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Effects of temperature on the uniaxial cyclic compression of a polypropylene based thermoplastic vulcanizate
were studied in the range —40 °C-100 °C. The effect of temperature on the stress level was similar to that on the
storage modulus from dynamic mechanical analysis. The residual strain after a cycle increased with decreasing
temperature below 23 °C, while from 23 °C to 100 °C the effect of temperature was small. Both dependencies
were correlated with the effect of temperature on the fraction of stress relaxed in the cycle. The residual strain
after a cycle and the standard compression set (ISO 815-1, method A) had different temperature dependencies,

and this was rationalized based on the different timescales of the tests and the different temperatures during
loading and unloading. Two different methods for determining the Poisson’s ratio in this temperature range were
investigated in terms of measurement accuracy. The preferred method was based on input from dynamic me-
chanical analysis and triaxial compression.

1. Introduction

Thermoplastic elastomers (TPEs) are used in an increasing quantity
[1,2]. TPEs are soft and elastic to large strains [1,3]. Compared to
crosslinked elastomers (rubbers), the advantages of TPEs include fast
production processes, and good possibilities for material recycling [1,3],
while the limitation of TPEs is the less ideal elastomeric behaviour, such
as higher compression set, and a stronger temperature dependence of
the properties [1,3].

Thermoplastic vulcanizates (TPVs) are a special type of TPEs,
combining a crosslinked elastomer and a thermoplastic [1,2]. The
morphology is phase separated; rubber particles are dispersed in a
thermoplastic matrix, and the structure is created by dynamic vulcani-
zation of melt mixed ingredients [1-4].

Several studies have related the mechanical behaviour of TPVs to the
microstructure [5-11]. The review by Ning et al. [6] assessed effects of
individual factors on the mechanical behaviour, but also remarked that
the mechanisms behind the mechanical behaviour remain unclear.

Most commercial TPVs are based on polypropylene (PP) as the
thermoplastic, and ethylene propylene diene monomer (EPDM) as the
dispersed rubber [1,3], referred to as TPV-(EPDM + PP) materials. For
improved properties, such as lower compression set at high

temperatures, there are PP-based TPVs with other rubbers, such as
cross-linked poly(styrene-b-(ethylene-r-butylene)-b-styrene) triblock
copolymer (xSEBS). The type of rubber and thermoplastic, and the
rubber fraction, are the main factors determining the TPV properties
[1-4]. Some other important factors are (1) the chemical compatibility
between the thermoplastic and rubber phases [12,13], (2) the crosslink
density and network architecture [14,15] and (3) the details of the
vulcanization and vulcanization agents [7,10,16,17].

The response to cyclic loading has been studied extensively for TPEs
and rubbers. These elastomer materials exhibit effects such as Mullins
effect [18], hysteresis, and an increase in residual strain and reduction in
stress level for each loading cycle. These effects were first studied for
particle filled rubbers, refer to the review by Diani et al. [19]. Drozdov
and Dusunceli [20] performed tensile cycling of PP and noted similar
effects on stress, residual strain and hysteresis loss. Most literature on
cyclic loading of TPVs consider tensile loading at 23 °C, see Table 1, but
there are also some studies of cyclic compressive loading: Wang et al.
[21] studied cyclic compression of a TPV (crosslinked ethylene-vinyl
acetate with styrene butadiene rubber) and evaluated the effect of
strain amplitude on residual strain and hysteresis loss. Heat treatment of
the specimens after testing (for 30 min) partially healed the Mullins
effect (reduced the softening when re-testing) and partially recovered
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the residual strain, and both effects increased with increasing heat
treatment temperature [21]. Liu et al. [22] studied the effect of the
rubber weight fraction for TPVs of HDPE and EPDM. Compared to 100%
EPDM, the TPV exhibited significantly higher stress, and larger residual
strain and hysteresis loss [22]. Also, the effect of an increased HDPE
fraction was similar to the effect of an increased strain amplitude [22].
The literature on cyclic loading of TPVs/TPEs at other temperatures than
23 °Cis limited. Drozdov and Christiansen [23-25] studied cyclic tensile
loading of a TPE in the temperature range from 25 °C to 90 °C. The TPE
was a carbon black reinforced hydrated styrene block copolymer [24].
They noted an effect of strain rate on the stress level, which was more
pronounced at high temperature [24]. Neither strain rate nor tempera-
ture had a significant effect on the residual strain [24]. Material models
for the response to cyclic loading are typically phenomenological [19].
Many of these models are generic and can be used for many types of
polymer-based materials. The models usually include a combination of
non-linear elasticity, viscoelasticity and viscoplasticity. Chagnon et al.
[26] remarked that the Mullins effect may be realistically modelled as
mechanical damage to the material, even though it is a stress softening
phenomenon.

There are few published studies on the effect of temperature on the
cyclic loading response of TPV materials. Also, there are few studies of
cyclic compression compared to studies of cyclic tension, although for
typical TPV applications, such as seals, the compressive properties are
more important than the tensile properties.

This article investigates the cyclic compression behaviour of a TPV in
a wide temperature range, focusing on the following key properties:
Modulus, residual strain after unloading (compression set), hysteresis
loss and Poisson’s ratio. Furthermore, the instant compression set after a
cycle is compared to results from the standard compression set test. This
article also addresses methods for determining the Poisson’s ratio. When
modelling the mechanical behaviour of nearly incompressible [28]
TPVs, using a correct Poisson’s ratio is imperative.

The material in this study is a commercial TPV-(xSEBS + PP). This
class of TPVs generally has lower compression set compared to the more
common TPV-(EPDM + PP) materials. The TPV in this study has been
the subject of other studies by the authors; one study comparing its
cyclic compression response to that of three rubbers (two EPDMs and
one LSR) [29], and one study on the TPV’s adhesion to hard polyamide
materials in two-component injection moulding [30].

2. Experimental
2.1. Material and specimen preparation

The TPV in this study is a commercial material; Thermolast TV6VAZ
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from Kraiburg (Waldkraiburg, Germany). This TPV is based on cross-
linked SEBS in a PP matrix, referred to as TPV-(xSEBS + PP). The
hardness of the TPV is Shore A 60, and it is modified for improved
adhesion to polyamides. Note that TPV-(xSEBS + PP) materials without
this modification typically have lower compression set.

TPV plates with thicknesses 2.0, 3.4 and 4.0 mm were injection
moulded (IM). The processing temperature was chosen from the higher
end of the processing window suggested by the material producer. The
injection speed was set to have the same flow front speed in the plates as
in IM standard tensile test specimens (type 1A of ISO 527-2) in accor-
dance with ISO 294-1.

An EPDM rubber with hardness Shore A 60 (compound E6T30), in
the form of compression moulded plates, was purchased from Trelleborg
Sealing Solutions.

2.2. Thermo-mechanical characterization

Differential scanning calorimetry (DSC) was performed with a TA
Instruments DSC2500 instrument. A 3.3 mg sample was cut from an IM
plate and placed in aluminium pan. The sample was heated, cooled and
heated again, in the range —90 °C-200 °C (rate: 20 °C/min).

Dynamical mechanical thermal analysis (DMTA) was performed
with a torsion fixture in an Anton Paar MCR 502 rheometer. The spec-
imen dimensions were 50 x 10 x 3.4 mm®, stamped from 3.4 mm thick
IM plates. The temperature range was from —100 °C to 140 °C (rate:
1 °C/min), and the sinusoidal shear strain had an amplitude of 0.05%
and a frequency of 1 Hz.

2.3. Cyclic uniaxial compression tests

Cylindrical specimens with diameter 11.4 mm were stamped from IM
plates (2.5 or 4.0 mm thick). The specimen configuration was pre-
studied (details not included here), to achieve uniaxial compression, i.
e. minimized barrelling and having a uniform strain field over the
specimen. A stack of three 4 mm thick cylinders led to an unstable stack
(uneven strain field), and a single 2.5 mm layer experienced barrelling.
The other combinations gave similar and satisfactory strain fields. The
standard configuration was chosen to be a stack of two 4 mm thick
cylinders, i.e. the specimen was a cylinder with height 8 mm and
diameter 11.4 mm (aspect ratio 0.70). In the standard for compressive
testing of elastomers (ISO 7743), test piece A has aspect ratio 0.42, and
test piece B aspect ratio 1.40. The roughness of the top and bottom
specimen surfaces was given by the polished IM tool surface.

Cyclic uniaxial compression tests were performed with a universal
testing machine (Zwick Z250). The cylindrical specimens were lubri-
cated with a mineral oil-based grease (Molykote BR2 Plus) in order to

Table 1

Cyclic loading studies of TPVs.
Thermoplastic Rubber Weight fractions Res. strain 1st cycle (max strain) Maximum strain in cycle Test details Ref.
HDPE EPDM 20-80 ~9% (50%) 10-50% stepwise Compression, 23 °C [22]
PP EPDM 50-50 28% (100%) 100% (+stepwise) Tension, 23 °C [27]
PA6 EPDM 40-60 ~54% (100%) 100% SC Tension, 23 °C [11]
PA6 XHNBR& HNBR 40-42-18 ~58% (100%) 10-100% stepwise Tension, 23 °C [14]
HIPS, SBS" SBR 30-9-70 ~13% (50%) 50-250% stepwise Tension, 23 °C [12]

~30% (100%)

EVA SBR (CB) 30-70(-30) ~2.5 (10%) 10-50% stepwise Compression, 23 °C [21]

~17% (50%)

CB: Carbon black.
HIPS: High impact polystyrene.
Res strain: Residual strain after cycle.
SBR: Styrene butadiene rubber.
SBS: Styrene butadiene styrene copolymer.
Stepwise: Repeated cycles to larger strains with the same sample.
SC: Single cycle.
# Compatibilizer.
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minimize the friction towards the steel plates of the compression fixture.
The tests were performed at five temperatures from —40 °C to 100 °C,
and non-room temperature tests were performed in a temperature
chamber. For the first loading cycle at —40 °C, stress build up was
delayed, which could be due to thickening of the grease and too low pre-
force. The temperatures in the chamber, and in a dummy specimen with
a thermocouple, were logged in most experiments, to ensure stabilized
temperature in the specimen prior to testing.

Eight compressive loading-unloading cycles were applied, between a
low pre-force and a strain amplitude of 25%, with a 2 s hold period
between each change of deformation direction. The tests were repeated
(with new specimens) minimum three times at each temperature. Tests
to higher strain amplitudes were also performed (40-50% and 70%) at
23 °Cand 100 °C. The crosshead speed for the specimen with height 8.0
mm (stack of two discs) was 6.4 mm/min.

For most tests, the strain field was measured optically with 3D digital
image correlation (DIC). The black specimens were prepared for DIC
measurements by applying a fine white speckle pattern (Fig. 1b). A
white base coat was also tested, for possibly improving the DIC mea-
surements, Fig. 1c. However, the white coat was problematic, at both
low and high test temperatures, due to cracking or detachment. The
optical measurements at sub-zero temperatures were not successful, due
to ice crystals appearing on the surface of the specimen. The DIC system
was VIC 3D from Correlated Solutions. Two cameras with resolution
2452 x 2052 and 75mm/f2.8 lenses were used. The setup is depicted in
Fig. 1a. The two cameras were mounted side by side, in order to have a
clear view of the specimen which was positioned between compression
plates having a larger diameter than the specimen. The entire cylindrical
specimen could not be in focus, and the focus was set at the centre of the
specimen (aperture f8 was used).

Under the assumption that the deformation of the lubricated cylin-
drical specimen is uniaxial and uniform (specimens exhibiting clear
barrelling were excluded based on the optical recording), this setup al-
lows for measuring the strains, in order to estimate the Poisson’s ratio.
The Poisson’s ratio (v) was calculated from the axial and circumferential
strains (¢, and &) according to Eq. (1).

v= —¢gy/€, (€8]

Hencky strains were used in Eq. (1), while nominal stresses and
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strains were used in Egs. (2)-(5). For the loading of cycle (n), a secant
modulus (Sz5¢,,) was calculated from Eq. (2) using the maximum stress
Omax,n and the corresponding strain emqy n, see Fig. 2. Note that, for all
cycles, this secant modulus is the slope from the origin, i.e. the start of
the first loading cycle. Hence, it is the secant modulus relative to the
specimen height prior to testing.

835%, n = Omax, n/ Emax, n 2

A cyclic compression set after a given cycle CCSy, i.e. the strain set
after unloading to the small pre-force in cycle n, was calculated from Eq.
(3), based on the maximum strain before unloading (emax,n, typically
25%) and the residual strain after unloading (ees,n), see Fig. 2.

CCS, =€y, n/ema.x, n (3)

The hysteresis loss in cycle n (U,), i.e. the energy dissipated in load

=}
o
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slope: S 7545,2 —cycle 1,3,4

—cycle 2

]
N
!

.7 O max.2

-1.2 T T
-0.3 -0.2 -0.1 0
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Fig. 2. Example of experimental data for cyclic loading to 25% compressive
strain, and some characteristics for the 2nd cycle; maximum stress after 2nd
loading (6max,2), residual strain after 2nd unloading (eres,2), and the secant
modulus of the 2nd loading curve relative to the original specimen height
(S25%,2). In some tests, the first loading curve did not pass through the origin
due to too small pre-stress. In these cases, the strains were corrected with a
correction strain (e.,), which was obtained by fitting a linear function (not
shown) to the experimental curve in the interval 0.03-0.06 MPa (marked with x
symbols in the figure).

Fig. 1. a) Experimental setup. 1: The specimen between compression plates. 2: The two DIC cameras. b) DIC paint speckle pattern; white paint droplets on the black

TPV. ¢) As b), but black droplets on white base coat.
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cycle n, was calculated from the area of the nth loading-unloading loop
(Eq. (4)). A relative hysteresis loss (Urel,n) was calculated by dividing the
absolute loss with the area under the loading curve (Eq. (5)).

U,= j{ ode (@)

n

Urel,n = U, / ode (5)

Emin, n

2.4. Triaxial compression tests

Triaxial compression tests were performed with a specimen placed
inside a cylinder and loaded with a piston. The specimen was lubricated
the same grease as in the uniaxial tests. The diameter of the cylinder and
specimen was 25 mm, and the specimen height was 8 mm (a stack of two
disks). 10% strain (axial and volumetric) was applied with a crosshead
speed of 1 mm/min. The initial stiffness (referred to as k) was calculated
between 2 and 5% strain. The strain was applied for 1 h before
unloading. Directly after unloading, the volumetric compression set was
measured (at the test temperature).

For this test, if we assume zero transversal strain in the cylindrical
specimen, an isotropic linear-elastic material law gives the following
relation between the axial stress (¢,) and the transversal stress (6, = 06y):

12

0, = 0, (6)
1—-v
The relation between axial stress and axial strain can be written as:
(1-v)
o, =3K €, = ke, 7
(1+p) @

where K is the bulk modulus and k is the initial slope of the stress-strain
curve. Hence, for an incompressible material (v = 0.5), the stress in the
specimen is hydrostatic (6, = o,) and the bulk modulus can be obtained
directly from the initial slope (k = K) (assuming that the material is
linear-elastic initially):

o.=Ke. 8)
The linear-elastic material parameters K, G and v are related as:

2G(1+4v)

K=30-w)

©
By combining Eqgs. (9) and (7), the Poisson’s ratio can be expressed as
a function of k and G:
2G —k
- - 1
YT26 -0 (10)
With Eq. (10) the Poisson’s ratio can be determined from the triaxial
compression test in combination with G’ from DMTA. From this, the bulk
modulus can be determined from Eq. (9) via Eq. (10).

2.5. Standard compression set tests

Compression set (CS) was tested at different temperatures based on
the standard ISO 815-1, method A (25% compression, specimen height
measurements at room temperature). The tests were repeated at least
three times. The specimen configuration was a stack of two 4 mm thick
discs with diameter 11.4 mm.
3. Results
3.1. DSC and DMTA

The DSC thermogram of the TPV shows a melting peak at 147 °C for
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the second heating, see Fig. 3 and a crystallization peak at 111 °C (not
shown). These peaks are associated with the PP phase of the TPV ma-
terial. The heat of fusion for the second heating was 17.0 J/g. The
indication of a Ty at —53 °C, and an endotherm around 15 °C, are
attributed to the SEBS [31].

The DMTA data (Fig. 4) shows a glass transition temperature (Tg) at
—58 °C. The shear storage modulus decreases gradually with increasing
temperature, from the T to the upper temperature of the measurements
(125 °C). At —40 °C and 100 °C, the storage shear moduli are 17 and 1.8
MPa, respectively.

3.2. Cyclic uniaxial compression

3.2.1. Stress-strain curve shapes

Fig. 5a shows the first and second cycle, at temperatures from 23 °C
to 100 °C. The temperature affects the loading as well as the unloading.
The maximum stress decreases with increasing temperature. Fig. 5b
shows the first and second cycle from —40 °C to 23 °C. The —40 °C
experiment stands out with a more non-linear unloading curve and a
higher residual strain. For all temperatures, the loading curve changes
shape from the first cycle to the second (Fig. 5a and b). The difference
between the second and 8th cycle is a moderate offset (Fig. 5c and d).
For the second and 8th cycles (Fig. 5c and d), as the temperature de-
creases, the loading curve gets a more distinct S-shape and the unloading
curve becomes more non-linear.

Curves for normalized stress vs. strain for the first cycle are shown in
Fig. 6. The difference between normalized stress during loading and
unloading is largest at the lowest temperature.

Stress-strain curves for higher strain amplitudes (40/50 and 70%)
are shown in Fig. 7a and Fig. 7b, for tests at 100 °C and 23 °C, respec-
tively. The qualitative effect of temperature is the same as for 25%
strain. During loading, but especially during unloading, the non-
linearity is more pronounced at 23 °C than at 100 °C. To further
examine this, the derivatives of the loading and unloading curves are
shown in Fig. 7c. For the loading to 70%, the derivative is higher for the
23 °C data than for the 100 °C data. The second derivatives are similar
initially (equidistant derivative curves), but they start deviating for
strains above ca 55%. For the unloading, the derivative is consistently
higher at 23 °C, and, when comparing the two temperatures, the second
derivatives mainly differ at large strains.

3.2.2. Modulus, cyclic compression set and hysteresis loss

The effects of temperature on the cyclic response are reported in the
section, with the parameters defined in Egs. (2)—(5). The secant modulus
for the first loading (Sas0,1) (Eq. (2)), shown in Fig. 8a, decreases with
increasing temperature. At the lowest temperature (- 40 °C), the Sas0,1
value is above the indicated trend for the other data points (dashed black
line). The temperature dependence of Sase,1 is similar to that of G’ from
the DMTA. The secant modulus for the 8th loading (S2s0,g) is lower than

Normalized heat flow / (W/g)

-1.4 T T T T
-50 0 50 100 150 200
Temperature / °C

Exo Up

Fig. 3. DSC results for first and second heating.
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Fig. 4. DMTA results (cooling). Shear storage and loss moduli on the left axis.
Loss factor on the right axis. The shear storage modulus of an EPDM rubber is
included for the discussion.

Sas0,1, but it has similar temperature dependence.

The cyclic compression set, CCS (Eq. (3)), shown in Fig. 8b, decreases
with increasing temperature up to 23 °C, whereas from 23 °Cto 100 °C it
seems to reach a plateau. The CCS values are higher after the 8th
unloading than after the 1st unloading, but the temperature dependence
is the same.

The hysteresis loss, U (Eq. (4)), is shown in Fig. 8c. It decreases with
increasing temperature, and the temperature dependence is similar to
that of Spse, and G’. The relative loss, Uy (Eq. (5)), is shown in Fig. 8d.
Uy is largest at —40 °C. There is no clear temperature dependence in the
interval —10 °C-100 °C.

The evolution of the main parameters as function of cycle number is
shown in Fig. 9. The secant modulus (S2s9) vs. cycle number (Fig. 9a)
follows a power law, as does the cyclic compression set (Fig. 9b). The
hysteresis loss (Fig. 9¢) and the relative hysteresis loss (Fig. 9d) both
decrease with increasing cycle number. The reduction from one cycle to
another is largest from the 1st to the 2nd cycle. From the 2nd cycle, both
parameters follow a power law.

-0.2 -0.15 -0.1 -0.05 0

Strain

-0.25

—23°C
—60°C
—100 °C

-0.2

-0.15 -0.1
Strain

-1.2

-0.3 -0.25 -0.05 0
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3.2.3. Poisson’s ratio

Fig. 10a shows circumferential strain versus axial strain in cyclic
compression. A small hysteresis between loading and unloading is
observed. There is some scatter between the two tests shown. Fig. 10b
shows (fits of) data for the first loading at 23, 60 and 100 °C. Up to at
least 20% strain the Poisson’s ratio is close at 0.5 at all temperatures.
The Poisson’s ratio determined from the slope of the quadratic fits in
Fig. 10a and similar for the other temperatures, were 0.50 + 0.03, 0.52
=+ 0.02 and 0.49 + 0.04 at 23, 60 and 100 °C respectively.

For comparison, Fig. 10c shows transverse versus axial strain in
tension (only for loading). The dashed lines in Fig. 10b and c, repre-
senting Poisson’s ratios of 0.5 and 0.4, respectively, indicate that the
Poisson’s ratio is larger in compression than in tension.

3.3. Standard compression set test

Standard compression set (CS) measurements (ISO 815-1, method A)
were also performed. Effects of test time and test temperature are shown
in Fig. 11a. At 100 °C, the CS value increases with test time up to about

0
—-40°C
—-10°C ~

-02 - &
—23°C = .

%04 | 60°C 7
bE —100 °C / 0.7
B -06 1 , P s

-0.8 A

El
026 025 -024 -023

-1

-0.2

-0.15 -0.1 -0.05 0

Strain

-0.3 -0.25

Fig. 6. Cyclic loading to 25% strain at various temperatures. Normalized stress
versus strain for the first cycle. (The initial part of the curve at —40 °C is
commented in Sect. 2.3.) The inset is a magnified view showing the stress
relaxation occurring in the 2 s hold time after reaching the maximum strain.

N
[
L

'
N
L

Stress / MPa

—23°C

N
o
.

-0.15 -0.1
Strain

-0.2

) —40°C
—-10°C
’ —23°C

Stress / MPa

-0.2

-0.15 -0.1
Strain

-0.25 -0.05 0

Fig. 5. Cyclic loading at various temperatures (see legends). Stress versus strain for a, b) first cycle (solid line) and 2nd cycle (dashed line), and ¢, d) 2nd cycle

(dashed line) and 8th cycle (solid line).
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Fig. 7. Stress versus strain for uniaxial compression tests at a) 100 °C and b)
23 °C. Data for first loading and unloading, for different strains at unloading
(one specimen per curve shown). c) Derivatives of the stress-strain curves in a)
and b). Thick red and black lines indicate trends (fits), and thin lines are the
calculated derivatives. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

350 h, and then levels off at about 63%. The CS value after 504 h (3
weeks) increases with increasing temperature, see also Fig. 11b.

3.4. Triaxial compression

The triaxial compression tests had a semi-long hold time (1 h) with
constant displacement between loading and unloading. Hence, the re-
sults can be assessed either as a cyclic stress-strain curve (Fig. 12a) or as
stress relaxation vs. time (Fig. 12b). The temperature has no clear effect
on the relaxation rate (Fig. 12a and b). The relaxation rates are low,
compared to typical values in uniaxial compression [32].

The bulk modulus can be assessed from these tests. If the Poisson’s
ratio is 0.5, the bulk modulus is equal to the initial slope (Eq. (8)), as
plotted in Fig. 12c. The temperature affects the initial slope and to some
extent the relaxation behaviour (Fig. 12b). The temperature also has a
small effect on the unloading curve, and on the hysteresis area which is
largest at 100 °C (Fig. 12a). The volumetric compression set, based on
the instant residual volumetric strain after unloading (Fig. 12c), de-
creases with increasing test temperature; from 14% at —40 °C to 7% at
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100 °C.

With the shear modulus from the DMTA measurements and the
initial slope from the triaxial compression test, the Poisson’s ratio can be
estimated using Eq. (10). This gives Poisson’s ratio values of 0.490;
0.497 and 0.499 at —40 °C, 23 °C and 100 °C, respectively. (Standard
deviations are omitted since the DMTA was only repeated twice.) With
these values, Eq. (9) allows for estimating bulk moduli, which are
plotted in Fig. 12c.

4. Discussion

Since temperature effects is a key element in this paper, the first
section below (Sect. 4.1) discusses the thermal characterization results.
Then, Sect. 4.2 discusses the effects of temperature, cycle number and
strain amplitude on the cyclic compression response; with sub-sections
for each key property. Sect. 4.3 presents a microstructural deforma-
tion mechanism first proposed by Soliman et al. [33], and uses it as a tool
in the discussion of temperature effects. Sect. 4.4 discusses the cyclic
compression set (CCS) values vs. standard compression set values.
Finally, the Poisson’s ratios are discussed in Sect. 4.5.

4.1. DSC and DMTA

The measured heat of fusion can be used to estimate the PP fraction
in our TPV. Wu et al. [34] studied a TPV-(xSEBS + PP + oil) with 20 wt%
PP. The Ty, of their TPV was about 153 °C (compared to 147 °C for our
TPV). They reported a crystallinity degree of the PP phase of around
35%. If we assume that the PP in our TPV has a similar crystallinity as
that in Ref. [34], then our measured heat of fusion corresponds to a PP
fraction of about 24 wt%.

Our storage modulus (Fig. 4) is comparable to that in Ref. [35] for a
TPV-(SBR + PP) with weight fractions 1:1. Our Ty at —58 °C (from tan §,
Fig. 4) corresponds to the soft segments of SEBS; ref. [36] observed a Ty
around —55 °C for PP-SEBS blends. A Ty associated with amorphous PP
was not seen in Fig. 4, unlike reports for a TPV-(SBR + PP) [35] where a
small peak at 8 °C was assigned to the PP phase. The lower limit for the
use of a TPV is related the elastomer T, [3], but the T, of the thermo-
plastic is also a governing factor.

4.2. Cyclic uniaxial compression

4.2.1. Effect of temperature on the modulus

The secant modulus (Szs¢,) for the first loading (Fig. 8a) decreases
with increasing temperature, with a temperature dependence similar to
that of the shear storage modulus G’ (Fig. 8a).

In the range —10 °C to 100 °C (Fig. 8a), the slope for the Syso, data
appears to be slightly less steep than that of G/, especially at the highest
temperatures. This is probably related to the different strain amplitudes;
25% in the cyclic compression test vs. 0.05% in the DMTA. It is expected
that the relative effect of the rubber phase on the apparent stiffness in-
creases with increasing strain. Hence, since the rubber stiffness is less
sensitive to temperature than the PP phase, Sy5¢, will be less sensitive to
temperature than G’.

In Fig. 8a, the Sys50, and G’ values are of similar magnitude. However,
for a linear-elastic isotropic material, the tensile modulus (E) is up to
three times larger than the shear modulus (depending on the Poisson’s
ratio). The low magnitude of Sys¢, compared to G’ is probably mainly
related to the higher strain amplitude in the former test, but the lower
strain rate can also play a role. We also considered if anisotropy in the
injection moulded specimen could be a factor. The uniaxial compression
strain is in the thickness direction of the injection moulded plate, while
the DMTA shear strain was in the in-plane direction. However, the re-
ported anisotropy of injection moulded PP-based TPVs [37] would
contribute in the opposite direction of our observed effect.

The stress-strain curve for the second loading is affected by tem-
perature: At 100 °C it is nearly linear, but for decreasing temperatures
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the shape is increasingly non-linear, see dashed curves in Fig. 5ab and
Fig. 6b. The difference between the first and second loading is due to the
Mullins effect.

4.2.2. Effect of temperature on the cyclic compression set

The CCS data (Fig. 8b) shows two regimes of temperature depen-
dence. 1) At 23 °C and above, the temperature has almost no effect. 2)
Below 23 °C, a decrease in temperature leads to an increase in the CCS
value. The regime with marginal temperature influence is similar to data
published by Drozdov et al. [23-25], who studied the effect of temper-
ature on the tensile cyclic response for a carbon black reinforced TPE, in
the temperature range 20 °C-90 °C.

The small effect of temperature on the CCS value in the range
23°C-100 °C seems to be related to the (small) temperature dependence
of the relaxation of normalized stress, in the timeframe of a cycle. Fig. 6
shows that, in this temperature range, there is almost no effect of tem-
perature on the normalized stress relaxation during the short hold
period at 25% before unloading. Hence, the CCS value seems to be
governed by the fraction of stress relaxed in the cycle; when this fraction
is almost the same at a higher temperature, the CCS value will also be
similar. In stress relaxation tests of the same TPV [32], the relaxation
rates are almost the same at 23 °C and 100 °C, for the normalized stress
during the first 1 h. This agrees with our conjecture above.

The temperature dependence of the stress relaxation of a PP
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copolymer was published by Drozdov [38]. The PP phase will reach a
stress plateau earlier at 100 °C than at 23 °C, as expected from
time-temperature superposition of polymers that are more or less
thermo-rheologically simple. This is not reflected in our CCS values,
partly due to the dominant role of the elastomer phase, and partly due to
the timeframe of our experiment.

For our CCS data at 23 °C, —10 °C and —40 °C, we observe an in-
crease with decreasing temperature (Fig. 8b). Again, this seems to be
related to the relaxation of normalized stress. At a lower temperature,
the relaxation is higher (Fig. 6), causing a higher CCS value. However,
below the T, of the PP phase (not seen in the DMTA data, though), the
mechanism is probably somewhat different from the case discussed
above, since the hardness and possible damage of the PP may play a role.
Stress relaxation tests of our TPV [32] show a similar temperature
dependence in this temperature range. Initially (time <1 min), the
normalized stress relaxes faster at —10 °C than at 23 °C. After this, the

Polymer Testing 112 (2022) 107650

a) 70

60 - . * % %

50 ] _., ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,
40 1 i x 100
&30 - 070

20 * 60

& ©23
0 210
0 : , . . .
0 200 400 600 800 1000 1200
Time/h
b) 80

70

60 -
°\° 50 1
2 40
© 30

20 1 x 504 h

1047 1008 h

0 : , , ' '

-20 0 20 40 60 80 100 120
Temperature / °C

Fig. 11. a) Compression set versus test duration (legend: test temperature). b)
Compression set versus test temperature (legend: test duration). The solid line is
a linear fit of the 504 h data, and the dashed line is an Arrhenius fit (with
activation energy E, = 11.4 kJ/moleK).

relaxation rates are similar (the data set ends at 1 h), but the degree of
relaxation remains highest at —10 °C.

4.2.3. Effect of temperature on the hysteresis loss

The hysteresis loss (U) decreases with increasing temperature
(Fig. 8¢), and in the interval —10 °C-100 °C the temperature effect can
be fitted with an Arrhenius function. In the same interval, the relative
loss (U is nearly unaffected by temperature. At —40 °C, both U and
Uyl are higher than the trend for the other temperatures. A large hys-
teresis loss may generate excessive heat, which is unwanted [3]. The
relative loss characterizes the deviation from an ideal elastomer, which
has zero loss.

4.2.4. Trends vs. cycle number

The main features of the stress-strain response for cyclic loading are
generic for polymeric materials; for each new cycle there is a stress
softening, a shift of the loading-unloading curve towards larger strains,
and a reduction in the hysteresis loss [18,19]. There is a large difference
between the first and second loading (also without a Mullins effect).
After a certain number of cycles (e.g. 10), the difference between
consecutive cycles is small.

The Sas¢, value decreases with increasing cycle number, following a
power law (Fig. 9a). A similar softening behaviour has been reported for
TPV-(EPDM + PP) [39], TPU [40] and TPV-(EPDM + HDPE) [22]. The
CCS value increases with increasing cycle number, also following a
power law trend (Fig. 9b). A similar trend has been reported for other
TPEs [22,23].

Hence, Sysy, and CCS values change gradually as function of cycle
number, with no special transition between the first and second cycle, as
for parameters affected by the Mullins effect. Note that our secant
modulus (Eq. (2)) is really just representing the stress at 25% strain.

The U value decreases with increasing cycle number (Fig. 9¢). A
larger reduction is seen from the 1st to the 2nd cycle than between the
other cycles. This is due to the Mullins effect. From the 2nd to the 8th
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cycle, the trend can be fitted with a power law. A similar pronounced
step in the hysteresis loss was reported in Refs. [21-24]. The U, value
(Fig. 9d) also has a pronounced reduction from the 1st to the 2nd cycle,
and from the 2nd to the 8th cycle it decreases further, but less than U
does.

4.2.5. Effect of strain amplitude

Fig. 7a (100 °C) and Fig. 7b (23 °C) show how the strain amplitude
affects the non-linearity of the stress-strain curve for the first loading
and unloading. At 100 °C, the material is softer, so the derivative of the
stress-strain curve is lower during loading (Fig. 7c). At large strains, also
the second derivative is lower at 100 °C. During unloading at 100 °C
there is a distinct change in slope for the derivative around 68% strain
(Fig. 7c). This was not observed when unloading from 50% strain at
100 °C, or when unloading from 70% strain at 23 °C. The distinct change
in slope for the derivative could be related to a change in the micro-
mechanics. A parallel could be drawn to Ref. [41], which developed a
material model for the Mullins effect and cyclic softening of a filled
elastomer. The model combined hyperelasticity and internal sliding
with friction. During both loading and unloading there was an onset of
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sliding at a certain criterion. The onset of sliding during unloading gave
a curve with a change of slope similar to our data. Furthermore, if we
assume a mechanism as in Ref. [41] to be active in our TPV, this in-
dicates that the onset occurs at a lower strain at 100 °C than at 23 °C.

4.3. A model for the deformation mechanism of a TPV in compression

Here, we shall attempt to explain the effect of temperature on the
macro behaviour via the properties of the individual phases in the TPV,
by including temperature effects in a micromechanics model suggested
for TPVs [33].

Soliman et al. [33] proposed a deformation mechanism for a
TPV-(EPDM -+ PP), considering a single elastomer sphere coated with a
layer of thermoplastic, see Fig. 13a. In-situ infrared spectroscopy during
testing showed localized strain in the TP [33]. Upon loading, the ther-
moplastic around the equator is stretched above the yield stress, and the
unloading causes buckling of the deformed ligaments, see Fig. 13a [33,
42]. This model has been applied to tensile loading and unloading of
various TPVs [6,14,42-44]. An attempt to consider the model for
compression is shown in Fig. 13b: Compression flattens the elastomeric
core and deforms the thermoplastic shell, which to a certain degree
resists the reshaping. Upon unloading, the adhesion between the two
phases will pull the thermoplastic back.

4.3.1. Effect of temperature on the elastomeric and thermoplastic phases
The generic effects of temperature on the mechanical properties of
elastomer and thermoplastic are summarized in Table 2: The elastomer
is rather unaffected by temperature when it is above Tg, and its Poisson’s
ratio is close to 0.5. A typical thermoplastic has a strong temperature
dependence. The modulus and yield stress decrease with increasing
temperature [20,38], and the stress relaxation rate decreases with

a Tension

O

n,ﬂpﬂﬂ“’"'"“"“m""m""'""m
i

Fig. 13. Simplified behaviour of a TPV in a) tension (adapted from Ref. [33])
and b) compression. The TPV is represented by a single elastomer particle
(yellow) coated with a thermoplastic layer (grey). Red indicates yielding and
plastic deformation of the thermoplastic. (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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Table 2

Simplified summary of effects of temperature on the mechanical properties of
the two main phases in a TPV, in a temperature range above and below room
temperature, corresponding to the service temperature range for the TPV.

Elastomer Thermoplastic
Modulus Small effect of T Decreases with increasing T
Strain recovery Small effect of T Small effect of T
Stress Small decrease with Decreases with increasing T Larger
relaxation increasing T effect of T below Tg
rate

increasing temperature (in the range 23-100 °C) [38]. The glass tran-
sition of the thermoplastic influences some temperature dependencies.
For instance, the effect of temperature on the relaxation rate is stronger
below T [45,46]. The Poisson’s ratio of a thermoplastic is around 0.4 at
23 °C and it increases with increasing temperature [47].
Spieckermann [48] reported that for cyclic compression of a PP, the
strain recovery was nearly unaffected by temperature between —20 °C
and 50 °C, but the recovery was slightly lower at —20 °C for true strains
above 20%. A similar absence of effect of temperature on strain recovery
was reported by Drozdov and Dusunceli [20], for a PP subjected to cyclic
tensile loading to 15% strain, in the temperature range 23 °C and 100 °C.

4.3.2. Effect of temperature on the deformation mechanism

When reducing the temperature below 23 °C, the difference in
modulus between the two phases increases. Hence, when unloading
below 23 °C, the elastomer-driven recovery is partially opposed by the
(stiffer) thermoplastic. There is also a mismatch in Poisson’s ratio
(which increases with decreasing temperature) that may contribute to a
multiaxial stress state in the thermoplastic. As mentioned, the stress
relaxation rate of the thermoplastic increases with decreasing temper-
ature below 23 °C. In addition, the viscoelastic recovery rate of the
elastomer decreases. These factors can explain the increase in the CCS
value with decreasing temperature below 23 °C (Fig. 8b).

At 23 °C and above, the stiffnesses of the thermoplastic and elas-
tomer phases are more similar, and the elastomer may readily pull the
thermoplastic back to its the original shape. The almost negligible effect
of temperature on the CCS value can be attributed to the similar effect on
stress relaxation. (Fig. 8b). Additionally, above a certain temperature,
the elastomer may eventually be stiffer than the thermoplastic. Above
this "turning point" the recoverability of the elastomer will overshadow
the influence of the thermoplastic. DMTA data for an EPDM rubber
(Fig. 4) suggests there is such a "turning point". (Since we have not tested
the elastomeric phase in our TPV separately, the G’ of an EPDM is
included in Fig. 4 to demonstrate typical properties of a crosslinked
elastomer.)

The temperature dependent deformation mechanisms outlined
above may be a tool to better understand the effect of temperature on a
TPV subjected to cyclic loading.

4.4. Standard compression set vs. cyclic compression set

This sub-section will attempt to explain why the standard compres-
sion set (CS) after three weeks is higher than the cyclic compression set
(CCS) at temperatures in the range 23-100 °C, but lower at —10 °C.

For compression set measurements in general, with any setting
duration, the effect of temperature on the compression set may be
related to 1) the kinetics of changes in links in the strained network; loss
of links (e.g. via chain disentanglement, irreversible damage of the
microstructure during loading or chain scission), as well as formation of
new links that resist recovery (e.g. via chain entanglement, chemical
crosslinking or crystallization), 2) the kinetics of strain recovery after
unloading, and 3) the temperature dependence of the modulus and re-
covery force of the entropy-governed elastic network.

The standard CS test (ISO 815-1, method A) differs from our CCS
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measurements: For the CS test, the duration of compression is much
longer, and the compression strain is constant. Also, the time for re-
covery (before measuring the residual strain) is longer (30 min).
Furthermore, the entire CCS test is performed at the test temperature,
while in the CS test the specimen is compressed and decompressed at
room temperature, and the CS value is based on specimen heights
measured at room temperature, before and after the test. This will have
some consequences: 1) For tests at temperatures below the Ty of one of
the phases, the deformation mechanism and potential damage will be
different for the CS and CCS tests. 2) For CS tests above/below room
temperature, the heating/cooling of the compressed specimen will cause
a thermal stress which slightly increases/reduces the initial compressive
stress in the test.

The CS value increases with increasing test time, and then seems to
reach a plateau (Fig. 11a). At 100 °C, the plateau is reached when the
test time is about 500 h (three weeks). In the range 23-100 °C, the CS
plateau value is larger than the CCS value (after 8 cycles, as well as the
power law plateau value). However, for a short CS test time, the CS value
would be equal to the CCS value. For TPEs tested at 23 °C, this crossover
test time can be on the order of 1-3 days [32]. Note that the CS value of a
TPV will not necessarily stabilize on a plateau, even after several
months. In Ref. [15], six different TPVs were tested up to 1450 h at
125 °C, but only one of them reached a plateau in this timeframe. For
longer test durations than in our study, the CS value of our TPV may also
increase further, above the apparent plateau.

Our 508 h CS data in the range —10 °C-100 °C shows a monotonic
increase with increasing temperature (Fig. 11b). This trend is well
known from technical documentation of commercial materials, and in
the scientific literature it is reported for a few TPEs [49,50], and for
several rubbers [51,52]. It can be related to long-term physical and/or
chemical processes that affect the network [53-55].

In the range 23 °C-100 °C, the CS value is larger than the CCS value
(and the difference increases with increasing temperature), but at
—10 °C it is opposite (Figs. 8b and 11c). Hence, the difference (CS - CCS)
increases in the entire temperature range (being negative at —10 °C).
The CS value being higher than the CCS value is due to the long duration
of the CS test, and the physical and chemical processes mentioned
above. The opposite observation at —10 °C is due to the difference be-
tween the two tests (see above). One possible reason is that in the CS test
the specimen is loaded and unloaded at room temperature, while in the
CCS test this occurs at the test temperature. Hence, for tests at —10 °C,
the loading in the CCS test will cause more plastic deformation and
damage in the PP phase. Furthermore, the CCS test allows less recovery
due to shorter recovery time and lower recovery temperature. The PP
phase, in particular, will resist the recovery at low temperatures, due to
its increased stiffness relative to the elastomer stiffness at low temper-
atures. Similar arguments can be used to explain that the difference (CS -
CCS) increases with temperature in the entire temperature range.

4.5. Poisson’s ratio

The Poisson’s ratio was determined via two methods: (i) Directly
from uniaxial transverse strain vs axial strain in uniaxial compression
using DIC (using Eq. (1)). (ii) Indirectly, from a combination of triaxial
compression and DMTA (using Eq. (10)).

The first method allowed for determining the Poisson’s ratio in the
entire strain range, but the method is sensitive to inhomogeneities in the
strain field (especially for small strains). Poisson’s ratios determined by
this method exceeded 0.5 in some cases, and the standard deviations
were up to 0.04 (Fig. 10a). This is believed to be due to the low, but non-
zero, friction between specimen and compression plate.

Regarding the second method, it was showed that the initial slope
from the triaxial compression test (k) was a good approximation of the
bulk modulus (K). The second method seemed more robust, as the
Poisson’s ratio was calculated from entities with good repeatability (k
and G'). The sensitivity of the Poisson’s ratio obtained Eq. (10) to the
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variation in G and k values is low; a variation of 10% affects the Pois-
son’s ratio by only around 0.1%. However, there could be systematic
errors. One such error could be that friction in the triaxial test would
give a k value in Eq. (10) which is too high, leading to a too high
calculated Poisson’s ratio. If we take the Poisson’s ratio determined at
23 °C as an example (0.4973), the k value must have been about 24%
lower to affect the third decimal of this Poisson’s ratio. Hence, the
friction in a lubricated triaxial test probably has a small effect on the
determined Poisson’s ratio. Another systematic error could be related to
the anisotropy of the specimens.

5. Conclusion

The temperature dependence of the cyclic compression of a TPV has
been studied. This study complements the TPV literature which has very
few studies of temperature dependence, and even fewer with compres-
sive cyclic loading.

The TPV in the study was a TPV-(xSEBS + PP) with a Tg of —55 °C
(attributed to the xSEBS) and a melting temperature of 147 °C (for the
PP). The study covered the temperature range —40 °C-100 °C.

The observed trends for the cyclic compression behaviour versus
temperature are summarized as follows:

e The secant modulus at 25% compressive strain had a temperature
dependence which was similar to that of the DMTA storage modulus.

e The non-linearity of the second loading curve decreased with

increasing temperature. (The first loading curve was linear in this

strain range.) The non-linearity is associated with the Mullins effect.

Hence the Mullins effect decreased with increasing temperature.

The hysteresis loss of a loading-unloading cycle decreased with

increasing temperature in the entire temperature range from —40 °C

to 100 °C, while the relative hysteresis loss (normalized by the area
under the loading curve) had almost no temperature dependence
from —10 °C to 100 °C.

e For the instant compression set after a given cycle (CCS) there were
two regimes of temperature dependence. At 23 °C and above, the
temperature had little effect, and we propose that this is linked with
the small effect of temperature on the fraction of stress relaxed
during the cycle. Below 23 °C, the CCS value increased with
decreasing temperature, and we relate this to the increase in relative
stress relaxation with decreasing temperature.

A micromechanical model (adapted from Suliman et al. [33]) was
used to explain the observed temperature effects, relating them to the
elastomeric and thermoplastic phases and their interaction during
loading and unloading. We conclude that this model is useful in un-
derstanding the effect of temperature on a TPV’s response during
compressive loading and unloading.

The Poisson’s ratio was determined with two methods. (i) Directly
from the uniaxial cyclic loading using DIC and (ii) Indirectly by
combining results from DMTA and triaxial compression. The second
method is promising, since it uses tests with good repeatability. With
this method, the Poisson’s ratios were determined to be 0.490; 0.497
and 0.499 at —40 °C, 23 °C and 100 °C, respectively.

The CCS values were compared with data obtained with the standard
(long-term) compression set (CS) test. The objective was to determine if
and how the CCS values correlate with the CS values. The CCS and CS
values had different temperature dependencies (even opposite trends
between —10 °C and 23 °C), and this is related to the different timescales
of the two tests; the CS test allows for long-term physical and/or
chemical processes. Another factor contributing to the difference be-
tween CCS and CS values, and their trends, is the fact that in the CS test
the specimen is loaded and unloaded at room temperature, while in the
CCS test this occurs at the test temperature.

One inference of this study is that the low-temperature cyclic
compression response of the TPV (data below room temperature in this
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study) is affected by the PP phase. The elastomer phase has a T below
the studied temperature interval, but the PP probably has a T, inside the
interval (although not determined in this study). At low temperatures,
the PP phase induces temperature effects via temperature-dependent
deformation and damage. Another inference is that the cyclic
compression set is linked with the stress relaxation in the test.
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