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We study adhesion and friction between smooth glass, and fresh and aged Styrene Butadiene – Isoprene rubber
blend (SBR-IR). The friction and adhesion are only slightly modiﬁed by the aging process, but elongation at break,
and rubber toughness, are strongly reduced. We attribute this to changes in the crosslink density, a decrease in the
ﬁller matrix strength, and to the formation and growth of crack-like defects. The latter have a small inﬂuence on
adhesion and friction, but a large effect on the elongation at break.

1. Introduction
Contact mechanics and adhesion are central topics in Tribology [1–3]
with applications to tires, seals, human joints, pressure sensitive adhesives, granular matter, wiper blades and syringes, to name just a few.
Contact mechanics for stationary elastic solids with randomly rough
surfaces in the absence of adhesion is now well understood [4–10].
However, including adhesion and friction, the problem becomes much
more complex [4,11–18], in particular for real materials like rubber with
viscoelastic (and non-linear) properties [19–23].
In the present work we study the inﬂuence of aging on adhesion and
friction between smooth glass surfaces and Styrene Butadiene – Isoprene
rubber blend (SBR-IR). We show that adhesion and friction are nearly
unchanged by the aging process, while the elongation at break is strongly
reduced. We note that the strength of materials often is determined by a
low concentration of “large” defects, which strongly reduce the elongation at break, but which have only a small inﬂuence on properties such as
friction and adhesion at macroscopic scale, which are averages over large
rubber surface or volume elements.
Aging of polymers such as rubber can due to many different chemical
and mechanical processes, facilitated by the high stresses and temperatures which may prevail in sliding contacts, or by the inﬂuence of ozone
or sun light. High temperatures in particular may accelerate oxidation
and radical-activated chain scission processes. Those processes may be

called chemical degradation and certainly will impact the properties of
the material. In addition elastomers have a signiﬁcantly larger conﬁguration space than other materials like steel and plastics related to the
entropic component of their free energy (see Fig. 1). Consequently the
performance of an elastomer as it ages will be affected not only by
chemical degragation (bond breaking and bond formation processes), but
also from molecular rearrangements inﬂuencing the entropic processes
which are essential to their elasticity [27,28]. This aspect and approach
to rubber aging will be discussed more in detail and depth in a future
article from these authors.
Several aging processes are thermally activated, and consequently
their rate k depend on the temperature. In the simplest case the temperature dependency of the aging rate follows an Arrhenius rate
equation:


Ea
k ¼ Aexp 
kB T
where Ea is the activation energy of the reaction, A is the pre-factor, also
called collisional factor, kB is the Boltzmann constant and T is the absolute temperature. The activation energy Ea is usually determined
empirically by ﬁtting the Arrhenius rate equation to the temperature
dependency of the rate of change, k, of some physical, age dependent,
property.
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Fig. 2. A rigid ball pulled away from a viscoelastic solid. A part of the energy
needed to remove the ball is derived from the viscoelastic energy dissipation
inside the rubber close to the opening crack tip (red dashed region). (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)

corresponding reduction factor is approximately [26]  1=ð1 þ f ðvr ; TÞÞ.
_
Since the work of adhesion depends on the crack tip velocity vr ¼ rðtÞ
we need to determine this quantity. We calculate vr from the time dependency of FðtÞ assuming that the JKR theory is valid. Thus using (1) we
can obtain rðtÞ from the measured FðtÞ. During pull-off the velocity vr
varies with time, but what is most important is the velocity at the point
when the pull-off force is maximal; this is the crack tip velocity quoted in
the experimental viscoelastic section (Sec. 4).

Fig. 1. In contrast to “hard” materials like metals, the mechanical properties
of rubber materials are strongly inﬂuenced by entropic processes. Thus, slow
time-dependent, thermally activated, molecular rearrangements will inﬂuence
the mechanical properties of rubber (aging process).

This paper is organized as follows: In section 2 we brieﬂy review the
JKR theory, which are used to analyze the experimental data. In section 3
we present the experimental set-up and procedures used for the adhesion,
friction and other measurements. In section 4 we present the experimental data with a brief discussion. The summary and conclusions are
presented in section 5.

3. Experimental
Rubber aging–Plates of SBR-IR rubber (80:20) were aged in a convection oven at 80  1∘ C for 4, 6, and 8 weeks. The non-aged and aged
rubber samples were then used for the experimental procedures
described below.
Adhesion–We have studied the adhesion interaction between
spherical silica-glass balls and rubber. In the experiments we bring a glass
ball with diameter 2R ¼ 4 cm into contact with a rubber substrate as
shown in Fig. 3. It is positioned on a very accurate balance (analytical
balance produced by Mettler Toledo, model MS104TS/00) which has a
reproducibility of 0:1 mg or  1 μN. After zeroing the scale of the instrument we can measure the force on the substrate as a function of time
which is directly transferred to a computer at a rate of 1 measurement
point per second.
To move the glass ball up and down we have used an electric motor
coiling up a nylon cord, which is attached to the glass ball. The pulling
velocity as a function of time can be speciﬁed on a computer. In the
experiments reported on below the glass ball is repeatedly moved up and

2. Short review of the JKR theory
The analysis of the experimental adhesion data is based on the JKR
theory [24]. The contact region between a spherical probe (radius R) and
a ﬂat rubber surface is circular with the radius r. The interaction between
the solids is described by the work of adhesion w, which is the energy per
unit surface area to separate two ﬂat surfaces from their equilibrium
contact position to inﬁnite separation. According to the JKR theory the
relation between the force F and the radius r on the stable branch of the
interaction curve is
"

1=2 #
3RFc F
F
r ¼
þ2þ2
þ1
;
Fc
4E Fc
3

(1)

where E  ¼ E=ð1  ν2 Þ (where E and ν are the rubber Young's modulus
and Poisson ratio, respectively), and where
Fc ¼

3π
wR;
2

(2)

is the pull-off force. Thus for an elastic solid, if the ball is pulled by a soft
spring (and neglecting inertia effects), at F ¼ Fc the pull-off force
abruptly drop to zero.
It is well known that the separation line r ¼ rðtÞ can be considered as
a crack tip [25]. The work of adhesion w in general depends on the velocity vr ¼ r_ of the opening (during pull-off) or closing (during contact
formation) crack. At ﬁnite crack velocity, for an opening crack w can be
strongly enhanced, and for a closing crack strongly reduced, compared to
the adiabatic (inﬁnitely low crack tip velocity) value w0 . One contribution to the work of adhesion is derived from the viscoelastic energy
dissipation in the vicinity of the crack tip (see Fig. 2). For an opening
crack this will enhance w with a factor 1 þ f ðvr ; TÞ, which depend on the
crack tip velocity vr and the temperature T. For a closing crack the

Fig. 3. The experimental set-up for measuring adhesion.
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measurements performed at different temperatures and frequencies. We
use a Q800 DMA instrument produced by TA Instruments. The machine is
run in tension mode, meaning that a strip of rubber clamped on both
sides, is elongated in an oscillatory manner. The complex viscoelastic
modulus is measured in constant strain mode with a strain amplitude of
0:04% strain and at different frequencies starting from 28 Hz and
changed in steps until 0.25 Hz is reached (10 frequency points: 28.0,
25.0, 14.0, 7.9, 4.4, 2.5, 1.4, 0.79, 0.44, and 0.25 Hz). Measuring the
rubber sample in tension mode also requires to pre-strain the rubber with
a static strain that has to be larger than the dynamic strain during
oscillation. The pre-strain in the experiments has been set to 0:06% to
avoid compressing the rubber during the DMA measurement.
The experiment usually starts at 70∘ C, and after measuring the
modulus at all frequencies mentioned above, the temperature is
increased in steps by 5∘ C, and the procedure is repeated until 120∘ C is
reached. The results are then shifted in order to form a smooth ReE
master curve.
Friction–The measured data presented below was obtained using the
Leonardo da Vince set-up shown in Fig. 4. The slider consists of two
rubber blocks glued to a wood plate. Each rubber block is rectangular
with the nominal rubber-countersurface contact area 5 cm2 . One block is
at the front of the wood plate and the other at the end of the wood plate.
The normal force is generated by adding lead blocks (total mass M) on top
of the wood plate. Similarly the driving force is generated by adding
small lead blocks in the container M 0 in Fig. 4.
This friction tester can be used for obtaining the friction coefﬁcient
μ ¼ M 0 =M as a function of the sliding speed. The sliding distance is
measured using a distance sensor, and the sliding velocity obtained by
dividing the sliding distance with the sliding time. This set-up can only
measure the friction coefﬁcient on the branch of the μðvÞ-curve where the
friction coefﬁcient increases with increasing sliding speed v. In the
measurement the nominal contact pressure p0  0:036 MPa and the
temperature T  23∘ C.
Tensile test–Rubbers were cut into dumbbell shapes, and tested and
analyzed according to ASTM D412-16 standards, to determine the
elongation at break, Young's modulus, and toughness. The samples were
analyzed in a tensile bench Instron 5565 (Instron, US). Bluehill 2 was the
software used to run the test and analyze the experimental data. The
Young's modulus, which is a measure of the elastomer stiffness, was
calculated as the slope of the force vs. extension plot at 3–5% elongation.
Scanning Electron Microscopy (SEM)–The analysis was performed
in aN EVO-50 SEM produced by Zeiss, Germany. The images were
collected with a 10 keV beam energy and under low vacuum to avoid the
impact of the metal sputtering coating normally used for non-conductive
samples. The instrument was equipped with a Quantax EDS detector
manufactured by Bruker, Germany.
Swelling–The rubber samples were analyzed for relative changes in
cross link density by submerge approximate 6 g in hexane for 24 h. The
initial ﬁnal weights were measured and the % swelling in weigh and
volume were calculated. The accuracy of the analytical balance was
0:001 g. In addition, we measure the loss of weight due to rubber
compounds soluble in hexane by evaporating the remaining solvent (not
adsorbed by the rubber) and measuring the residual mass.

Fig. 4. Simple friction tester (schematic) used for obtaining the friction coefﬁcient μ ¼ M 0 =M as a function of the sliding speed. The sliding distance is
measured using a distance sensor and the sliding velocity obtained by dividing
the sliding distance with the sliding time. This set-up can only measure the
friction coefﬁcient on the branch of the μðvÞ-curve where the friction coefﬁcient increases with increasing sliding speed v.

Fig. 5. (a) The interaction force between a glass ball (radius R ¼ 2 cm) and a
fresh rubber plate during repeated (periodic) approach and retraction at the
velocity v  1 μm=s. (b) shows a magniﬁed view of the region indicated by the
dashed rectangle in (a).

4. Experimental results
Adhesion–In this section we study the adhesion between the glass
ball and fresh and aged SBR-Isoprene blend. The sheets of rubber had
some relative smooth surface areas and other areas with large surface
roughness which could be easily observed with the naked eye. The rubber sheet roughness in the smooth area where typical for rubber used in
some medical applications.
Fig. 5 shows the force acting on the rubber from the glass ball. The
experiments used a very smooth surface area on a not-aged rubber sheet.
Positive force is repulsion, negative is attraction. In Fig. 5(a) we show the
force as a function of time as the glass ball is repeatedly moved in and out

down, for up to  20 contact cycles, involving a measurement time of up
to 70 h. In each contact cycle the loading force is about 0:1 N, the vertical
speed vz  1 μm=s and the maximum radius of the ball-rubber contact
area about r  1 mm.
Viscoelastic modulus–Using a Dynamic Mechanical Analysis (DMA)
instrument and the temperature-frequency shifting procedure, we have
obtained the viscoelastic master curve EðωÞ and the shift factor aT from
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Fig. 8. The viscoelastic crack propagation factor w=w0 ¼ 1 þ f ðvÞ (for
T¼20 C) as a function of the crack tip velocity v (log-log scale). For the SBRIsoprene blend not-aged, ages 4 weeks and aged 6 weeks.

function of the number of contacts. In (a) we show results for the fresh
and aged SBR-IR elastomers on a smooth area on the rubber surface. The
glass ball was originally cleaned with acetone but due to surface
contamination the adhesion decreases with the number of contacts. A
similar effect has been observed for other rubber compounds, in particularly weakly crosslinked PDMS [29–32]. In (b) we show adhesion results for the fresh rubber but from a surface area with large surface
roughness. Note the strong reduction in the adhesion after the ﬁrst
contact. This can be explained as a combination of the inﬂuence of surface roughness, and the decrease in the adhesion from the contamination
ﬁlm on the glass ball, which resulted from the ﬁrst glass-rubber contact
[29]. Thus, the work of adhesion depends sensitively on the surface
roughness, but within the ﬂuctuations caused by this effect we do not
observe any inﬂuence of the work of adhesion on the aging process.
Viscoelastic modulus– Fig. 7 shows the real part of the viscoelastic
modulus for the SBR-Isoprene elastomer not-aged, and ages 4 and 6
weeks, as a function of the frequency ω (log-log scale) for T ¼ 20∘ C. The
change in the modulus due to the aging is rather small. For example the
glass transition temperature (here deﬁned as the temperature where

Fig. 6. The work of adhesion during retraction (separation) as a function of
the number of contacts showing: (a) the results for the fresh and aged SBRIsoprene elastomers on very smooth areas on the rubber surfaces. The glass
ball was originally cleaned with acetone but due to surface contamination, the
adhesion decreases with the number of contacts. (b) shows the adhesion results for the fresh rubber, but from a surface area with large surface roughness.

Fig. 7. The real part of the viscoelastic modulus for the SBR-Isoprene blend
not-aged, aged 4 weeks and aged 6 weeks, as a function of the frequency ω
(log-log scale) for T ¼ 20∘ C.

of contact. Fig. 5(b) shows magniﬁcation of the region indicated by
dashed rectangle in (a). The negative force (attraction) observed in (b) in
non-contact may be due to an electrostatic force due to charge
separation.
Fig. 6 shows the work of adhesion during retraction (separation) as a

Fig. 9. Sliding friction for SB rubber in dry state (squares) and in water
(stars). For fresh rubber (red) and for SB rubber aged for 1 month at T ¼ 70∘ C.
The data points surrounded by the dashed squares correspond to accelerated
motion (denoted “run-away”) i.e., the velocity increases with sliding distance.
(For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the Web version of this article.)
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w0 ¼ 0:1 J=m2 this gives the work of adhesion for smooth surfaces
w ¼ 0:5, 1.1 and 0:9 J=m2 , respectively. These values are similar but
slightly larger than the measured work of adhesion, indicating the inﬂuence of the surface roughness (see Fig. 10) on the adhesion. This effect
of the surface roughness is very clear in Fig. 6(b) where for a rougher
surface area the adhesion is much smaller, and drops to nearly zero at the
second contact with the (now contaminated) glass ball. The origin of this
drastic effect was described in Ref. [34], where we showed that when the
surface roughness is large, the binding energy term w0 A (where A is the
area of contact) is nearly fully balanced by the repulsive elastic energy
term (due to the surface roughness) Uel , resulting in the nearly vanishing
adhesion.
Friction–Fig. 9 shows the sliding friction for SB rubber in the dry
state (squares) and in water (stars). Results are shown for fresh rubber
(red symbols) and for SB rubber aged for 1 month at T ¼ 80∘ C (green
symbols). The aging has a negligible inﬂuence of the friction in water
which indicate that there is no or negligible surface oxidation of the
rubber as this would likely make the rubber surface more hydrophilic,
which reduces the friction in water [35]. In the dry state the friction is
also almost unchanged during aging, although a small shift to the left
along the velocity axis may have occurred.
The strong drop in the friction when going from dry to wet condition
has been observed before [36]. Since the sliding velocity is very low this
is likely due to a change in the interaction between the rubber molecules
and the glass surface. Thus, most likely a few monolayers of water are
bound to the glass surface even in the contact regions between the rubber
glass, which modify the rubber-glass interaction energy and the sliding
friction. In addition, water trapped in sealed-off regions [37] may reduce
the area of real contact between the rubber and the glass surface and
hence reduce the adhesive contribution to the friction.
Tensile test–Table 1 shows the Youngs modulus (in MPa), the
toughness deﬁned as the work needed to break the sample (in Joule), and
the elongation at break (in %) for the non-aged rubber, and after 4 and 8
week aging. The elongation at break for some non-aged rubber samples
was beyond the displacement span of the machine so for the non-aged
samples, the reported values give only the lower limits for the elongation at break and rubber toughness. After 8 weeks of aging, the elongation at break and toughness decreased by more than 50% and 75%
respectively. The Young's modulus also showed a decrease of about 25%.
Swelling–Table 2 shows the results from the swell test in hexane. The
results suggest a reduction in cross linking density with aging time but
the main changes are observed after 4 weeks of aging with almost no
change after that. Although the changes observed in the tensile test
(Table 1) can be associated in part to a change in cross link density, the
swelling test indicates that there are other additional effects playing a
role on the observed behavior. This is evident from the fact that the main
swelling test changes occurs within the ﬁrst 4 weeks while there is still
signiﬁcant changes in tensile properties between 4 and 8 weeks of aging.
In addition the swelling test also indicates an increase in soluble matter in
hexane with aging.
Scanning Electron Microscopy (SEM)–Fig. 10 displays SEM pictures of the non-aged and aged rubber surfaces. These pictures do not
indicate any changes in morphology. Furthermore, SEM and SEM-EDS
pictures (not shown) of the cross section of the rubber also do not indicate any surface modiﬁcations (skin layer) or global modiﬁcations of the
rubber.

Fig. 10. SEM pictures of the surface topography of (a) the fresh (non-aged)
SBR-Isoprene elastomer and (b) the SBR-Isoprene elastomer aged for 6 weeks.
There is no clear change in the morphology. Analysis also does not show any
global chemical modiﬁcations of the rubber.

Table 1
The Young's modulus (at  4% strain), the toughness and the elongation at break (in %) as
a function of the aging time for the SBR:IR rubber.
aging time

Young's modulus (MPa)

toughness (J)

elongation at break

no aging
4 weeks
8 weeks

3:96  0:21
3:32  0:16
3:04  0:27

> 47
23:2  0:9
12:2  2:8

> 1184
887  17
679  101

Table 2
Swelling test of the SBR:IR rubber. *Calculated with respect to initial mass. **Corrected by
the amount of soluble matter.
aging time

soluble matter*

24 h mass Swelling**

24 h Vol Swelling**

Non-aged
t ¼ 1 mo at 70 C
t ¼ 2 mo at 70∘C

1:75%
2:76%
2:84%

192:51%
200:04%
199:98%

280:60%
299:86%
300:17%

tanδðTÞ is maximal at the frequency ω ¼ 0:01 s1 ) change from Tg ¼
61:5∘ C for the non-aged rubber to Tg ¼ 58:7∘ C and Tg ¼ 58:5∘ C for
the 4 and 6 week aged samples, and the maximum of the tanδðTÞ decreases from 1.38 for the non-aged sample to 1.18 and 1.17 for the aged
samples.
Using the measured viscoelastic modulus and the theory of Ref. [33],
in Fig. 8 we show the viscoelastic crack propagation factor w=w0 ¼ 1 þ
f ðvÞ as a function of the logarithm of the crack tip velocity v (log-log
scale). At the relevant (for the adhesion experiments) crack tip velocity
vr  5 μm=s, from the ﬁgure we obtain w=w0  5, 11 and 9 for the
not-aged, and aged 4 and 6 weeks compounds, respectively. Assuming

5. Summary and conclusion
The aged rubber samples studied above were kept in an oven at 80∘ C
for 4 and 6 weeks. After this treatment the rubber samples exhibited
much lower tensile strength than before the aging. The elongation at
break, and the rubber toughness (deﬁned as the work needed to break the
samples), were measured for all the rubber samples. The fresh (non-aged)
rubber sample did not break within the machine displacement span so for
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Fig. 11. Rubber block with cracks. For simplicity we have assumed all cracks
either horizontal or vertical. (a) before applying of a tensile stress and (b) after
application of a tensile stress. In case (b) part of the elongation of the block is
due to opening up of the vertical cracks, which result in an reduction in the
effective elastic modulus.

this rubber we can only give lower limits for the elongation at break and
rubber toughness: 1170% and 47 J respectively. After 6 weeks of aging
the elongation at break and toughness decreased to 629% and 10.3 J,
respectively. Additionally the swelling test indicates a decrease in cross
link density (increase in swelling by volume) mainly during the ﬁrst 4
weeks of aging and an increase in soluble matter in hexane. In spite of this
reduction in the strength of the rubber and cross link density, there are
only rather small changes in the viscoelastic modulus, the adhesion to a
glass surface (dry and wet) and friction. Similarly, the SEM pictures of the
rubber surface do not indicate any change in the surface morphology (see
Fig. 10). Furthermore, SEM pictures and SEM-EDS studies of the cross
section of the rubber does not indicate any surface modiﬁcations (skin
layer) or global modiﬁcations of the rubber.
We attribute the modiﬁcations of the rubber to a combinations of the
following mechanisms: (1) A reduction of the cross link density in the
rubber due to the breaking of mono and poly sulﬁde bonds. (2) A
reduction in the ﬁller-elastomer bond strength during aging. (3) Possible
creation of a low concentration of crack-like defects. The appearance of
this type of defects is known in elastomers, even without having been
under external load, and manifested by the appearance of cracks during
aging. The mechanisms above have small inﬂuence on adhesion and
friction, but a large effect on elongation at break.
In the non-aged versus aged samples, there was no signiﬁcant change
detected in the low-strain viscoelastic behavior, adhesion, or friction
values. All these tests involves large rubber surface or volume elements
and are only weakly inﬂuenced by a low concentration of crack-like
defects. The elongation at break, and hence also the rubber toughness,
are determined by the largest crack-like defects, which grow during
aging, resulting in a strong reduction in these quantities during aging.
The reduction observed in the large strain Young's Modulus (see Table 1)
could also be, at least in part, due to crack-like defect (see Fig. 11).
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