparation. The
rubbers employed in this study were high cis-1,4-
polybutadiene (BR-01, Korea Kumho Petroche-
mical Co.), styrene-butadiene copolymer (SBR-
1502, 23.5% styrene, Korea Kumho Petro-
chemical Co.) and natural rubber (SMR-5CV,
Standard Malaysian Rubber, Malaysia). They are
typical major grades used widely in rubber
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Table I. Compound Formulation and Physical
Properties of Three Different Rubber Compounds

(unit: phr)

Ingredient BR SBR NR
BR-01 100 - -
SBR-1502 - 100

SMR-5CV - - 100
Zinc Oxide 5 5 5
Stearic Acid 2 2 2
Accelerator® 1 1 0.6
Sulfur 2 2 2.5

Cure Condition 150%60 150X60 145X 50

(°C X minute)
Hardness (Shore A) 40 40 36
Young's Modulus (MPa) 2.45 1.65 1.50
Tensile Stress at Break (MPa) 1.7 2.5 18
Elongation at Break (%) 220 400 730

* N-cyclohexyl-2-benzothiazole-sulfenamide.

industries including tires. The compound formula-
tion and its basic properties for each rubber are
given in Table I. The remaining compounding
ingredients were selected with grades typical in
the rubber industries. All the rubber compounds
were mixed by using a two-roll mill (C. W.
Brabender) for about 10 minutes at about 80 °C.
The optimum cure conditions of the rubber com-
pounds were determined using a torque rheome-
ter (Monsanto type R-100) and are shown in
Table I. A hot press (Dake type 44-954) was
used for curing rubber samples.

Abrasion Test and Determination of
Abrasion Rate (A). A new blade abrader’ was
used to get the worn surfaces of rubber com-
pounds and to determine the rate of abrasion in
this study. A schematic diagram of the abrasion
apparatus is shown in Figure 2. One of the
advantages of the abrasion tester over the
conventional ones is a capability of measuring
the frictional force, F, during the abrasion
experiment. Thus, the frictional coefficient can be
obtained throughout the measurement. For abra-
sion measurements, a cylindrical disk of rubber
bonded to an aluminum backing plate was
rotated by an electric motor at a rotation speed
of 10 rev/min about its axis, while a stationary
blade was pressed against the flat surface of the
rubber disk. The frictional torque, M, is monitored
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Figure 2. A schematic diagram of the new blade abrader.’

continuously, and held constant during an experi-
ment by advancing the blade appropriately. The
new machine used in this study was found to
give the representative data on the rates of
abrasion of rubbers by comparing it with others®’
in terms of the frictional work input W, defined
as the work done against friction per unit area
and per revolution by each half of the blade.
Figure 3 shows the reacting forces and torque
between the rubber surface and the blade. The
frictional force, F, is given by F =2l and the fric-

Fm

tional work input is then given by Wf:m
i~ ¥o

where the r, and r, are the inner and outer radii
of the disk, and in this study was 6.25 and 19
mm respectively, and r, is the mean radius of the

o ;ri . The detailed

rubber disk, defined as rm =

M

Rubber Disk

Contact Line
Between Blade
and Rubber

Figure 3. A sketch of the reacting forces on the surface of
rubber disk."®
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calculation procedure is shown elsewhere.’

The rate of abrasion, A, of rubber compound
was determined by measuring the loss in weight
of the rubber sample plus aluminum backing
plate before and after abrasion, using an
accurate micro balance. The weight loss was
converted to height loss of the rubber disk using
the density of rubber compound and it was
divided by the number of revolutions to get the
loss in height per revolution, m/rev.

To see the effect of temperature on the worn
morphology, the rubber disk was surrounded by
a heating chamber equipped with a round
electrical heating core for the high temperature
experiment at about 100°C. Also, to see the
effect of lubrication, a dishwashing liquid (Dove,
Lever Brothers Co.) was brush-applied con-
tinuously to the rubber surface during the
abrasion test so that the surface of the specimen
was wet throughout the test. The swelling of the
rubber specimen by the lubricant was negligible
during the abrasion test (less than 2%).

Measurement of Pattern Spacing, Ridge
Height and Pattern Angle. A small piece was
cut from the central region of the fully developed
worn surfaces, and was gold-coated, and then
the top view of the surface was observed by
using SEM (Princeton Gamma-Tech, model SX-
40) to determine the abrasion pattern spacing (d).
The specimen was then cut in the direction
parallel to abrasion direction, and the cut section
was again gold coated to determine the ridge
height (H) and pattern angle (8) of the specimen,
as shown in Figure 4.

Results and Discussion

Development of Abrasion Pattern. One of

d

Figure 4. An idealized cross-section and geometry of
abrasion pattern; d: pattern spacing, H: ridge height, and
8: pattern angle.
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the most esscential questions of rubber abrasion
is ‘How are the periodic abrasion patterns
initiated and propagated?” To understand the
initiation and develpoment of abrasion patterns,
the new specimen with molded surface was
abraded under a constant frictional work, W, of
740 J/m® at room temperature, and the surface
was observed by SEM at an appropriate time
interval. Figures 5 and 6 represent the results of
BR and SBR compounds, respectively. Initially,
the molded rubber surface appeared to be flat
with a characteristic texture, probably taken from
the surface of the mold, Figures 5A and 6A.

In the case of unfilled polybutadiene, small
cracks (2~50 um) were developed after 60
revolutions, about 6 minutes (Figure 5B} and
these small cracks seemed to be an initiation step
in the abrasion process. After 360 revolutions,
roughly ring-shaped crack regions appeared,
composed of many small cracks aligned per-
pendicularly to the sliding direction (Figure 5C).
A major change was observed after 660 revolu-

Figure 5. SEM micrographs of worn surfaces of BR com-
pound at room temperature and a constant frictional work
of 740 J/m% A: initial surface; B: after 60 rev; C: after 360
rev; D: after 660 rev; E: after 960 rev; F: after 1,860 rev.
The abrasion direction is shown by arrow.
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tions. A cross-shaped deep cracks, about 30 pm
in width, appeared and several narrow crack
lines which might be a precursor of the large and
deep cracks were also found on the surface. Thus,
the wide and deep cracks seemed to be made by
merging of the small cracks, and they became
longer and wider with time. All of the surfaces
were found to be eroded after 960 revolutions.
They became extremely rough with a ribbed
texture approximately perpendicular to the
sliding direction (Figures 5E and 5F). The surface
between large ribs was found to be composed of
relatively smoother regions, 10~60 pm in size. A
magnified view of the rib regions showed small
scale roughness and adjacent debris, 1~6 um,
indicating a process of small scale micro-tearing
as well as detachment of larger particles (Figure
7). All debris observed in abrasion of BR
compound were found to be of dry particulate
shape, indicating no chemical deterioration during
abrasion.

The initial molded surface of the SBR com-
pound was found to be rougher than that of BR
one, Figure 6A. Small crack regions of SBR
compound, a precursor of ridges, are developed
after only 10 revolutions (about 6 times faster
than for BR compound) as shown in Figure 6B.
The small cracks then joined up, resulting in

Figure 6. SEM micrographs of worn surfaces of SBR com-
pound at room temperature and a constant frictional work
of 740 J/m% A: initial surface; B: after 10 rev; C: after 30
rev; D: after 380 rev. The abrasion direction is shown by ar-
row.
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Figure 7. A magnified SEM micrograph of worn surfaces
of BR compound at room temperature and a constant fric-
tional work of 740 J/m® after 960 rev, Figure 5E. The
abrasion direction is shown by arrow.

crack lines approximately perpendicular to the
sliding direction, Figure 6C. They finally became
ridges, Figure 6D, as abrasion proceeded. The
abrasion debris of the SBR compound appeared
to be more sticky than that of BR one. A large
agglomerate of small particles was observed
on the surface. These observations for unfilled
rubber vulcanizates are in good agreement with
those reported previously.’®* Thus, it can be
concluded that an initial abrasion process of
unfilled rubber vulcanizates occurs on a scale of
1~6 UWm by micro-tearing and these small cracks
coalesce to form fine ridges which, in tumn,
become progressively thicker and deeper until the
wear patterns are fully developed. Moreover, the
time required for such small cracks, a few tm in
scale, to be developed seems to depend on the
type of rubber used. ¢

Characteristic Nature of Worn Rubber
Surfaces. Figure 8 shows a phothograph of the
fully developed worn surfaces of three different
rubber compounds; BR, NR, and SBR com-
pounds, under a constant abrasion condition; at
25°C and constant frictional work of 550 J/mZ
In all cases, ridge formation was observed at
about right angles to the direction of scraping of
blade. But, the ridge shape and spacing of the
worn surfaces were found to be significantly
different between each rubber compound. For
example, BR compound showed finer and
smoother ridge pattern, and the radial ridge lines

400

Figure 8. The photographs of three different rubber com-
pounds abraded at room temperature and at a constant fric-
tional work of 550 J/m% A: BR; B: SBR; C: NR.

were not so clear, whereas NR and SBR
compounds clearly showed a typical Schallamach
abrasion pattern. An attempt was made to
compare the roughness of the worn surfaces of
BR, SBR, and NR compounds. A small piece of
worn surface was cut in the sliding direction with
a sharp razor blade and then the side view was
observed by SEM. The results are given in Figure

.“‘b -
l 500 um l
Figure 9. Cut views of worn surfaces at room temperature

and at a constant frictional work of 740 J/m% A: BR; B:
SBR; C: NR. The abrasion direction is shown by arrow.

Korea Polym. J., Vol. 6, No. 5, 1998
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9. The overhanging tongue of the ridge was not
observed in the BR compound, but it was in the
SBR and NR compounds. The front of the ridge
of BR compound looked round or blunt, and the
rear of the ridge appeared to be eroded also.
Thus, the morphology of the worn surface of the
BR compound seems to be different from those
of the SBR and NR compounds. As was stated
earlier,' the pattern ridges are bent over by the
frictional force and protect the surface lying
behind them from further abrasion. As a result,
abrasion becomes concentrated at the foot of the
ridges, as shown in Figure 1. Moreover, the ridge
spacing is greater with soft and more-extensible
rubbers. The significant difference in the
morphology between BR and SBR (or NR)
compounds can not be explained by the hardness
of the rubber compounds, since the three rubber
compounds have an approximately similar
hardness as shown in Table I. However, the
elongation at break (see Table 1) is considerably
different for each rubber compound, i.e., the NR
compound shows more than three times higher
elongation than the BR compound, and almost
two times higher elongation than the SBR
compound. This may suggest a possible explana-
tion of the observed difference, at least, between
BR and SBR or BR and NR compounds. But, the
similar abrasion patterns of the SBR and NR
compounds can not be explained by the
elongation at break. Then, what is the other
possible causes for such different morpholo-
gies? A further experiment would be carried out
on the morphology of abrasion pattern to try to
answer the question.

Geometry and Scale of Abrasion Pattern.
Figures 10 and 11 represent the pattern spacing
and ridge height as a function of frictional work,
W,. The pattern spacing and ridge height of the
NR and SBR compounds were much larger than
those of the BR compound at the same level
of the frictional work. This suggests that the
horizontal deformation of NR or SBR compounds
is much larger than that of the BR compound at
the same frictional force. In the case of the BR
compound, the pattern spacing and ridge height
showed little change with frictional work, whereas
there was a great effect for NR and SBR com-
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Figure 10. Pattern spacing (d) versus frictional work input
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Figure 11. Ridge height (H) versus frictional work input
(Wy.
pounds.

The ridge height and pattern spacing for each
compound are plotted in Figure 12. About the
same slopes of 0.91 were obtained for SBR and
NR, indicating a near proportionality of ridge
height to pattern spacing. However, the BR
compound showed a slope of 1.98, showing a
near square-law relation of ridge height to pattern
spacing.

The measured values of the pattern angle and
the H/d (ridge height/pattern spacing) are listed
in Tables IIl. The H/d values of the NR and SBR
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Figure 12. A log-log plot of ridge height (H) versus pattern

spacing (d).

compounds were constant and did not change
much with changing frictional work, whereas the
H/d values of the BR compound increased with
increasing frictional work. The values of pattern
angle for the NR and SBR compounds were
nearly constant at 6~8°. These values for the BR
compound increased with increasing frictional
work. Also, values of tan 0 for the NR and SBR
compounds agreed with the values of H/d, but
not in the case of the BR compound. According
to the fatigue crack-growth process of abrasion,**
the crack growth angle is closely related to the
ratio of ridge height to pattern spacing. Also,
the typical values of this angle were reported
between 1 and 15 degrees.

The pattern spacing is plotted against abrasion

Table II. Pattern Angle (6), Tangent Value (tan 6),
and Ratio of Ridge Height to Pattern Spacing (H/d)
at Three Different Frictional Works

Frictional Work, W, (J/m®) 370 660 1,240
0 135+1.3187+1.2 25510
BR tan 8 024 0.34 048
H/d 0.13 0.21 0.24
°] 7.3t18 6719 6.0%+29
SBR tan 6 0.13 0.12 0.11
H/d 0.11 0.11 0.11
2] 85t13 83x15 6.2x25
NR tan 8 0.15 0.14 0.11
H/d 0.12 0.11 0.11
402
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Figure 13. A log-log plot of pattern spacing (d) versus
abrasion rate (A).

rate in Figure 13. Similar slopes of 0.37 and 0.40
were obtained for the SBR and NR compounds,
respectively, but a slope of only 0.18 was
obtained for the BR compound, indicating a
lower dependence of pattern spacing on abrasion
rate. The larger pattern angle, different morpho-
logy of the worn surface and smaller pattern
spacing of the BR compound seem to correlate
with its lower abrasion rate.

What causes the different abrasion pattern of
the BR compound compared to the NR or SBR
compounds? The abrasion mechanism proposed
by Southern and Thomas®*® involves a crack
growth process at the base of the abrasion ridges,
when the ridge is bent over by frictional force.
The frictional force is wholly sustained by the
ridge. This process is similar to trouser tearing.
Higher friction-rubber will be deformed highly,
but lower friction-rubber will be deformed less.
The BR compound has a lower friction coefficient
compared to SBR or NR compounds. The mea-
sured frictional coefficient was 1.12 for the BR
compound compared to 1.32 and 1.56 for the
NR and SBR compounds, respectively. Thus, the
ridge is not pulled as far by the frictional force.
The ridge front might not be bent over without
tearing away. Thus, the abrasion of BR appears
to be due to a small scale tearing process occur-
ring randomly over the rubber surface without
being confined to pattern ridges. This frictional
behavior seems to be responsible for the dif-

Korea Polym. J., Vol. 6, No. 5, 1998
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C | 600 um |

Figure 14. The cross-section of worn surfaces; A: SBR at 100 °C without lubrication; B: SBR at room temperature without lu-
brication; C: SBR at rocom temperature with lubrication; D: BR at room temperature without lubrication.

ference in worn surfaces between the BR and
SBR compounds (or NR compound). To support
the above explanation, the SBR compound was
abraded at the low frictional state by adding a
lubricant and by elevating the test temperature,
say 100°C. The result is shown in Figure 14. A
tremendous morphological change was found in
both cases, ie, the abrasion pattern changed
from the typical large, regular pattern to a small,
irregular pattern, which is similar to the abrasion
pattern of the BR compound. Firstly, the lubrica-
tion of the rubber surface seems to prevent
physically the ridges from bending over and its
foot from undermining. Thus only the front of
the ridge is worn away without bending or
undermining. Secondly, the frictional coefficient
of the SBR compound at the elevated tempera-
ture 100°C was found to be about 1.2~1.3,
which is similar to that of the BR compound at
room temperature. Based on the observed results,
it can be concluded that the frictional charac-
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teristics of the rubber is one of the major factors
affecting the abrasion pattern together with the
hardness and extensibility of the rubber.

Conclusion

The rate of development of ridges by merging
numerous initial small cracks was much slower
for BR compound than SBR compound. All the
debris of BR compound were found to be of dry
particulate shape, whereas those of SBR
compound to be of sticky roll shape.

BR compound produced abrasion patterns
different from other rubbers, NR and SBR
compounds. A proportionality of ridge height to
pattern spacing was observed for SBR and NR
compounds, but not for BR compound. The
pattern angle of the BR compound was much
larger than that of the SBR or NR compounds.
The dependence of pattern spacing on the
frictional work input of the BR compound was
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much less than that of the SBR or NR com-
pounds, and the BR compound showed a lower
dependence of pattern spacing on the abrasion
rate.

Both the lubrication of rubber surface and the
temperature elevation greatly affect the
morphology of the worn surfaces of the SBR com-
pound, i.e., it changed from the typical
Schallamach abrasion pattern to the small round
irregular one, similar to that of BR compound.

The frictional characteristics is a major factor
affecting the abrasion pattern of the rubbery
materials as well as the hardness and extensibility.
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