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ABSTRACT: This study deals with the effects of initial density and loading rate on the mechanical
response of thermoplastic polyurethane foams under uniaxial cyclic tensile loading. Tests were performed
at two different loading rates with five initial density levels. Volume changes were measured during
mechanical cycles using the mark tracking method. The mechanical response obtained for each speci-
men and loading condition has shown that the lower density, the lower the stiffness and the higher the
residual strain. Stress softening during the mechanical cycles has been characterized using an energetic
approach. Results show that the density has not significant effect on the softening. Moreover, volume
change measurements have shown that specimen volume increases significantly with the stretch applied.

Volume change strongly depended on the initial density.

1 INTRODUCTION

Polymer foams are widely used in many applica-
tions due to their high energy absorption capac-
ity. For instance, thermoplastic polyurethane
foams are used for anti-vibration applications in
automotive industry. They feature the mechani-
cal behaviour of rubber and are therefore sub-
jected to phenomena such as softening (Mullins
1948), cavitation (Ball et al. 1981, Diani 2001,
Goebel & Tobolsky 1971, Ramier et al. 2007a,
Ramier et al. 2007b), mechanical hysteresis and
residual strain.

Even though several studies have investigated
inelastic effect in thermoplastic polyurethane
(Bartolome et al. 2013, Ugarte et al. 2014),
they have not investigated the change in volume
induced by stretching while it is a preponderant
effect in polymer foams. In the present study, we
wanted to completely investigate the mechani-
cal response of thermoplastic polyurethane and
thermoplastic polyurethane foams, i.e. stress
softening, residual strain, hysteresis and volume
change.

2 MATERIALS AND EXPERIMENTAL
SETUP

2.1  Elaboration of polyurethane elastomer foams

The material considered here is a thermoplastic
polyurethane. It is denoted TPU in the follow-
ing. Cells are generated by using a patented proc-
ess, which consists in mixing TPU with carbon
dioxide in its supercritical state during injection.
This innovative process ensures the density to be
controlled accurately. In order to investigate the
effect of the density on mechanical response, sev-
eral specimens with different densities were elabo-
rated: 1.2, 0.724, 0.720, 0.539 and 0.519. They are
denoted respectively d, ,, dy 7545 dg 720> Ao 530 a0d djy 59
in the rest of the paper. It should be noted that
the density of TPU is equal to 1.2. As the speci-
men volume changes with the mechanical loading
(see Section 3.5), the density also varies during the
test. This is the reason why the term “initial den-
sity” is used in the following. The specimens were
obtained by cutting a bar with a water jet cutting
device. The gauge section of specimen is 20 mm



in length, 9 mm in width and 5 mm in thickness.
It can be noted that this geometry was chosen to
prevent any sliding in the grips. Moreover, the skin
formed during the molding of the bar was removed
from the specimen. This skin is stiffer than the rest
of the specimen and could influence the mechani-
cal response of the specimen.

2.2 Loading conditions

Uniaxial tensile loadings were applied using a
5543 Instron testing machine. Figure 1 presents
an overview of the experimental device. The
specimens were fixed in homemade grips to pre-
vent them from sliding. Mechanical tests were
performed by applying five mechanical cycles at
four increasing maximum stretch levels: 1.5, 2, 2.5
and 3. The stretch is defined as the ratio between
current and initial lengths. The signal shape cho-
sen was triangular to ensure a constant loading
rate during loading and unloading. In order to
investigate viscous effects, two loading rates were
chosen: £100 mm/min for specimens d, ,, d, ;,, and
d, 5o and £300 mm/min for specimens d, ,, d; .y
and d s;-

2.3 Stretches and volume change measurements

The specimen deformation was assumed to
be homogeneous in each direction of the test.
Stretches were determined by using the track
marking method. This method consists in tracking
the position of the center of marks at the speci-
men surface during the test. The reader can refer
to Chean et al. (2011) for further information on
this method. Two synchronized cameras are used.
They observe two perpendicular specimen surfaces.
Images are stored at a 5 images/s frame rate. Each
pair of marks enables us to determine the stretches
Ay, A, and A, in direction 1, 2 and 3 respectively,
which are the principal directions in the present
test configuration.

Testing ('

machine Camera

Figure 1. Overview of the experimental setup.

3 RESULTS AND DISCUSSION

In this section, results are first presented in terms of
stretch-stress response. Softening, residual strain,
hysteresis and volume change are discussed with
respect to the loading rate and the initial density.

3.1 Stretch-stress responses

Results obtained at £100 mm/min and +300 mm/
min are presented in Figure 2 (a, b, ¢) and (d, e, ),
respectively. Each diagram gives the nominal stress,
defined as the force per initial surface ratio versus
the stretch for different initial densities and the
loading rates applied. The analyze is carried out by
considering specimens d,,,, and d,,, to be com-
parable to specimens d,,,, and d, s, respectively.
Firstly, the shape of the mechanical response
obtained highlights a strong non-linearity in the
stretch-stress relationship. For each loading con-
dition and initial density, inelastic effects were
observed: softening, residual strain and hysteresis
(see for instance Figure 2(a)). In the next para-
graphs, the effects of the initial density and the
loading rate on softening, residual strain and hys-
teresis are more precisely detailed.

3.2 Softening

Softening is often considered as a damage phe-
nomenon (Beatty & Krishnaswamy 2000, Chagnon
et al. 2004, De Simone et al. 2001, Diani et al. 2006).
Physical interpretation of this effect is provided in
a recent study by Diaz et al. (2014) for elastomeric
materials.

Several studies have evidenced that

e

(e} n

Figure 2. Mechanical response (stress vs stretch) for a
loading rate equal to 100 mm/min (a) d, , (b) d; ;5 (¢) dy 56
and 300 mm/min () d, , (b) d ;5 (¢) d; 536-


http://www.crcnetbase.com/action/showImage?doi=10.1201/b18701-120&iName=master.img-000.jpg&w=189&h=114
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18701-120&iName=master.img-001.jpg&w=189&h=168

similar softening occurs in TPU (see for instance
Bartelome et al. 2013). Several methods can be
used to evaluate the softening, among them that
by Stevenson et al. (2001). This method consists in
calculating the ratio between the energies brought
during first load (WIL) and first unload (W1U)
at given maximum stretch applied. In the present
study, we have applied another methodology. It
consists in calculating the ratio between the ener-
gies brought during second (W2L) and first (W1L)
loads. This evaluation of the softening was pro-
posed in (Machado et al. 2010). This enables us to
remove the effect of hysteresis from the calculation.
The measurement of energy is defined by:

sz?;:d?

where 7 is the nominal stress tensor and F is the
deformation gradient tensor.

Figure 3 presents the evolution of this ratio for
different maximum stretches at different initial den-
sities and for loading rate equal to 100 (Fig. 3(a))
and 300 (Fig. 3(b)) mm/min. By comparing these
two figures, the loading rate was found to have
no significant effect on the softening in the range
of loading rates applied, even though the soften-
ing is slightly higher for a loading rate equal to
100 mm/min. Moreover, the initial density does
not significantly affect the softening. For these
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Figure 3. Influence of the loading rate and the ini-

tial density effects on softening (a) 100 mm/min (b)
300 mm/min.

three densities, the ratio slightly increases with the
stretch, from 76% at 1.4 to 83% at 2.6.

3.3 Residual strain

Figure 4 depicts the effect of initial density and
maximum stretch applied on residual strain. The
five diagrams present the results obtained for each
number of cycles in each set of maximum stretch
applied. For instance, the diagram entitled “Ist
cycles” gives the residual strain obtained for the
first cycles of each set of maximum stretch applied.
The diagrams show that the higher the maximum
stretch applied, the higher the residual strain level.
The maximum of residual strain was obtained for
the first cycles and for the next cycles, the residual
strain slightly increased. Moreover, the higher the
density, the lower the residual strain at a given
stretch. The difference was all the more large that
the maximum stretch reached is high. In d,, (TPU
without cells), the residual strain was stabilized
from the third cycle at a given maximum stretch
(the effect is illustrated using the dotted line curve).
This stabilization was not observed in TPU foams.

Concerning the effect of the loading rate,
Figure 5(a) and (b) show that the residual strain
for highest and lowest densities was higher for the
lowest loading rate.

3.4 Hpysteresis

Similarly to previous inelastic effects, hysteresis
was studied for each density and loading condi-
tion. Figure 6 gives the evolution of the hysteresis
area between the first load and unload (WIL-
W1U) versus the maximum stretch applied for the
three densities and the two loading rates applied.
As shown in Figure 6(a) and (b) for a loading rate
equal to 100 mm/min and 300 mm/min respec-
tively, the hysteresis area highly increases with

1% cyeles 2M cycles 3 cycles h cycles 5% cycles
[1, 6, 11, 16) {2,7,12,17) {3, 8,13, 18) 14,9, 14,19) (5, 10, 15, 20
Ol a1 200
35| ¢ 4-0.720 ! | o ! P
| @ d-0.539 b e A 4
_an| L » i - -
& ®
26} *
2 (-] i
B 20 af (" SIS LIRS ¢ N O MY %
3 & o 3 ._if -
g * / |
g 15! ; y |-
i $ g
[ o ¥
ol # / | » J F
/ / f o o
a
5§ # & # | B
O 9%s35s 1952253 1152253 1152253 1157383
Streteh

Figure 4. Influence of the initial density on residual
strain with respect to the maximum stretch applied and
the number of cycles for a given set of cycles. The loading
rate is equal to 300 mm/min.
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Figure 5. Influence of loading rate on residual strain
(a)d,,(b)dys
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Figure 6. Influence of the initial density on hysteresis
(a) 100 mm/min (b) 300 mm/min. Influence of the load-
ing rate on hysteresis area (c) d, , (d) d, 5,y and d 3.

the initial density. Figure 6(c) and (d) show that,
for the lowest and highest densities, the hysteresis
is not significantly affected by the loading rate.
Moreover, the ratio between hysteresis at cycles 2,
3,4 and 5 and the hysteresis at cycle 1 for each den-
sity and loading rate was quite the same whatever
the density considered, but it was highest when the
loading rate was lower.

In conclusion to this section, the mechanical
response of the TPU studied in the present paper
exhibits inelastic effects that is classically observed

in filled elastomers: softening, residual strain, hys-
teresis. This is in a good agreement with the micro-
structure of TPU, which is a segmented structure
that induces inelastic effects in filled as well unfilled
TPUs. These inelastic effects were widely studied
in the literature (Blundell et al. 2002), (Yeh et al.
2003) and (Unsal et al. 2009) but the comparison
between the response of TPU with and without
cells has rarely been reported and compared in the
literature. In this first part of the paper, we have
shown that cells lead to a decrease of hysteresis
area, slightly increase the residual strain and do
not affect the stress softening. Moreover, no study
has reported the change in volume induced by
deformation in TPU and TPU foams. This is the
aim of the next session.

3.5 Volume change

As explained above, polymer foams exhibit sig-
nificant volume change under deformation. The
volume change measurement provides therefore
information of importance for improving material
formulation and modeling its mechanical behav-
ior. In this section, we present first the effects of
loading rate and maximum stretch on the volume
change induced by deformation. Then, the effect
of initial density are analyzed. A discussion on
the origin of anisotropic effects detected is also
provided.

The evolution of stretches in the three directions
of space during mechanical tests for d, ,, d,,, and
dy 5o at 100 mm/min has shown that the stretches
A, and A, evolved similarly for the highest density.
Some differences were detected for d,,,,. They
evolved differently for d,. This highlights that
anisotropic effects took place and increased with
the porosity. The fact that the width and thickness
were different and that cell sizes were relatively large
compared to the specimen dimensions could make
the deformation of porosities different in the corre-
sponding directions. This is the reason why measur-
ing the volume change during deformation requires
to measure the stretch in each principal direction.

The volume changes measured during the test
were studied with the determinant of the deforma-
tion gradient tensor denoted J(t). It corresponds
to the ratio between actual and initial volume:
J(t) =v(t)/v(t=0). In case of isotropy or transversal
isotropy, the stretches in directions 2 and 3 are equal
and the determinant of the deformation gradient
tensor writes: Jx(t)=2,(t)- 7@ (1); (kz(t) = X3(t)).
In the present study, we wanted to account for
possible anisotropy effects. This is the reason why
the stretch in the specimen thickness A,(t) was also
measured.

Figure 7 illustrates results obtained for J*(t)
(isotropy or transversal isotropy) and J(t) (without
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Figure 7. Influence of the transverse isotropy assump-
tion on volume changes calculation for a loading rate
equal to 100 mm/min (a) 1st stretch level, d, ,.

any assumption) in case of the first stretch level
in d,, at 100 mm/min. This diagram clearly shows
that the material does not behave as a transver-
sal isotropic material. Indeed, the volume change
measured through J*(t) is higher than J(t). This
was observed whatever the stretch level, the initial
density and the loading rate. Figure 8 provides J(t)
with respect to the stretch for the five cycles per-
formed at first and fourth maximum stretch levels
chosen in specimen d,, at 100 mm/min (Fig. 8(a)
and (b)) and 300 mm/min (Fig. 8(c) and (d)). In
order to investigate the effect of the initial density,
results obtained for the lowest initial density, i.e. in
specimens d, ; were considered.
Results that can be summarized as follows:

— the number of cycles at a given stretch level had
not significant effect on volume change;

— for the lowest stretch level, the curves exhibited a
hysteresis loop in the sense that the loading and
unloading paths were different. More particu-
larly, the volume change was higher during the
unloading at a given stretch. This was observed
whatever the loading rate. This effect was less
significant for the lowest initial density or for the
last two maximum stretch levels applied;

— for each specimen and loading condition, the
higher the stretch level, the higher the volume
change, up to 15% for a stretch equal to 2.55 for
specimen d, ,, and up to a stretch equal to 1.65
for specimen d, ;

— the higher the initial density the lower the vol-
ume change;

— for specimen d, , the volume change increased at
a given stretch if the loading rate was lower;

— a contrario for specimen d, ;, the volume change
increased at a given stretch if the loading rate
was higher.

These last two observations can be explained by
the measurements of stretches in directions 2 (A,)
and 3 (A,).

For specimen d,,, the lower the loading rate,
the higher the time for the material to relax and

Figure 8. Volume change versus stretch for an initial
density equal to 1.2 (a) Ist stretch level 100 mm/min (b)
4th stretch level 100 mm/min (c) 1st stretch level 300 mm/
min (d) 4th stretch level 300 mm/min.

therefore to remove the contraction effect. This
effect was expected in such viscous material. For
specimen d, s, stress relaxation leads to a decrease
of cell volume, and therefore to a volume decrease,
which explains that the higher the loading rate, the
higher the volume increase.

4 CONCLUSION

The present study deals with the mechanical char-
acterization of TPU foams. A series of cyclic uniax-
ial tensile tests carried out at different loading rates
and different specimen densities. A specific geom-
etry has been designed to avoid any drift in the
machine grips. Softening, residual strain, hysteresis
and volume change are studied with respect to the
loading rate and the initial density. This study shows
that significant volume change is observed during
deformation of TPU foams. Moreover, it has been
shown that stress relaxation acts in opposite way in
TPU and in TPU foams. Indeed, loading rate vari-
ation has opposite effect on volume changes when
cells are present in the material.
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