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Static fatigue of thermoplastic elastomers
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Toyota Central Research and Development Laboratories, Inc., Nagakute-cho, Aichi-gun,
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The failure behaviour in static fatigue of thermoplastic elastomers was estimated on the
basis of the stochastic theory proposed for the failure of rubber vulcanizates. A statistical
analysis of lifetime distributions for a styrene—butadiene—styrene triblock copolymer
(SBS) in creep and stress relaxation experiments was made by using a Weibull distri-
bution, and the failure behaviour of SBS was related to morphological changes of
structure in stretched states, observed with a transmission electron microscope. Wear-out
failure, in which the failure rate increases with time, occurs in the creep and stress-
relaxation processes, and is similar to that in a carbon-reinforced rubber vulcanizate.
These results suggest that in SBS, polystyrene (PS) domains dispersed in a continuous
polybutadiene matrix serve as physical crosslinks and reinforcing fillers. In the stress
relaxation process, however, the increased energy dissipation caused by plastic
deformation and disruption of the PS domains leads the material to be more stabilized
at a constant stretch ratio. This prolongs the lifetime of the material, due to multi-crack
initiation at many portions of a specimen, The differences between the failure behaviour
of SBS and that of the rubber vulcanizates are mainly caused by morphological changes

of the structure in SBS on deformation.

1. Introduction

Thermoplastic elastomers, which have intermediate
engineering properties between those of plastics
and rubbers, have recently been widely used in
engineering practice. The characteristic features of
a thermoplastic elastomer are that it can exhibit
rubber elasticity at ambient temperature without
the process of vulcanization, it softens at elevated
temperatures, and it can be processed in the same
way as a conventional thermoplastic. An A—-B—-4
type of block copolymer is one of the most typical
thermoplastic elastomers, in which the central
elastomeric B block is bonded on both ends to
rigid A blocks, as shown schematically in Fig. 1.
As seen in this figure, the A and B blocks are
mutually incompatible and aggregate into two dis-
tinct phases. In this system, the 4 block acts as
both a physical crosslink and a filler [1-5].

There have been many studies of the time-
dependent structure—property relationships of
thermoplastic elastomers, with particular emphasis
on those of the A—~B—A4 type of block copolymers
[6—16]. As for the failure behaviour of thermo-
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plastic elastomers, previous studies have focused
mainly on the ultimate tensile properties of these
materials [12--16]. Smith et al. [13—15] investi-
gated the ultimate tensile properties of an elasto-
meric styrene—butadiene—styrene triblock
copolymer (SBS) at various temperatures and
various strain rates, They found that the time and
temperature dependence of the mechanical prop-
erties of the material resulted mainly from the
viscoelastic characteristics of the polystyrene (PS)
domains, and that the plastic characteristics of the
PS domains have some effect on the ultimate
tensile properties of the material. Beecher et al.
[12] examined the morphological changes of the
structure in SBS on deformation, observed with
the transmission electron microscope (TEM), which
were related to the high strength of the material.
They suggested that the high strength of the
material originates from the inelastic deformation
of the PS domains, in which large amounts of
strain energy are dissipated, associated with the
more even redistribution of the remaining strain
in the material.
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Figure 1 Schematic representation of phase arrangement
in an A—B—-A type of block copolymer.

However, there have been few reports on
the failure behaviour of SBS in creep and stress
relaxation processes, i.e. static fatigue. In this
work, the static fatigue of SBS was studied and
analysed by a statistical method which has already.
been applied to the failure behaviour of rubber
vulcanizates [17, 18]. In addition, the morpho-
logies of SBS in both unstretched and stretched
states were observed with the TEM, and were
related to the failure behaviour of the material.
The failure behaviour in static fatigue of SBS was
then estimated, and compared with that of rubber
vulcanizates.

2. Experimental details

2.1. Material

The SBS used in this study was Cariflex TR4113
(Shell Chemical Co.; weight-average molecular
weight of 8.0x 10%, 38wt% styrene). Thirty
sheets (150 x 150 mm) of about 1 mm thickness
were prepared by compression moulding at 120° C
for 5 min. Typical ring specimens (18.6 mm inside
diameter, 20.0mm outside diameter) were first
punched out from each sheet, and the stress—strain
curves of them were examined and checked. If
the stress values at a stretch ratio, A, of 8.0 were
not within £2% of the mean value (the mean
breaking stretch ratio was about 11.5) the sheet
in question was not used in static fatigue experi-
ments. Further ring specimens were punched
out from the sheets which passed this initial test.

2.2. Static fatigue experiments

Static fatigue experiments involving creep and
stress relaxation were carried out at 23° C under
ambient atmosphere, and the lifetime up to the
breaking point, g, was measured. The apparatus
used for the measurement of the lifetime is the
same with that is shown in our previous paper [18].
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TABLE I Test conditions for SBS (TR4113)

Creep: engineering stress, 196, 3.92
0o (MPa) 294 —
Stress relaxation: 7.0, 9.0,
stretch ratio, A 8.0, 10.0

In the creep experiment, all the ring specimens
were weighed and the cross-sectional area of them
were calculated from their weights, where the den-
sity of the material and the inside and outside
diameters of the ring specimen were known. A
constant engineering stress (based on undeformed
cross-sectional area), 0., was then applied to a
specimen with the use of a dead load, in which the
load for each specimen was adjusted to provide a
constant engineering stress by the use of correction
weights. In the stress relaxation experiment, a
specimen was held at a constant stretch ratio, A.
The test conditions are shown in Table I. The
measurement of the lifetime was performed on
twenty specimens, which were randomly sampled
from all the ring specimens, under each test con-
dition. The creep and stress relaxation properties
of SBS were also measured.

2.3. Observation of fracture surfaces and
deformation morphology

Fracture surfaces of specimens, which were coated
with gold, were observed with a scanning electron
microscope (SEM). The morphology of SBS both
in the unstretched state and in stretched states of
various stretch ratios was observed with a TEM.
For these observations, ring specimens stretched
to a constant stretch ratio, A, were fixed to a metal
frame, and then stained with osmium tetroxide
vapour for 48h at room temperature. The stained
specimens were cut into a ribbon shape, and were
embedded in epoxy resin. Ultrathin sections were
made by cutting the embedded specimens parallel
to the stretching direction.

3. Results and discussion
3.1. Statistical analyses of failure
behaviours

A statistical analysis of lifetime distributions for

SBS in the creep and stress relaxation experiments

was made by using a Weibull distribution [19], on

the basis of the stochastic theory for the failure

behaviour of rubber vulcanizates proposed by

Kawabata [17] and Fukumori and Kurauchi [18].
In this theory the probability of survival, R (¢),
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where ¢ is time, and 8 and m are constants. Hence,
from Equation 1, the transition probability, or
the failure rate, u(t), is obtained as

—dR ()/d¢ mt™ !
R(r) B
The failure rate, u(r), indicates three types of
failure mode corresponding to the values of m in
Equation 2 as follows [20]:

@

m=1 random failure; p£(#) is constant
against time

m>1 wear-out failure; u(#) increases
with time

m<1 initial failure; u(#) decreases with
time

Thus, by the equation of m (the Weibull modulus)
the failure mode can be determined. Equation 1 is
transformed into

In [-InR(2)] 3)
From the slope of In [—1In R(#)] plotted against

Int, ie. the Weibull plot, the value of m can be
determined.

mlnt—mlnf

carbon-reinforced rubber vulcaizate [18]. As seen
in this figure, observed values for each material
appear to fit a straight line well. The value of m
is nearly equal to 1.0 for the pure rubber vulcan-
izate, while the value of m for the carbon-reinforced
rubber vulcanizate is larger than 1.0. Thus we con-
cluded that in the pure rubber vulcanizate, random
failure (m = 1) occurs, followed without delay by
the initiation and propagation of an unstable crack;
and that in the carbon-reinforced rubber vulcani-
zate, wear-out failure (m = 2.70) occurs, due to
energy dissipation or the spatial effect near the
tips of growing cracks in the presence of carbon
black particles. In this case, multi-crack initiation
plays an important role to delay the initiation of
the critical crack and the propagation of growing
cracks [18]. Hence, to compare the failure behav-
iour of SBS with that of the rubber vulcanizates,
the Weibull plots of the lifetime distributions for
SBS under all test conditions were examined in a
similar manner to that shown in Fig. 2.

Figs. 3 and 4 show the Weibull plots of the
distributions of the lifetime, tg, for SBS in the
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Figure 3 Weibull plots of the distribution of
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the lifetime, tg, in creeep for SBS. g, =
engineering stress, m = Weibull modulus.
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creep and the stress relaxation experiments respect-
ively. As seen in Fig. 3, the values of m in the
creep experiment are larger than unity at various
engineering stresses, 0.. Hence, it is proved that
the failure behaviour of SBS in the creep process
is of the wear-out type (m > 1), similar to that of
the carbon-reinforced rubber vulcanizate; this
implies that the PS domains in the continuous
polybutadiene (PB) matrix may serve as both
physical crosslinks and reinforcing fillers. On the
other hand, as seen in Fig. 4, the values of m in
the stress relaxation experiment are also larger
than unity at all values of stretch ratio, A. How-
ever, it is known that there are many differences
between the failure behaviour in the creep process
and that in the stress relaxation one: the lifetime
distributions in the stress relaxation experiment at
stretch ratios of 7.0, 8.0 and 9.0 are almost the
same, but the lifetime at a stretch ratio of 10.0 is
longer than that at any lower stretch ratio. It has
never been observed for rubber vulcanizates that
the lifetime becomes longer at some higher stretch
ratio.
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Figure 5 Plots of log (ayy,) against log (tg) for SBS in
creep and stress relaxation. (og,) = mean true breaking
stress, (¢g} = mean lifetime, A = stretch ratio.

1728

103

107

Figure 4 Weibull plots of the distribution of
the lifetime, ¢g, in stress relaxation for SBS.
A = stretch ratio, m = Weibull modulus.
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Fig. 5 shows the dependence of the mean life-
time, {fg), on the mean true breaking stress, {0y},
in the creep and stress relaxation experiments. In
this figure, on the basis of the theory proposed for
rubber vulcanizates [17, 18], log{a;p) is plotted
against log{zg) for SBS. As seen in the figure, the
plot for SBS in the creep experiment follows a
straight line in accordance with the results for
rubber vulcanizates. On the other hand, the plot
for SBS in the stress relaxation experiment deviates
greatly from a linear relationship. Moreover, in the
stress relaxation experiment the mean true breaking
stress, (0y,?, at a stretch ratio of 10.0 is a little
lower than that at 9.0.

Thus, from the results for SBS mentioned
above, we consider that the true stress in the stress
relaxation process may decrease rapidly at large
deformation, associated with a change of structure
in SBS which causes energy dissipation in the
material and leads it to be more stabilized. This
energy dissipation mechanism due to the change of
structure probably makes the differences between
the failure behaviour of SBS and that of the rubber
vulcanizates.

3.2. Creep and stress relaxation properties
The creep property, A(¢), and the stress relaxation
property, 0¢(f), are empirically approximated by
the following equations [17]:

Ap) = o tFe 4)
for the case of large A, and
0e(t) = 0o tPx (5)

where Ay, 0¢, k, and k, are constants. The values
of k. (the creep rate) and k, (the stress relaxation
rate) were obtained from the expeimental data
under all the test conditions, and are plotted
against log{rg) in Fig. 6. As seen in this figure,
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Figure 6 k, and k, plotted against (tg) for SBS, k.=

creep rate, k, = stress relaxation rate, {fg) = mean life-
time.

the value of k, increases with increasing (fg) in the
creep process, and the value of k, increases remark-
ably with increasing (#g) in the stress relaxation
process. These results for SBS, especially in the
stress relaxation process, are quite contrary to those
for carbon-reinforced rubber vulcanizate, in which
the mean lifetime decreases with increasing k,, or k,

[18]. The results for the carbon-reinforced rubber
vulcanizate have been reasonably explained as
follows: an irreversible change of the structure
occurs rapidly after the first application of high
strain, and is associated with the initiation of
submicro-cracks caused by the progressive detach-
ment of weak bondings with carbon black particles.
The irreversible change of structure was in this
case related to the increment in k.

Thus, we consider that there are some differ-
ences between the stress relaxation mechanism in
SBS and that in the carbon-reinforced rubber
vulcanizate, and that a high energy dissipation
(due to the different relaxation mechanism) con-
tributes to the release of stress comncentration in
SBS, and prolongs the lifetime of the material.

3.3. Fracture surfaces

Typical fracture surfaces of SBS in the creep and
stress relaxation experiments, observed with an
SEM, are shown in Fig. 7. As seen in Figs. 7a and
b, the features of the fracture surfaces of SBS in
both processes may be too complicated to discuss
in detail from the standpoint of fractography.

Figure 7 SEM images of fracture surfaces of SBS in (a) creep; (b), (c) stress relaxation.
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Figure 8§ TEM images of ultrathin sections of SBS specimens: (a) unstretched; (b) stretched to A = 7.0; (c) stretched to
A =9.0; (d) stretched to A == 10.0. Arrows indicate the stretching direction.

Moreover, as seen in Fig. 7¢, multi-cracks initiate
at many portions of a specimen in the stress relax-
ation process. We suggest that the multi-crack
initiation mechanism also contributes to energy dis-
sipation in the material, especially at large defor-
mation in the stress relaxation experiment.

3.4. Change of morphology on deformation
Fig. 8 shows TEM images of ultrathin sections of
ring specimens of SBS in both the unstretched and
stretched states. As shown in Fig. 8a, the Cariflex
TR4113 specimen as moulded by compression
moulding in the unstretched state has a hetero-
geneous structure, in which the PS spheres are
randomly dispersed in the continuous PB matrix
and are interconnected to form a short rod-like
structure or in some degree a reticular one. The
morphologies of SBS in the stretched state at
stretch ratios of 7.0, 9.0 and 10.0 are shown in
Figs. 8b—d respectively. As seen in Fig. 8b, at a
stretch ratio of 7.0 the short rod-ike strings of
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PS spheres become aligned in the stretching
direction with the orientation of the PB chains.
At a stretch ratio of 9.0 (Fig. 8¢) the PS domains
are oriented in the stretching direction and become
more ellipsoidal, so that the PB chains may become
fully oriented. At a stretch ratio of 10.0 (Fig. 8d)
the interconnected PS spheres eventually break up
into individual particles, i.e. spherical domains,
while the PB chains remain oriented in the
stretching direction. We consider that considerable
dissipation of the mechanical energy stored through
stretching occurs due to the disruption of inter-
connections between the PS spheres; and that
during the application of mechanical energy
through stretching, the lower energy-requirement
for the disruption of weak interconnections may be
met sooner than the high energy-requirement for
the scission of PB chains.

Thus, we estimate that increased energy dissi-
pation, caused by the disruption of PS domains,
may relieve local stress concentrations, delay the



Stretched state

(a) Initial

(b) A=7.0 {c) (h=9.0)

initiation of a critical crack or the propagation of
growing cracks, and prolong the lifetime of the
material. On the other hand, the PB chains are still
oriented, and this may be followed by the forma-
tion of localized heterogeneous regions of lower
density in the PB matrix. We believe that in the
lower-density regions, microvoids occur and ulti-
mately grow to form a crack. The formation of
the lower-density regions in elastomeric block
copolymers was proposed by Inoue et al. [16],
who investigated the deformation mechanism of
elastomeric block copolymers by means of simul-
taneous measurements of tensile stress—strain
relations, small-angle light scattering and smali-angle
X-ray scattering.

In the stress relaxation process, the true stress
decreases monotonously with time at a constant
stretch ratio. Hence, the energy dissipation associ-
ated with the change of morphology at large defor-
mation leads the material to be more stabilized, as
long as the strain is held constant. Dangling frag-
mented PS domains or lower-density regions in
the PB matrix may be regarded as relatively stable
for the initiation of a critical crack in the stress
relaxation process,and the initiation of multi-cracks
occurs more frequently in comparison with that
in the creep process mentioned above.

On the other hand, in the creep process the true
stress increases monotonously with time, which is
similar to the dependence of stress on strain under
tension. Hence, the change in morphology at large
deformation, caused by the plastic flow and disrup-
tion of the PS domains, progresses steadily with
time. Eventually, microvoids may possibly occur
in lower-density regions of the matrix, and grow to
some critical size, accompanied by the initiation of
cracks over fewer portions of the specimen com-
pared with that in the stress relaxation one.

Thus we concluded that the differences between

Figure 9 Schematic 'represen-
tation of morphological changes
in the structure of SBS on
deformation: (a) short rod-like
PS domains randomly dispersed
in PB matrix; (b) alignment of
PS domains in the stretching
direction; (c¢) orientation and
deformation of PS domains in
the stretching direction; (d)
disruption of short rod-like PS
domains into spherical domains.
PS = polystyrene, PB = polybu-
tadiene.

(d) (a=10.0)

the failure behaviour of SBS and that of rubber
vulcanizates may be caused by characteristic
changes in the morphology of SBS on deformation,
especially in the stress relaxation process, and that
the controlling step in the overall failure process of
SBS may involve plastic deformaion and disruption
of the PS domains, associated with much energy
dissipation.

4. Conclusions

The failure behaviour in static fatigue of thermo-
plastic elastomers has been studied by statistical
analysis of lifetime distributions, on the basis of
the stochastic theory proposed for rubber vulcan-
izates; this was related to the change of morphology
in the stretched state observed ‘with a TEM. The
differences between the failure behaviour of
thermoplastic elastomers and that of rubber vul-
canizates were then discussed.

In the thermoplastic elastomers, wear-out failure
{m > 1) occurs in both creep and stress relaxation
processes; it isassociated with multi-crack initiation
in which a plastic component dispersed in a matrix
of rubbery component serves as both physical
crosslinks and reinforcing fillers, in a similar man-
ner to that in carbon-reinforced rubber vulcanizate.
In the stress relaxation process, however, increased
energy dissipation is caused by plastic deformation
and disruption of the domain structures at large
deformation; this prolongs the lifetime of the
material at constant stretch ratio, in contrast with
the results for rubber vulcanizates. The morpho-
logical changes in these materials on deformation,
accompanied by the alignment and orientation of
plastic domains in the stretching direction and the
disruption of the domains, are illustrated sche-
ematically in Fig. 9. In thermoplastic elastomers,
the rubbery chains become possibly more highly
oriented on deformation than those in the rubber
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vulcanizates, so that this contributes to the high
strength of the former.

We concluded from these results that the dif-
ferences between the failure behaviour of thermo-
plastic elastomers and that of rubber vulcanizates
are mainly caused by the morphological changes of
thermoplastic e‘lastomers on deformation.
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