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ABSTRACT: Four graphite powder fillers with different
form and size were mixed with acrylonitrile butadiene rub-
ber (NBR, acrylonitrile content at 26%) at 20, 40 and 60 phr of
the filler loadings, and the obtained compounds were charac-
terized by SEM, tensile test, friction and wear test. Through
the SEM observation, it was found that the expanded graph-
ite could not be broken down to small particles uniformly
when blended with rubber on the twin-roller. In the tensile
test, the graphite with the smallest size possessed the best

reinforcement ability as expected. The tribological properties
of the rubber were improved when adding more graphite.
The largest graphite particles imparted the lowest friction co-
efficient of the composites among four fillers, but the sub-
micrometer graphite provided the best wear property to NBR.
� 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102: 4007–4015, 2006
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INTRODUCTION

Rubber and composite materials are extensively used
for radial lip seals of shafts, valve shaft seals, recip-
rocating piston, and piston rod seals. In those sealing
applications, rubber materials are demanded to pos-
sess high durability and provide tightness for seal-
ing.1,2 Most importantly, all dynamic sealing rubber
applications require good friction properties: high
wear resistance and low coefficient of friction. In seal-
ing applications, NBR, hydrogenated nitrile rubber,
acrylic rubber, silicone rubber, and fluorocarbon rub-
bers are mostly used rubber materials. During the
fracture process, basically, the rate of wear appears
to depend on how strong the rubber materials are to
withstand the friction force, and how big the friction
force is.3,4 Unfortunately, even for the highly rein-
forced rubber materials, sliding against hard counter-
face (e.g., metals) in dry contact still cause massive
wear, because the friction force will be significant
due to the adhesion of rubber to the counterface and
the hysteretic property of rubber materials.5,6 Conse-
quently, various methods have been utilized to lower
the friction force and rubber wear,7–11 for instance,

lubrication by oil, surface treatment, bulk modifica-
tion, and so forth.

Bulk modification is an easy and promising
method, attracting more and more interests. The
shape and size of the filler particles have great influ-
ence on the tribological properties of the polymers.
Solid lubricants, such as graphite, molybdenum di-
sulfide, and graphite fluoride, are layered struc-
ture and have been incorporated into polymers.12–15

However, traditional solid lubricants in the size of
micrometers are detrimental to the mechanical prop-
erties of composites, leading to possible decrease
of the wear resistance. Lately nanometer fillers and
solid lubricants were employed to improve the tribo-
logical and mechanical properties of the polymer
composites simultaneously.16–23 In general, it is
believed that the nanoparticles can strengthen the
transferred film, and reduce the wear of composites
because the fillers have the similar size as the seg-
ments of the surrounding polymer chains.24,25

As well known, in rubber reinforcement, the most
important characteristic for the reinforcing filler is
that its size must be small, less than 1 mm, so that
the filler particles have large surface area to interact
with the rubber.26,27 Besides the particle size, particle
structure and surface chemistry are influential fac-
tors in determining the filler’s reinforcing efficiency.
Fillers are usually made up of primary particles at
the smallest size-scale, which are strongly bonded to
other primary particles to form an aggregated struc-
ture. The aggregates can interact with other aggregates
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through weaker secondary bonding to form agglom-
erates. After blending, even in perfectly random dis-
persions of fillers in rubber, there exist many inter-
aggregate physical contacts. The interactions between
fillers and rubbers have a significant effect on rein-
forcement properties of a filled rubber, particularly
the filler–filler and filler–rubber interactions.28,29

In this study, NBR rubber was chosen as the poly-
mer matrix since it is the most widely and commonly
used rubber material for oil sealing applications, and
four types of graphite particles with different shape
and size were studied as the fillers. Two of them
were regular graphite powders, and the smaller one
had the thickness in nanometer range. The third one
possessed round shape and the fourth one was
expanded graphite (EG).30 When mixing EG with
rubber on rollers, the soft and loose structure of EG
particle might be broken down to smaller units, and
also be compressed to tighter form.

Graphite is a widely used solid lubricant,31 and
graphite filled rubber materials commonly have small
compression set.32,33 In this study, after the graphite
fillers were mixed with NBR, the morphologies,
mechanical properties, friction and wear properties
of the obtained compounds were investigated, for
reference to further development of superior rubber
composites for sealing applications.

EXPERIMENTAL

Materials

The regular micrometer graphite powder (designated
as Micro) and acid intercalated graphite (expansion ra-
tio along c-axis is about 200–250 times) were purchased
from Pingdu Huadong Graphite Processing Factory,
Shandong province, China. Small-sized graphite (ref-
erred to as SubM) was bought from Qingdao Huatai
Lubricant Sealing Science and Technology Company,
Shandong Province, China. Spherical graphite (ab.
Spheric) was supplied by QingDao Laixi En-star
Graphite Company, China. All of the graphite pow-
ders were used as received. NBR rubber, manufacture
brand N240S with acrylonitrile content of 26%, was
purchased from JSR, Japan. Other ingredients for rub-
ber curing were bought from chemical stores.

Expansion of acid intercalated graphite

Expanded graphite (EG) was prepared by micro-
wave irradiation34 on the acid intercalated graphite
for 1 min in a microwave oven (Sanyo EM-183MS1)
with power of 700 W and frequency at 2.45 GHz.

Preparation of graphite filled NBR compounds

Graphite fillers and other ingredients were added to
rubber on twin-roller according to the formulation in

Table I. In this study, a simple and effective sulfur
curing system was selected to avoid interference by
other additives and reinforcing fillers. Curing charac-
teristics of the obtained compounds were deter-
mined by oscillating disc rheometer (ODR) at 1608C,
according to ASTM D2084. Then, the compounds
were vulcanized at platen press with 15 MPa pres-
sure at 1608C for the optimum cure time (T90),
according to the ODR results.

Characterization and tests

Two instruments of scanning electronic microscopes,
including a Cambridge (British) S-250MK3 and a
high definition XL-30 ESEM of Philips Electron Optics,
Netherlands, were used to examine the graphite
powders, and the fracture surfaces of the vulcanizates.

Shore A hardness of the vulcanizates were meas-
ured according to ASTM D2240, using a XY-1 type
A durometer (No. 4 Chemical Machinery Plant of
Shanghai Chemical Equipment, Shanghai, China),
and three different spots of the sample (over 6 mm
in thickness) were measured to give the average. Ten-
sile test were carried out according to ASTM D412.
Dumbbell-shaped specimens of the vulcanizates
were tested on a CMT4104 testing machine
(Shenzhen SANS Testing Machine, Shenzhen,
Guangdong province, China), at the speed of 500
mm/min, and five specimens were tested to give the
average.

The friction and wear tests were conducted on a
MMW1 model friction and wear tester. The contact
schematic diagram of the frictional couple is shown
in Figure 1. This ring-on-disk sliding couple is care-
fully designed for the tribology test of rubber-like
materials, to improve the repeatability of testing
results by avoiding excessive deformation of the soft
materials.7,8 During the tests, the friction force be-
tween the test disk and the steel ring was measured
with a torque shaft. Sliding was performed under
ambient conditions over a period of 1 h at an aver-
age sliding speed of 0.1 ms�1. Before each test, the

TABLE I
Formulation for Rubber Compounding

Materials Amounts (phr)

N240S 100
Sulfur 1.5
ZnO 5
Stearic acid (SA) 1
Anti-aging reagent 4010NAa 2
Accelerator DMb 1.5
Graphite Variable

a N-isopropyl N0-phenyl 1,4-phenylenediamine.
b Dibenzothiazyl disulfide.
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steel ring (45#) was abraded with No. 1000 water-
abrasive paper. Then, the steel ring was cleaned with
acetone and dried. At the end of each test, the wear
weight loss of the sample disk was determined accu-
rately to 10�4 g with a high precision analytical
balance. Three replicate friction and wear tests were
carried out for each specimen to minimize data scat-
tering, and the average is reported in this work.
After testing, the morphologies of the worn rubber
surfaces were observed with scanning electron
microscope.

RESULTS AND DISCUSSION

Structures of graphite fillers

Those four graphite fillers selected in this study are
different in size and shape. From Figure 2(a), it can
be seen that most of the regular micrometer graphite
particles possess the lamellar structure, having the
diameter in the range of 5–10 mm and thickness
around or above 1 mm. In Figure 2(b), the small-
sized graphite (SubM) has the diameter less than
2 mm and thickness in nanometers, for instance, the
two marked thickness are around 130 and 157 nm,
which is the reason why this type of graphite is
referred to as submicrometer graphite in this work.
In Figure 2(c), the expanded graphite displays loose
and vermicular or wormlike structure after the
microwave irradiation on the acid intercalated
graphite. Its structure is basically parallel boards,
which collapse and deform desultorily, resulting in
many pores of different sizes in a wide range, as

reported elsewhere.35,36 The thickness of the graphite
sheets on the exfoliated graphite surface seems in
nanometer size. The spherical graphite particles ex-
hibit round shape, and have larger size than the reg-
ular micrometer graphite, as shown in Figure 2(d).

Size and distributions of the dispersed
fillers in the NBR matrix

To investigate the dispersion state of the fillers,
SEM was used to observe the vulcanizates’ surfaces,
which were obtained by either tensile fractured
(observed by S-250MK3 SEM) or freeze fractured (by
XL-30 ESEM). The scanning electron micrographs
are shown in Figure 3. It was found that the distrib-
utions of micrometer graphite, SubM graphite, and
spherical graphite in rubber were very uniform,
while that of expanded graphite was broad. Original
EG particles were worms with big size around sev-
eral hundred microns, as observed in Figure 2(c).
When mixing EG with NBR on rollers, the strong
shearing force could break them down to smaller
units, some of which were in 1–2 mm, but most of
others were still in very large size, around 100 mm in
diameter and above several microns in thickness. It
was believed that on the rollers, EG particles might
be pressed from a loose structure to a tight one, in
which the size of pores decreased and the intra-
particle force became stronger,37 resulting in big
particles which were hard to be broken down in sub-
sequent shearing.

Figure 1 The contact schematic diagram for the frictional couple.
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According to Figure 3, as expected, the size of dis-
persed SubM graphite was the smallest among the
four fillers, indicating that at the same loading, it
would have largest surface area. Figure 3(b–d) reveal
that most of the SubM graphite platelets were dis-
tributed into very small units, with nanometer thick-
ness. In this size range, the SubM graphite filler
studied in this work might provide NBR rubber
semireinforcement, quite close to the low surface
area carbon black.

Observation on the tensile fractured surface allows
one to catch on the interfacial adhesion between the
filler particles and rubber matrix. In the SEM micro-
graphs of the micrometer graphite, expanded graph-
ite, or spherical graphite filled NBR, there are clear
particle profiles, clear interface boundary, and some
cavities caused by detachment of filler particles. That
reveals a lack of good interfacial adhesion between
either filler with the NBR rubber. For the SubM
graphite filled one as shown in Figure 3(b), the inter-
face profiles get indistinct when comparing with the
other three, indicating the adhesion is better.

Mechanical properties

Combination of an abbreviation word and a number
is designated to each compound in the following

discussion. The first part will be Micro, SubM, EG,
or Spheric refers to the regular micrometer graphite,
the submicrometer graphite, the expanded graphite,
and the spherical graphite, respectively. The second
one is a number referring to the loading (in phr) of
the graphite filler.

The mechanical properties of graphite filled NBR
are summarized in Table II. From Table II, it was
found that, with each type of filler, the hardness,
modulus at certain elongation (e.g., 100%, 300%), and
even tensile strength of NBR vulcanizates increased
with the increase of filler contents. The elongation at
break also increased to some extent when adding
more filler. The permanent tensile set became more
significant at higher loading.

To compare the effects of different fillers on the
tensile properties of NBR rubber at the same load-
ing, Figure 4 shows the typical tensile stress–strain
behavior of the vulcanizates filled with the same
loading of the four kinds of fillers. As well known,
the tests on a tensile specimen provide a fingerprint
of a rubber composite, and the resulted data are
widely used for quality control and specification
purposes. In terms of terminology, tensile stress is
the force acting across a unit area in rubber specimen
in resisting the separation that tends to be induced
by external forces, and strain is the change in length

Figure 2 Scanning electron micrographs of the four graphite filler powders. (a) Regular micrometer graphite;
(b) submicrometer graphite; (c) expanded graphite; (d) spherical graphite.

4010 YANG ET AL.



of the specimen in tensile direction per unit undis-
torted length.

From Figure 4, it can be seen that the response of
the graphite filled rubber over wide strain range is
very nonlinear. For each curve, a Young’s modulus
(E) could be assigned as the slope of a straight-line
tangent to the curve through the origin. As expected,
addition of those graphite fillers to NBR rubber
increased its Young’s modulus. Comparing the
Young’s modulus of the vulcanizates with different
graphite fillers at the same loading, it was found that
with expanded graphite was the highest, which was
consistent with the results of hardness test since both
were measured at low strain. In such a low strain

range, bigger filler particles could effectively carried
the loaded force. In the previous section, it has been
seen that considerable amounts of EG particles dis-
persed in NBR with quite large size, which is the
reason why the vulcanizates with EG possessed the
highest Young’s modulus. Similarly, those with
the SubM graphite had lower Young’s modulus than
the regular micrometer graphite.

At each loading level, as strain increased, the curve
for the SubM graphite filled vulcanizates ascended
faster than the others. Particularly at 300% elonga-
tion, their stresses are significantly higher. As gener-
ally known, the term modulus often is substituted
for the term stress at a given elongation. So to speak,

Figure 3 Scanning electron micrographs of the fracture surfaces of vulcanizates. (a) Tensile fracture surface of 10 phr
micrometer graphite filled NBR; (b) tensile fracture surface of 10 phr SubM graphite filled NBR; (c) and (d) freeze fracture
surface of 10 phr SubM graphite filled NBR; (e) tensile fracture surface of 10 phr expanded graphite filled NBR; (f) tensile
fracture surface of 10 phr spherical graphite filled NBR.
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at same filler contents, the modulus at 300% elonga-
tion (M300) of the SubM graphite filled vulcanizate
is the highest. One of the main factors affecting the
M300 is the crosslinking degree of the vulcanizates,

which could be qualitatively described by the ODR
test results, listed in Table III. Typical curing curves
for graphite filled NBR compounds (40 phr loading)
are shown in Figure 5, compared with the unfilled

TABLE II
Mechanical Properties of the Graphite Filled NBR

Sample
Shore A
Hardness

Modulus at
100% elongation

(MPa)

Modulus at
300% elongation

(MPa)
Tensile strength

(MPa)
Elongation
at break (%)

Permanent
set (%)

Pure NBR 49 1.0 1.6 3.0 480 4
Micro-10 52 1.2 1.9 3.8 539 10
Micro-20 56 1.7 2.4 4.3 526 16
Micro-30 60 2.5 3.6 7.1 556 28
Micro-40 64 3.1 4.1 8.1 579 40
Micro-60 70 4.6 5.4 9.8 647 60
SubM-10 51 1.2 2.1 3.9 511 8
SubM-20 54 1.6 3.5 5.7 530 12
SubM-30 59 2.1 4.6 8.3 587 24
SubM-40 62 2.7 5.7 8.1 566 26
SubM-60 70 4.3 7.1 10.2 563 40
EG-10 56 1.5 2.0 3.3 488 6
EG-20 61 1.8 2.2 3.0 468 10
EG-40 71 2.6 2.9 5.5 580 30
EG-60 72 2.7 2.8 3.6 529 32
Spheric-10 52 1.1 1.7 2.8 512 6
Spheric-20 56 1.3 1.9 3.9 590 10
Spheric-40 62 1.9 2.6 4.7 614 16
Spheric-60 68 2.8 3.5 5.1 610 28

Figure 4 Tensile stress–strain diagrams of the vulcanizates. (a) Filler content at 20 phr; (b) filler content at 40 phr; (c) filler
content at 60 phr.
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one. Since the graphite fillers were chemically inert
and did not participate in the curing reaction, the
curing processes for all of the compounds were quite
similar, while addition of the fillers increased the
minimum and maximum torques, and also seemed
to shorten the scorch time. The change of torque
during the curing is directly related to the crosslink-
ing degree of the vulcanizates. From Table III, it can
be found that the torque changes of all four kinds of
compounds were pretty much the same at each load-
ing level, indicating they were cured to similar cross-
linking degree. Therefore, it demonstrated that the
dispersion of filler and the interfacial strength be-
tween filler particles and rubber matrix were the
dominant factors leading to the difference among
the M300 of those NBR composites.

When the stress level increases, rubber macromo-
lecular chains at the interface will slide and start to
detach from the filler. When the interfacial adhesion

is weak, the stress could not be effectively transferred
to the filler particles, consequently resulting in a
large strain under relatively low stress, for instance,
low M300 for the sample EG-40. Based on scanning
electron micrographs in Figure 3, the SubM graphite
exhibited the best dispersion and smallest dispersed
units. That led to the best interfacial strength between
the graphite particles and the rubber matrix among
all four fillers, virtually resulting in a better transfer
of stress from the rubber matrix to filler particles,
which contributed to its highest value of M300 among
the vulcanizates at each loading level.

Increasing the strain level to rupture shows that
the tensile strength of the SubM graphite filled NBR
was the highest at each of the graphite content. At
the loading of 40 or 60 phr, the tensile strengths of
EG or spherical graphite filled NBR were still very
low. The main reason is that the interfacial adhesion
between big EG or spherical graphite particles and
rubber matrix was too weak. When the graphite con-
tent increased from 20 to 60 phr, the difference be-
tween the tensile strengths of the SubM graphite
filled NBR and the regular micrometer graphite

TABLE III
Curing Characteristics of Graphite Filled NBR,

Curing on ODR at 1608C

Sample
T10

(min:s)
T90

(min:s)

Minimum
torque
(dNm)

Maximum
torque
(dNm)

Pure NBR 3:35 7:26 5.08 27.21
Micro-20 3:05 6:37 6.66 33.43
Micro-40 2:52 6:56 7.28 36.19
Micro-60 2:30 6:22 8.27 40.28
SubM-20 3:07 7:14 6.05 31.77
SubM-40 2:38 6:01 7.60 35.57
SubM-60 2:43 7:35 8.61 37.19
EG-20 2:53 6:24 5.70 31.66
EG-40 2:44 6:51 6.77 35.42
EG-60 2:34 4:20 9.03 42.60
Spheric-20 3:15 7:10 6.89 33.85
Spheric-40 3:00 6:58 7.61 37.27
Spheric-60 2:45 6:48 8.53 40.76

Figure 5 Cure characteristics of 40 phr graphite filled
NBR rubber at 1608C.

Figure 6 Coefficients of dynamic friction and wear rates
of the graphite filled NBR.
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filled one became smaller, which can ascribe to
the aggregation of the nanofiller and the existence of
more microsize particles in the SubM graphite filled
ones.

The vulcanizates filled with the graphite having
the smallest size, the SubM graphite, appeared to
have the best mechanical properties among the four,
showing the highest M300 and tensile strength.

Friction test results

The friction coefficient (m) and wear rate of the un-
filled NBR, measured under the same testing condi-
tion as comparison, are 1.45 (60.06) and 0.04 mm3/
Nm respectively, and Figure 6 shows the friction
coefficients and wear rates of graphite filled NBR as
a function of graphite content. Under the normal
pressure of 0.1 MPa and sliding speed of 0.1 m/s,
both the friction coefficients and the wear rates de-
creased gradually with the increasing graphite con-
tent for each type of graphite filler. At each loading
level, the expanded graphite filled NBR showed the
lowest friction coefficient, but they did not have
the lowest wear rate. For the other three types, the
friction coefficients were pretty much alike at the
same filler content. With the graphite content in-
creasing, the wear rate of the SubM graphite filled
NBR dropped fast, and at 60 phr, it reached the low-

est wear rate in this study. Comparing the sample
SubM-60 with EG-60, the former was experiencing
larger friction force but wore less, mainly because it
had better mechanical properties or antidestruction
ability. On the contrary, because the adhesion be-
tween the big expanded graphite particles and rub-
ber was very weak, the fillers were easily detached
from rubber surface. Similar as EG-60, Spheric-60
showed inferior strength, but it had higher m value,
resulting in quite fast wear rate. Micro-60 had better
wear resistance than Spheric-60 mainly attribute to
its higher mechanical strength. This confirms that to
make better rubber materials for sliding applications
under dry condition, both reduction of friction co-
efficients and reinforcement on mechanical proper-
ties are very important. When graphite is filled in
NBR as the solid lubricant, smaller size graphite
provides better chance to produce the rubber compo-
sites with better friction and wear properties.

Figure 7 displays the worn rubber surface after 1-h
wear test. In the case of expanded graphite as filler,
the graphite flakes evidently orientated parallel to
the sliding direction on the surface and covered con-
siderable fraction of the surface, which contributed
to its low friction coefficients. The rubber phase was
rough after pulling, scratching, and rolling by the
counterface, and the interfacial profile between
expanded graphite particles and the rubber phase

Figure 7 Scanning electron micrographs of the worn rubber surface of the graphite filled NBR, at the graphite content
of 40 phr; The arrows point at the relative sliding direction of the rubber surface. (a) Regular micrometer graphite/NBR;
(b) submicrometer graphite/NBR; (c) expanded graphite/NBR; (d) spherical graphite/NBR.
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was distinct, which confirmed the weak interfacial
adhesion. The expanded graphite fillers were easily
detached under friction to cause sizeable wear. When
the size of the fillers got smaller, the worn surface
became smoother. For the SubM graphite, because its
size is closest to the dimension of the counterface
roughness, the detached filler particles might have a
much better chance to adhere on the counterface,
which relieve the wear of the composites.

CONCLUSIONS

In this study, four graphite powder fillers with dif-
ferent form and size were mixed with NBR rubber.
It was found that expanded graphite could not be
uniformly broken down to small particles when
blended with rubber on the twin-roller, and thus
was not suitable for rubber lubrication using direct
mixing process on the rollers. Comparing these four
graphite fillers, the graphite with the smallest size
possessed the best reinforcement ability, for exam-
ple, NBR filled with it had the best M300 and tensile
strength, lowest permanent set, among all four fill-
ers. Under this study, for each type of graphite, the
friction and wear of the composites were reduced
with the increase of the graphite content. The largest
graphite flake gave the lowest friction coefficient
of the composites, but the wear was rather high
because of poor mechanical properties. The submi-
crometer graphite provided better wear property to
NBR rubber, though the friction coefficient was still
high. It could be expected that rubber materials with
excellent mechanical properties and tribological
properties would be achieved when the very small
sized solid lubricants, or nanometer ones, are well
commercialized, and effectively dispersed and uni-
formly distributed in rubber matrix.
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