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ABSTRACT: Surface migration of the carboxylic acids
(C10H21COOH, C11H23COOH, C12H25COOH, C15H31COOH,
C16H33COOH, and C17H35COOH) in styrene–butadiene rub-
ber (SBR) matrix was investigated together with its influence
on tribological properties of the vulcanisates. Macro- and mi-
crotribological properties were correlated with properties that
come from carboxylic acid addition to the samples. A plastify-
ing effect was characterized by a decrease of the rubber glass
transition temperature measured by the DSC method. Thick-
ness of an acid bloom was directly determined from an inden-
tation experiment and estimated from the DSC curve as well as
from FTIR reflection spectra. Morphology of the bloom was
studied using an AFM technique to characterize topography as
well as microroughness of the bloom surface. Macrofriction
was studied using block-on-ring tribometer. Microfriction was
examined with a Nano Test apparatus, applying ball-on-plate

contact. Despite correlation found between plastification, mor-
phology, and bloom thickness on the one hand, and tribologic
properties of the rubber on the other hand, influence of the
chain length of carboxylic acids on properties of the samples
still needs further qualitative investigation. Tribological prop-
erties of SBR modified with carboxylic acids are the result of
balance of two opposite effects: plastification of rubber—lead-
ing to an increase of friction and lubrication—which causes a
decrease of friction of the rubber. Apart from plastifying and
lubrication effects microroughness also plays an important role
in friction. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 86:
3368–3376, 2002
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INTRODUCTION

This article describes the surface migration of various
carboxylic acids in a styrene–butadiene rubber (SBR)
matrix, morphology of the bloom, and its interactions
with the surface layer of the rubber. Structural aspects
of carboxylic acids constitution are considered. Tribo-
logic properties of SBR modified with a small amount
of the acids are discussed from the point of view of
composition and structure of the surface layer of the
rubber sample. Despite the fact that phenomenon of
rubber friction has been studied extensively for many
years, less attention has been paid to the influence of
material composition and structure. Usually mechan-
ical aspects of friction are taken into consideration.1,2

Friction of elastomers strongly depends on their vis-
coelastic properties, especially concerning their sur-
face layer.1 Blooming of low molecular weight addi-

tives onto the surface of vulcanisate is well recognized
in rubber technology, and has been already described
by many authors.3–8 Many articles describe how to
protect vulcanisates from the deteriorating action of
ozone2 or improve the adhesion of rubber mixes.6,9

Despite the fact that influence of structure and prop-
erties of low molecular weight compounds are dis-
cussed, for example, the higher melting point of par-
affin the higher their migration rate,10 the influence of
migration (blooming) on tribologic properties of the
material is rarely discussed.11,12

The ability of low molecular weight additives to
migration in the rubber matrix is recognized as a
function of two factors: solubility and diffusion.7 If
more substance than its solubility limit is added to a
rubber mix, an excess could migrate to the surface,
forming a bloom. In this case solubility determines the
rate of migration. Solubility of low molecular weight
compounds in an elastomer matrix is a function of
temperature and structure of their molecules. With an
increase of temperature the solubility increases slowly
stepwise up to the melting point of an additive. In the
melting point its solubility increases dramatically.13

Structure of low molecular weight compounds
strongly influences its solubility in rubber due to in-
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teractions with polymer chain such as hydrogen bond-
ing, solvatation, or other specific interactions. A de-
gree of branching is also of great importance. Struc-
ture is used to be described by the solubility
parameter and polarity of molecule/side groups.14

Amerongen also mentioned crystallization taking
place on the surface as a possible driving force for
migration,7 but there is no agreement among authors
whether crystallization is the driving force or only a
result of blooming. Choi found that wax bloom affects
migration of antiozonants, probably due to causing
disturbance of their crystallization.15 It seems that the
ability of low molecular weight compound to crystal-
lize facilitates its surface migration in amorphous rub-
ber, but above melting temperature of the crystalline
phase this effect disappears. The second important
factor influencing the rate of migration mentioned
above is diffusion, characterizing mobility of mole-
cules together with their solubility in the rubber ma-
trix at defined temperatures. Mobility of the molecules
is also temperature dependent, and increases with an
increase of temperature.7,13 Structure of a molecule
determines its mobility in the rubber matrix. Some
simple relations have been observed like those where
mobility decreases with an increase of molecular
weight8 and the presence of bulky side groups.16 Dif-
fusion can also be affected by the presence of fillers.
With an increase of a filler content an increase of
activation energy of diffusion is observed.17 Com-
monly migration of additives is discussed, taking into
consideration features of their molecules, i.e., solubil-
ity parameter values and mobility as a whole. This
approach seems to be oversimplificated, because, for
example, amphiphilic substances or block cooligomers
could interact with a polymer matrix in a very specific,
complex way.18

EXPERIMENTAL

Materials

Carboxylic acids ROCOOH (where R is: C10H21,
C11H23, C12H25, C15H31, C16H33, C17H35—at least of

95% wt purity) were admixed to styrene–butadiene
rubber (SBR, Ker 1500, Z. Chem. Oswiecim, Poland) in
the amount of 4 phr. Prior to processing the rubber
was extracted with boiling acetone (48 h, Soxhlet ap-
paratus) to remove antioxidants and other low molec-
ular weight substances that can affect migration of the
acids studied.15 Mixes were prepared with the labora-
tory two-roll mill (David Bridge Co.,UK). Each rubber
mix was cured with 4 phr of dicumyl peroxide (DCP,
98% wt of purity, Merck-Schuhardt, Germany). The
amount of 4 phr of DCP is larger than commonly used,
and can result in grafting of carboxylic acids onto SBR
macromolecules. However, the high content of the
curing agent was necessary to obtain low elasticity of
the sample, necessary to prepare very smooth surfaces
for AFM study. To be sure that grafting of acids onto
SBR chains does not affect acid concentration, the acid
was also incorporated into rubber mixes in excess (4
phr). Samples were vulcanized in a steel mold at
160°C during time determined rheometrically (ISO
3417). The following symbols were adapted for the
acids (the number of carbon atoms in a molecule): C11,
C12, C13, C16, C17, C18, and for rubber mixes con-
taining the adequate acid: SC11, SC12, SC13, SC16,
SC17, SC18, respectively. The SC symbol was given to
SBR cured with DCP, used as an unmodified refer-
ence. Table I contains formulations of rubber mixes
and their vulcanization parameters. The acids were
examined for thermal stability to be sure that their
concentration in vulcanizates was the same as in the
rubber mixes. The temperature of 5% mass loss was
above 160°C (from 163°C for undecanoic acid to 205°C
for stearic acid determined at the heating rate of 10°C/
min.), so there is practically no degradation or evap-
oration of acids from the rubber during vulcanization.

Techniques

FTIR spectroscopy

FTIR spectra were used for determination of kinetic
and yield of the surface migration of the carboxylic
acids. Rate of migration was calculated as COOH

TABLE I
Composition of Rubber Mixes and Their Vulcanization Parameters

Component

Rubber Mix

SC SC11 SC12 SC13 SC16 SC17 SC18

SBR 1500 100 100 100 100 100 100 100
DCP 4 4 4 4 4 4 4
CH3(CH2)9COOH — 4 — — — — —
CH3(CH2)10COOH — — 4 — — — —
CH3(CH2)11COOH — — — 4 — — —
CH3(CH2)14COOH — — — — 4 — —
CH3(CH2)15COOH — — — — — 4 —
CH3(CH2)16COOH — — — — — — 4

Parameters of vulcanisation (ISO 3417): 160°C/15 min.
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group absorption at 1700 cm�1 related to the band at
696 cm�1, originating from an aromatic ring in SBR.
Experiments were carried out with FTIR spectrometer
(BIO-RAD FTS 175C, Germany) equipped with an IRS
microscopic accessory (Split-Pea, Harrick Scientific,
USA) at ambient temperature, with a resolution of 4
cm�1. Thickness of the surface layer penetrated by the
IR beam was calculated according to eq. (1):19

d �
�

2 � � � n1�sin2� � �n1

n2
�2 (1)

where � is the wavelength, � is the angle between
beam and the surface (� � 45°), n1 is the refraction
index of the sample (n1 � 1.52521), and n2 is the re-
fraction index of the the Si crystal (n2 � 3.76).

The depth of the surface layer being analyzed de-
pends on the absorption bands chosen. Calculated
values for the wavelength considered are as follows:
(1) 2920 cm�1—d � 0.4 �m; (2) 2850 cm�1—d � 0.4
�m; and (3) 696 cm�1—d � 1.6 �m. It should be
mentioned, however, that the calculated depth of pen-
etration represents only c.a. 80% of the particular IR
absorption. The rest of signal comes from a deeper
layer of the rubber sample.

Macrotribological properties

Friction was determined with the block-on-ring T-05
tribometer (Institute for Terotechnology Radom, Po-
land). The 35-mm diameter rubber ring rotated
against the flat block of stainless steel (Fig. 1). Mea-
surements were carried out with rotational speed of n
� 1.0 rps (equivalent sliding speed was v � 12 cm/s)
and normal load varying from 1.4 to 11.4 N, at room
temperature (20°�5C). Friction force taken for the fur-
ther calculations was a median value from 70 experi-

mental points obtained during the 2-min test. Accu-
racy of its determination falls in the range not exceed-
ing 5%. Under experimental conditions the rubber is
in a viscoelastic state, so changes in the friction force
are caused by deformations of the rubber sample dur-
ing friction test (stick-slip phenomenon). From the last
three calibrations of the T-05 apparatus we find that
differences in median of friction force for the same
rubber sample is about 5%. Coefficient of friction was
calculated according to the Amontos’ formula:1

� �
T
N (2)

where T is the friction force, N is the normal load.

Microindentation and microfriction

Microindentation of the surface layer as well as mi-
crofriction experiments were performed with a Nano
Test 600 (Micromaterials Ltd., UK). Indentation exper-
iments were carried out at ambient temperature
(20°�2C) using a stainless steel spherical indenter of
1.5-mm diameter and a loading rate of 0.08 mN/s.
Thickness of the bloom was calculated from the inden-
tation loading-unloading hysteresis at the bent point
(Fig. 2) in a way described below. Drawing line 1 on
the plot tangentially to starting points (bloom) and
line 2 tangentially to final points (SBR substrate),
thickness of a bloom was determined from a crossing
point of line 1 and 2. Thickness was taken as an
average of three experiments, each performed at dif-
ferent point on the surface of sample. Microfriction
experiments were run using the Nano Test apparatus,
equipped with a friction attachment, operated with
normal load of 5 mN and a sliding speed of 100 nm/s.
Friction force between the sample and the stainless

Figure 1 Scheme of the T-05 apparatus: 1—force detector;
2—rubber sample (ring); 3—steel counterface (block);
4—block holder.

Figure 2 Method for bloom thickness determination from
microindentation experiments. Line 1 is tangential to the
starting point (bloom); line 2 is tangential to the final points
(SBR substrate); line 3 is the unloading curve.

3370 BIELINSKI ET AL.



steel indenter (as above) was measured continuously
along 500 �m. Data for analysis was taken as an
average value of three experiments, each being run on
other place of the sample.

Differential scanning calorimetry (DSC)

Thermal properties of the carboxylic acids and rubber
samples were determined with DSC (TA Instruments
Inc., USA). Rubber samples were prepared 3 days
prior to the experiment, well enough to complete
blooming of acids on the surface of rubber, as con-
firmed by the kinetics of migration determined with
FTIR. Measurements were carried out under helium
atmosphere with a heating/cooling rate of 10°C/min,
following the loop: (1) heating from �100 to �150°C
then, (2) cooling to �100°C and again (3) heating to
�150°C and then (4) final cooling to the room temper-
ature. The melting temperature (Tm) and enthalpy of
melting (�Hm) of pure carboxylic acids as well as
thickness of their bloom on the surface of SBR were
calculated from the first heating, and any changes in a
shape of a curve were not observed in the second one.
The glass transition temperature (Tg) of rubber was
also determined from the first heating curve. Migra-
tion yield was calculated as a ratio of enthalpy of the
bloom melting to that of the pure acid, taking into
account concentration of the acid in the sample.

Atomic force microscopy (AFM)

Surface morphology of the samples was studied with
AFM (Nanoscope III, Digital Instruments, USA). Rub-
ber specimens were prepared by pressing (p � 50
g/cm2 of material) a piece of rubber mix at 160°C
between two glass plates, for 20 min, and then free
cooling to 50°C (heating of an oven was turn off). At
50°C the samples were removed from the oven and
stored for another 3 days in closed containers, allow-
ing migration of the carboxylic acids to be completed.
The temperature of 50°C for the sample was required
to separate the sample from the glass plate very
gently, avoiding large deformation of its surface layer,
making the surface wavy and disabling AFM experi-
ment. AFM images were made applying the tapping
mode. The commercial silicon cantilevers with reso-
nant frequency of 300 kHz were used at a scan fre-
quency of 1 Hz, operating with a height and ampli-
tude scale. AFM images provide both morphologic
and geometrical information. Values of the root mean
square roughness (Rms) of the surface, taken as the
standard deviation of the height of an image area,
were calculated together with an excess of the bloom
surface over the area of image (Sdiff) and bearing area
(B).

RESULTS AND DISCUSSION

Influence of the carboxylic acid chain length on
thickness and morphology of the bloom

The migration phenomenon can be characterized by
two factors: yield of migration and the migration rate.
Rate of migration, determined from FTIR spectra is
given in Table II. Yield of migration is directly con-
nected with the bloom thickness, whereas the migra-
tion rate determines morphology of the bloom on the
surface of the rubber. The thickness of the bloom was
calculated directly from microindentation experi-
ments. Despite this, the bloom thickness was also es-
timated from FTIR spectra, applying the procedure
described above or (2) from DSC curves determining
the weight percentage of the acid in a part represent-
ing the bloom. All data are compared in Table III. It
seems likely that thickness of the bloom can be con-
nected with difference between values of solubility
parameters of the carboxylic acids and the elastomer.
Solubility parameters of the acids and SBR, calculated
according to the method proposed by Hoftyzer and
Van Krevelen,14 are given in Table IV. One can keep in
mind, however, that this method does not consider
hydrogen bonding. Figure 3 relates a difference of
solubility parameters (��) between the matrix and the
carboxylic acids and number of carbon atoms in the
low molecular weight substances. Comparing the re-
sults of bloom thickness measurements to the calcu-
lated difference in solubility parameters between the
rubber matrix and the low molecular weight sub-
stances one can expect that yield of migration should
increase with an increase of chain length of the acids
applied. However, no direct dependence between the
difference in solubility parameters and the bloom
thickness could be observed (Tables III and IV).

Morphology of the carboxylic acids blooms is
strongly dependent on their chain length. Surface mi-
croroughness (Rms) generally increases with an in-
crease of number of carbon atoms in the acid molecule
(Table III). C17, containing an odd number of carbon
atoms in the molecule, does not follow the trend.
Probably “odd” and “even” acids exhibit different
thermodynamical properties.20 The data for C11, how-
ever, following the trend, do not provide the final
answer because of a very low bloom thickness being
produced in this case. Also, an increase of the surface
area (Sdiff) of the rubber sample shows the same ten-

TABLE II
Changes of Absorption at 1700 cm�1 Related to the Band

at 696 cm�1, versus Time after Vulcanization

Time (h) SC11 SC12 SC16 SC17 SC18

3 0.17 0.26 1.52 1.36 1.17
72 0.28 0.88 4.03 4.04 3.70

384 0.30 3.73 4.24 4.38 4.32
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dency as Rms. The surface of the SBR substrate (Fig. 4)
is very flat (Rms � 5 nm, Sdiff � 0.2%), and contains
holes originated from evaporated products of DCP
decomposition. When carboxylic acid is added, its
bloom covers the whole surface with a continuous
layer. Topography of blooms produced by the acids of
shorter backbones (C11 and C12) is very smooth. The
blooms form flat crystals of terrace shapes. Topogra-
phy of the blooms are presented in AFM images (Fig.
4). Figure 4(b) and (c) shows thin layers of the carbox-
ylic acids covering the whole surface of rubber; how-
ever, a few bigger crystalline forms could also be
recognized. The bloom is built of small round flakes,
forming layers. The surface of the bloom produced by
palmitic acid is of a mountain-like architecture. Shapes
of the hills are round and smooth [Fig. 4(d)]. Hepta-
decanoic acid also forms mountain-like bloom, but
shapes of the hills are in this case sharp and triangular
[Fig. 4(e)]. Stearic acid forms a bloom of similar topog-
raphy to heptadecanoic acid but the hills are higher
and bigger [Fig. 4(f)]. The surface morphology of the
blooming acids, represented by different topography
(AFM), can originate either from their molecular su-
perstructure or can as well be shaped by the rate of
migration. To differentiate between the factors affect-
ing the bloom morphology reference samples, pre-
pared by deeping of SBR samples in diluted acetone

solution of carboxylic acids (�0.001 wt %), were stud-
ied. AFM images of the surface of reference samples
were made to compare crystals being formed under
unperturbed conditions to ones constituing the
blooms. It was found that crystals habit of acids is
independent of growth conditions. The same mor-
phology of single crystals is observed in both cases.
The surface of SBR coated with acids is very smooth,
and any mountain-like structures were not observed.
The mountain-like morphology of blooms most likely
comes from conditions of crystals growth. The more
rapid the migration, the higher the microroughness of
the bloom on the surface being formed.

Influence of the melting temperature on ability to
the surface migration

Blooming yield calculated from the DSC curves can be
associated with the melting temperature of low mo-
lecular weight compound in the same way as de-
scribed by Choi for paraffin waxes.10 The melting
temperature and blooming yield for the carboxylic

Figure 3 Relation between difference in solubility param-
eters of SBR and carboxylic acids (��), calculated according
to Hoftyzer and Van Krevelen14 and number of carbon
atoms in the carboxylic acid molecule.

TABLE III
Thickness of the Bloom of Carboxylic Acids

Method
Unit
acid

Indentation
(�m)

DSC
bA
(%)

FTIR AFM

J (%)
(nm)
Rms

c

[%]
Sdiff

d

[%]
BA2850/A700 A2910/A700

C11 0.02a 0 8 11 8 0.57 71
C12 0.2 1 86 84 35 1.7 25
C16 4.74 65 90 88 227 15 52
C17 4.47 55 92 90 129 13 44
C18 3.42 55 92 91 256 54 71

a Data from AFM.
b A—enthalpy of melting of a bloom related to the enthalpy of melting of pure carboxylic acid (% of acid added to rubber

that was detected as bloom).
c Sdiff—the surface area of a bloom related to the plane area of an image.
d B—bearing area (%).
J—absorption related to absorption at 696 cm�1.

TABLE IV
Melting Temperature (Tm), Enthalpy of Melting (�Hm)
and Differences in Solubility Parameters (��) of the

Acids and SBR, Calculated According to Van Krevelen
and Hoftyzer14

Acid Tm [°C] �Hm [J/g] �� [J0.5/cm1.5]

C11 28.7 176.3 0.20
C12 45.2 186.4 0.35
C16 61.8 189.1 0.77
C17 61.8 205.2 0.84
C18 55.9 163.4 0.91
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acids studied are compared in Figure 5. Yield of mi-
gration depends on the melting temperature; how-
ever, character of the dependence has yet to be clari-

fied. Detection of the bloom by the DSC method, due
to its dynamic character, requires an adequate differ-
ence between the melting temperature of the acid and

Figure 4 Topography of the surface of the SBR/4 phr of the carboxylic acid system AFM image, tapping mode, scanning rate
of 1 Hz. (a) SBR substrate; (b) undecanoic acid (C11) bloom on the SBR substrate; (c) dodecanoic acid (C12) bloom on the SBR
substrate; (d) palmitic acid (hexadecanoic acid) (C16) bloom on the SBR substrate; (e) heptadecanoic acid (C17) bloom on the
SBR substrate; (f) stearic acid (octadecanoic acid) (C18) bloom on the SBR substrate.
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the rubber sample (temperature of storing), �T. From
our experimental experience it follows that under �T
� 15°C any bloom could hardly be detected by DSC.

Despite that, from comparison of solubility parame-
ters of SBR and low molecular weight additives it can
be concluded that with an increase of a chain length of
the latter its solubility in the matrix decreases, so the
migration yield should increase, which has not been
confirmed experimentally. The migration yield in-
creases up to 15 carbon atoms in a hydrocarbon rest
(C16) and then sharply decreases, resembling previ-
ously mentioned melting temperature dependence
(Fig. 5). The relation between the migration yield and
the melting temperature can be explained by DSC
data. Melted acid blooms swell the SBR substrate.
After swelling the rubber matrix, carboxylic acids do
not have enough time to migrate to the surface during
DSC run, so no crystallisation peak was observed in
curves representing the first cooling. Consequently,
any melting peak was not observed during the second
heating. This confirms that liquid acids have better
solubility in SBR than the solid ones, making it clear
why acids of lower melting temperature migrate with
lower yields. In the case of acids of a longer backbone,
C16–C18, their dissolved excess was cooled down in
the rubber matrix, revealing an additional glass tran-
sition, like the effect around 0°C during the second
heating. No shift of SBR glass transition in the second
heating was detected in comparison to the first heat-
ing. This second glass transition probably comes from
an overcooled acid phase that was left undissolved in
the SBR matrix (Fig. 6). Overcooled carboxylic acids in
the rubber matrix can form a separate phase, probably
of a micellar structure. At the end of second glass
transition a small endotermic effect is visible, probably
due to disorientation of micellar structures of an over-
cooled acid phase.

Influence of the bloom structure on tribologic
properties of rubber

Experiments in macroscale

Coefficient of rubber friction depends on the following
factors: (1) external parameters, such as normal load,

Figure 4 (Continued from the previous page).

Figure 5 Blooming yield of carboxylic acids correlated
with their melting points (DSC).
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sliding speed, and type of contact geometry, as well as
(2) structural factors, particularly coming from the
surface layer1 and influencing hysteresis and adhesion
of a sample. In our studies an effect of plastification,
the bloom thickness, and its morphology (topography)
were taken into account. Plastifying effect was esti-
mated from DSC curves as an decrease of the glass
transition temperature of rubber. Carboxylic acids of
shorter backbone cause larger plastification of the SBR
substrate than the longer ones, but the relation is not
linear Figure 7. Again, C17 exhibits a deviation. Thick-
ness and morphology of the acid blooms discussed
earlier (Table III and Fig. 4) stay in fair agreement with
their ability to plasticise the rubber. Coefficients of
rubber macrofriction measured for various samples
are compared in Figure 8. Addition of C11 causes an
increase in SBR friction, because of a plastifying effect
prevailing over very a smooth surface and very thin
lubricating layer of the bloom, covering the rubber
sample. C12 forms the thicker bloom, resulting in
lower degree of plastification at similar very smooth
surface, so friction considerably decreases. C16 forms
a thick bloom of high roughness, which, however, is
not sharp. A low degree of plastification, together with

the smaller contact area (limited to the area occupied
by deformed a microrough bloom), makes the coeffi-
cient of the friction decrease. C17 and C18 also form
thick and rough blooms; however, they are sharper.
Sharp microroughness is the origin of an increase of
friction, caused by the mechanical interaction of the
sample with the counterface. A larger degree of plas-
tification of the SBR substrate by C17 than C16 or C18
is responsible for the higher friction of SBR. A larger
degree of plastification detected in the case of C17 is
again supposed to originate from an odd number of
carbon atoms in the molecule.

Experiments in microscale

In the microtribological experiments deformations ac-
companied friction are restricted to the thin layer of
the material, so the friction force detected in this case
originates exclusively from the surface layer of the
rubber sample. When the layer of bloom is very thin,
however, as in the case of C11 in SBR, the bulk elas-
ticity of the rubber still plays a dominant role in fric-

Figure 6 The second heating run (DSC) of SBR samples
containing 4 phr of carboxylic acids; 1—C16, 2—C17,
3—C18, 4—SC; (a) the glass transition of the SBR matrix
plastified with acids; (b) the glass transition of the over-
cooled acid phase.

Figure 7 Plastification effect of carboxylic acids towards
the SBR substrate, estimated from a decrease in the glass
transition temperature; DSC, heating rate dT/dt 10°C/min;
sample mass 10 mg.

Figure 8 Comparison of the coefficient of friction (�) mea-
sured for SBR modified with various carboxylic acids; ex-
perimental conditions: T � 24°�5C, macroscale block-on-
ring contact (T-05), sliding speeed v � 12 cm/s.
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tion, being additionally enhanced by high plastifica-
tion. It results in the highest friction among the sam-
ples studied (Fig. 9). With an increase of the bloom
thickness (C12) the friction coefficient decreases, be-
cause interactions with SBR substrate becomes weaker
and lubrication effect starts to prevail over plastifica-
tion. In the case of carboxylic acids of a longer back-
bone (C16–C18), the bloom thickness is so high that
contribution of the rubber bulk to friction measure-
ments disappears. Differences in friction observed for
SBR modified with palmitic, heptadecanoic, or stearic
acid can be, in this case, explained by various micro-
roughness and bearing area of the bloom surface (Ta-
ble III). The higher and sharper the microroughness
and the higher bearing area, the higher the coefficient
of the friction.

CONCLUSIONS

The ability of carboxylic acids to migration in SBR
matrix and formation of the bloom on the surface
depends on solubility of the acids in the rubber. Sol-
ubility decreases with an increase of the melting tem-
perature of low molecular weight additive.

An excess of the undissolved carboxylic acid can
form a separate phase in the SBR matrix. This phase
disappears when migration occurs, and a bloom of the
acid is formed.

Topography of the bloom surface is dependent on
the size of migrating molecule, but its microroughness
increases generally with their backbone length.

Tribologic properties of SBR modified with a fatty
acid are dependent on thickness and microroughness
of the bloom formed as well as on its plastifying effect
towards the matrix. The friction force increases with
an increase of the degree of plastification, a decrease of
thickness, and an increase of microroughness as well
as a bearing area of the bloom formed.

From microtribological data it follows that in the
case of a thick bloom (C16–C18) the coefficient of
friction is determined by morphology. For carboxylic
acids of shorter backbones (C11 and C12), producing
much thinner blooms, the higher coefficient of the
friction, in comparison to pure SBR, is a consequence
of plastification of the rubber substrate. Probably
when the bloom thickness stays in its medium range,
both morphology and plastification effect would con-
tribute to tribologic behavior of the rubber.

Despite the good correlation found between plasti-
fication–lubrication effect and tribologic properties, it
is not clear why heptadecanoic acid exhibits so differ-
ent a migration character as well as plastification effect
compared to C16 and C18. The odd number of CH2
groups in the chain probably produces various crystal
morphologies, which can be responsible for the lower
bearing area, and finally lowers the coefficient of the
friction.

This work was carried out under the frame of the State
Committee for Scientific Research, project No. PZB-KBN-
013/T08/39, and also in cooperation with UCBL-Lyon, Pol-
ish-French project PICS 2001. Piotr Glab would like to thank
UCBL-Lyon I for the studentship.

References
1. Moore, D. F. Friction and Lubrication of Elastomers; Pergamon

Press Ltd.: Oxford, 1972.
2. Roberts, A.D. Rubber ChemTechnol 1992, 65, 673.
3. Parra, D. F.; Feire, M. T.; De Paoli, M. A. J Appl Polym Sci 2000,

75, 670.
4. Freakley, P. K.; Bhala, M. J. Kautsch Gummi Kunstst 2000, 53,

224.
5. Biaudet, H.; Mouillet, L.; Debry, G. Bull Environ Contam Toxi-

col 1997, 59, 847.
6. Lewis, J. E.; Deviney, M. L.; Whittington, L. E. Rubber Chem

Technol 1969, 42, 892.
7. Van Amerongen, G. Rubber Chem Technol 1964, 37, 1065.
8. Pushpa, S. A.; Goontilleke, P. Rubber Chem Technol 1995, 68,

705.
9. Gardiner, B. J. Rubber Chem Technol 1968, 41, 1312.

10. Choi, S. J Appl Polym Sci 1999, 73, 2587.
11. Bielinski, D. M.; Janczakm, K. J.; Slusarskim, L.; Loden, A. Wear

1993, 169, 257.
12. Bielinski, D. M.; Slusarski, L.; Wlochowicz, A.; Douillard, A.

Composite Interf. 1997, 5, 155.
13. Dimauro, P. J.; Paris, H. L.; Fath, M. A. Rubber Chem Technol

1979, 52, 973.
14. Van Krevelen, D. W. Properties of Polymers; Elsevier, Oxford,

1997.
15. Choi, S. J Appl Polym Sci 1999, 71, 1987.
16. Choi, S. J Appl Polym Sci 1997, 65, 117.
17. Choi, S. J Appl Polym Sci 1998, 68, 1821.
18. Kunz, K.; Anastasiadis, S. H.; Stamm, M.; Shurrat, T.; Rauch, F.

Eur Phys J B 1999, 7, 411.
19. Harrick, N. J. Internal Reflectance Spectroscopy; Wiley-Inter-

science: New York, 1967.
20. Schaake, R. C. F.; van Miltenburg, J. C.; De Kruif, C. G. J Chem

Thermodynam 1981, 14, 763.
21. Gordon, M. K. Analytical Chemistry of Polymers, Part III: Iden-

tification Procedures and Chemical Analysis; Wiley & Sons,
New York, 1962, p. 49.

Figure 9 Comparison of microfriction behavior (�) of SBR
modified with various carboxylic acids; experimental pa-
rameters: normal load N � 5 mN, sliding speed v � 100
nm/s, T � 20°�2C.
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