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Highlights

Specimens of soft TPE-S were printed by Fused Deposition Modelling
Three different deposit angles were considered

Thermo-mechanical properties were characterized

The printing strategy has not a significant effect on the mechanical response

It has a more significant effect on the thermal response, especially the self-heating.
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Abstract

This work presents the first experimental characterization of the mechanical and
thermomechanical properties of a soft 3D printed thermoplastic styrenic elas-
tomer. The tested specimens were obtained by Fused Deposition Modeling with
a modified commercial 3D printer. Three different deposit strategies (deposit
angle of 0°, 45° and +£45°) have been tested. Scanning electronic Microscopy
was used for analyzing the microstructure of the printed specimens. The spec-
imens were tested under two different uniaxial tensile loadings. The first one
consists in applying several sets of load-unload cycles at three increasing strain
levels. The second one corresponds to one load-unload cycle at different loading
rates. For both tests, the temperature variations were characterized by means
of infrared thermography. Results showed that the printing strategy does not
have a significant effect on the mechanical response, including the softening,
the hysteresis loop and the permanent set, but has an effect on its thermal re-
sponse. Differences found in terms of self-heating due to intrinsic dissipation
clearly show that the deposit angle influences the viscosity of the specimens.

Key words: 3D printed TPE, thermomechanical characterization,
self-heating, Infrared thermography

1. Introduction

Thanks to their thermomechanical properties and ease of processing, flexible
parts made of thermoplastic elastomers TPE are omnipresent and are used in
almost all industrial sectors, among these are consumer products (seals for food

s packaging, ergonomic parts of toothbrushes, toys), construction and industry
(tool handles, window profiles, junction boxes), medical (pharmaceutical pack-
aging, masks, cannulas) or the automobile industry, typically for sealing. These
materials are traditionally manufactured through an injection process requiring
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the use of a mould. This mould generally needs several iterations of prototyping
(2 to 4 in average) to converge towards the final mould/part pair, and remains
an important part of the industrialization cost (it can reach several 100 k€ for
one prototype mould). In this context, additive manufacturing (AM) is a very
promising lever to limit prototyping costs and has shown a concrete interest
in making prototype parts and small series. From a historical point of view,
AM started in the 1980’s by the rapid prototyping, in order to improve and
validate the designs before the manufacturing phase. Many AM technologies
have been developed since, namely stereolithography (SL) [1], Polyjet [2], fused
deposition modeling (FDM) [3], laminated object manufacturing (LOM) [4], 3D
printing (3DP), Prometal, selective laser sintering (SLS) [5], laminated engi-
neered net shaping (LENS) [6] and electron beam melting (EBM) [7] among
others, see [8], [9], [10] and [11] and references therein for an overview of AM
technologies. Since, AM technology has been increasingly employed not only
in prototyping cycle but also in the volume production phase for a large in-
dustrial fields, such as automotive [12], aerospace [13] and medicine [14], [15].
Today, several materials can be used in AM technologies, going from poly-
mers [16], [17], [18] and ceramics [19], [20], [21] to metallic materials [22], [23].
However, although relatively mature on metallic materials or other branches of
plastics processing (PLA, Polyamides, ABS, etc.), the AM technology is at a
very early stage of maturity on flexible elastomer materials with the FDM tech-
nology, especially the printing of soft parts. To go further, it will be necessary to
develop or to extend 3D printable polymer material families, especially TPE-S
(or TPS). Indeed, their hardness can be as low as 50/60 shore A, which leads
to very soft parts.

This is the reason why a specific head to be connected to a commercial 3D
printer has recently been developed in our research group and parts made of soft
TPE-S are now 3D printed with a A4v4 model supplied by the 3ntr company.
This study presents the mechanical and thermomechanical properties of such
a printed material and highlights the effects of the printing strategy, especially
the deposit angle considered, on these properties.

The paper is organized as follows: Section 1 presents the experiments: the
3D printing device, the material and specimens geometry, as well as the ex-
perimental characterization carried out. Section 3 presents the temperature
measurements. The results obtained are reported and discussed in section 4.
Concluding remarks close the paper.

2. Experiments

2.1. 3D printing device

The 3D printer is a A4v4 model supplied by the 3ntr company, a provider of
additive manufacturing systems (see Figure 1). The manufacturing technology
considered here is the FDM. This printer offers a large range of values for the
main printing parameters:

e maximal nozzle temperature of 450°C.
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e four nozzle diameters: 0.3, 0.4, 0.6 and 0.8 mm.

e maximum printing table temperature of 160°C'.

e maximum temperature of the printing zone of 90°C.

e three different materials can be extruded at the same time.

e maximum printing volume 295 x 195 x 190 mm?>.

A3ntr

Figure 1: The 3ntr 3D printer (A4v4 model)

In its commercialized configuration, the printer enables us to print TPE
parts of a certain stiffness, but not as softer as needed for applications such as
automotive sealing systems. In order to make possible the printing of softer
TPE, the Cooper Standard company has recently re-designed the printing head
to improve the performances in terms of thrust power: the engine has been
moved over the machine, which significantly improves the regularity of the en-
gine speed and avoids any micro-dispersion in the extruded volume. Further
information is not provided due to confidentiality aspects, neither picture of the
modified printer.

2.2. Material, specimen geometry and printing configurations

The material is a thermoplastic styrenic elastomer (TPS or TPE-S). It con-
tains two types of copolymer: polystyrene polybutadiene polystyrene (SBS) and



70

75

80

85

90

95

100

105

110

polystyrene poly(ethylene-butylene) polystyrene (SEBS). Wires of 2.85 +mm in
diameter were first made with a home-made spinning machine and then used
in the printing device. The glassy temperature of the material is —55°C. The
specimen geometry is given in Figure 2a. It is a 105 mm long, 30 mm width
and 2 mm thick tensile specimen equipped with cylindrical ends with a diameter
of 10 mm to avoid any slippage in the machine grips. These specimens were
obtained with the printing machine described above. Three printing configura-
tions for the layers deposing were studied, depending on the deposit angle with
respect to the tensile loading direction (along the specimen length): 0°, 45° and
+45°. These three configurations are depicted in Figure 2b. An illustration of
the printing process is given in Figure 3. It is shown the printing for 2 con-
figurations, 0° and 45°. For the latter, the first layer deposition is shown at
the top right corner of Figure 3. The schematic view at the bottom introduces
the terminology that will be used in the following for denoting the specimen
surfaces.

The filament diameter was set at 0.4 mm. The temperature of the deposit
filament is at 230° C' at the nozzle outlet. This temperature is much greater
than the melting temperature of the material. Except the angle chosen, the
other deposit parameters were the same: the nozzle diameter was 0.4 mm,
in a layer, the distance between two deposit paths was 0.4 mm. The nozzle
temperature and the thrust power made a cross-section geometry more and more
close to a rectangle of 0.4 x 0.15 mm?, as illustrated in Figure 4. Therefore,
one of the qualitative criterion for optimizing the printing parameters was the
minimization of the void between four filaments of two successive layers (see the
bowed zone in dotted line in the figure).

The microstructure of the printed specimens was analyzed with scanning

electron microscope (SEM). To this end, secondary electron images of the spec-
imen surface were recorded with a JSM JEOL 7100 F SEM. For each configura-
tion, the specimens were cut with a razor-blade perpendicularly to the loading
direction. SEM images of the specimen slices are reported in Figures 5, 6 and 7
for the 0°, 45° and +45° configurations, respectively.
In the case of the 0° and 45° configurations, voids located in the junction area
between filaments were observed. From them, the mean distance between the
filaments and the mean layer thickness can be determined. They were found to
be equal to about 400 um and 150 pum, respectively, which is in good agreement
with the deposit strategy illustrated in Figure 4. For the £45° configuration,
Figure 7 shows that only a few voids were revealed when cutting the specimen,
not enough for distinguishing the filaments. Therefore, changing the orienta-
tion of the filaments from one layer to the other one decreases the residual voids
between filaments and increases the specimen’s homogeneity.

2.3. Loading conditions

The experimental setup is shown in Figure 8. It consists in a biaxial tensile
machine composed of four independent electrical actuators controlled by an in-
house LabVIEW program. Two load cells, whose capacity is equal to 1000 N,
store the force in the two perpendicular directions. In the present study, only
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(a) Specimen geometry

(b) printing configurations

Figure 2: Specimen geometry (dimensions in mm) and printing configurations

the vertical axis of the machine was used to apply the uniaxial tensile loadings.
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Figure 3: Overview of the printing result

An infrared camera was placed on the side of the testing machine and measured
the temperature in the specimen surface plane. It should be noted that the
loading is symmetrical, meaning that the central zone of the specimen, where
the thermal measurement was carried out, did not move.

The specimens previously presented were subjected to two different mechan-
ical tests. The first test consisted in applying 5 cycles of loading-unloading (in
the vertical direction) on the specimens at three increasing stretch levels of
1.43, 1.87 and 2.33. The prescribed displacement for this test is reported in
Figure 9a. The aim of this test was to assess the mechanical behavior of the
material with respect to the permanent set and the accommodation. The sec-
ond one consisted in prescribing a displacement of 165 mm per actuator with
two different displacement rates of 50 mm/min and 500 mm/min, respectively.
The value of the prescribed displacement was the maximum allowed with the
current equipment, i.e. 165 mm per branch. The prescribed displacements for
the two displacements rates are shown in Figure 9b.

3. Temperature measurement

Temperature measurement was performed with a FLIR X6540sc InSb in-
frared camera (640 x 512 pixels, wavelength ranges between 1.5 and 5.1 um,
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Figure 4: Illustration of the deposit process in the case of the 0° configuration
(dimensions in mm)

detector pitch of 15 um). The acquisition frequency was set at 5 Hz. The ther-
mal resolution, namely the noise-equivalent temperature difference (NETD),
was equal to 20 mK at 25°C. The calibration of camera detectors was per-
formed with a black body using a one-point Non-Uniformity Correction (NUC)
procedure at this acquisition frequency. Temperature measurement was per-
formed at the specimen centre, by averaging the temperature in a small zone of
5 x 5 pixels at the centre of the specimen. Temperature variation is obtained
by subtracting the initial averaged temperature to the current one.

4. Results and discussion

In this section, the mechanical response of the specimens for the two me-
chanical tests is first presented and analyzed in terms of the nominal stress,
defined as the ratio of the actual force by the reference cross section, versus
the stretch response. The temperature variation over the motionless part of the
specimen is then given and discussed.



Figure 5: SEM images of the 0° configuration



Figure 6: SEM images of the 45° configuration. Here, the voids are elliptical, the filaments
are oriented at 45° with respect to the cutting plane.
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Figure 7: SEM images of the +45° configuration

4.1. Mechanical response

The nominal stress-stretch curves obtained from the first test, corresponding
to the cyclic mechanical loading, are reported in Figure 10. For each printing
configuration, 3 specimens were tested. This figure highlights that the tests were
repeatable, since the response of the three specimens from each configuration
are very close. Figure 11 provides the mean nominal stress obtained for each
configuration versus stretch. It appears that the nominal stress is slightly dif-
ferent from one configuration to another. In fact, even though all configurations
have the same nominal stress response up to an applied strain of 5% (stretch of
1.05), the responses of the three configurations slightly differ above this stretch.
The 0° configuration is the stiffest and the +45° configuration is stiffer than the
45° one. Therefore, it can be assumed that the microstructure deformation is
influenced by the printing strategy. This idea can be supported by SEM obser-
vations performed at the surface of virgin specimens. The SEM images that are
presented in Figure 12 clearly highlight the deposit angle, which confirms that
the microstructure is initially oriented. Thus, contrarily to the 0° configuration,
the microstructure of the 45° and +£45° configurations can slightly reorient to
adapt the uniaxial tension. This is not the case for the 0° configuration for
which the microstructure is oriented in the tensile direction. This reorientation
effect is illustrated in Figure 13.

The stress-stretch responses of the three configurations exhibited the same
strong non-linearities typically observed in filled elastomers or thermoplastic
urethane [24], namely the stress softening (also called the Mullins effect [25]),
hysteresis and residual strain. The Mullins effect is a characteristic of filled rub-

10
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bers emerging as the dependence of the stress-strain curves upon maximum load-
ing previously encountered. It is considered as a damage phenomenon [26], [27]
or macromolecular network alteration by the modeling approaches [28]. In the
work by [29] aiming to characterize and model the Mullins effect in silicone
filled rubber, this phenomenon was quantified by using the ratio between the
mechanical energy brought to the specimen during the second loading Ws; and
the first loading Wj;. The mechanical energy is given by

Amax
Wi = / wdX, 1=1,2, (1)
1

where 7 is the nominal stress in the loading direction and A4, is the maximal
stretch for the studied loading cycle. In a recent work [24], this calculation of
the softening has been readapted in order to account for the loading history as

11
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if the material has not been subjected to mechanical cycles at lower maximum
stretches. The energy brought to the material during the first loading is recal-
culated and is denoted by Wy;. It is calculated as explained in Figure 14. The
softening ratio is then obtained by dividing the energy brought to the material
in the second loading Wy; by this energy W7;. Figure 15 shows this ratio for
the three printing strategies. No significant difference is observed between the
different configurations: the accommodation level decreases from around 55%
to 41% with increasing maximum principal stretch applied.

Another phenomenon observed is the hysteresis, which corresponds to the
area between the loading and the unloading once the behavior of the specimen
is stabilized. It is measured by the following equation:

Amax 1
Ws = Ws + Ws,, = / 7rd>\+/ mdA, (2)
1 Amax
where the subscripts 5/ and 5u refer to the fifth loading and unloading,
respectively. In order to take into account the stretch level in its computation,
this hysteresis is divided by the energy brought to the specimen during the fifth
loading W5, as follows:

Wi V;/F WSu. 3)
51

Figure 16 shows this relative hysteresis calculated for the three configurations.
The hysteresis is decreasing non linearly with an increasing maximum stretch
applied . It lays between 31% and 38% from the energy brought to the specimen
during the fifth loading Ws;. It should be noted also that the hysteresis is quite
similar between the 45° and +45° configurations with a slight difference to the
0° configuration’s one.

14
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Figure 12: SEM images of the virgin specimen surface highlighting the deposit angle
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A last inelastic phenomenon considered here is the residual strain. It is
defined as the strain value when the stress returns to zero at the end of the
unloading. Figure 17 depicts its evolution for the three printing configurations.
It is clear from these curves that the printing configurations has not a significant
effect on the residual strain. Its values were ranged between 8% and 34%.

Figure 18 presents results obtained for the second test, which corresponds
to a mechanical cycle at two different loading rates (@ = 50 mm.min~! and
@ = 500 mm.min~1). Tt should be noted that in the analysis, the softening
a.k.a. the Mullins effect is considered as independent of loading rate and is solely
function of the strain level. In the case of a TPU for instance, it has been shown
experimentally that this assumption was realistic [24]. Also, this assumption has
been widely used in modeling of the softening of TPE, see [30], [31], [32] among
others. The response for the three deposit configurations 0°, 45° and +45° are
presented in Figs 18a, 18b and 18c, respectively. In these figures, the normalized
nominal stress ! was considered rather than the actual stress in order to assess
the time-dependent effects in terms of the drop-off of the nominal stress with
respect to the loading rate. All the configurations exhibited a strong effect of

Inormalized with respect to the maximum nominal stress of the high loading rate test

17
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the loading rate on the nominal stress, which is generally assumed to be the
consequence of the viscosity. In Fig. 18a corresponding to the 0° configuration,
the maximal nominal stress reached for the lowest loading rate was about 91.8%
from the one of the highest loading rate. It corresponds to 94.5% for the +45°
configuration (see Fig. 18b). It should be noted that failure occurred for the 45°
configuration before reaching the maximum strain prescribed for both loading
rates. The failure stretch was 2.66 at % = 50 mm.min~! rate and of 3.43 for the
@ = 500 mm.min~!. Images of the fractured specimens depicted in Fig. 18b
show that the fracture occurred with the same angle, which was equal to the
printing angle of 45°. Similar results have been found for other printed polymers
using FDM, see [33] for instance.

As a summary, the printing strategy has a slight effect on the mechanical cyclic
response; the softening, the hysteresis loop, the permanent set and a strong

18
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Figure 17: Residual strain vs stretch for the three configurations

effect on the failure. Moreover, the loading rate has a significant effect on
the specimens stiffness, which is the manifestation of viscosity. Therefore, a
production of intrinsic dissipation is associated with the deformation process,
which self-heats the material. As the deposit angle has an effect on viscous effect,
the next section investigates the thermal responses according to the deposit
angle.

4.2. Thermal response

The thermal response is the consequence of a calorimetric response combined
with heat diffusion effects in the case of non-adiabatic effects. The calorimetric
response is characterized by the change in the heat power density (expressed in
W/m?) due to two contributions that differ in nature:

e the intrinsic dissipation, which is a positive quantity corresponding to the
heat production due to mechanical irreversibilities during the deformation
process, for instance viscosity, stress softening, crack initiation and prop-
agation or more generally damage [34-36]. The intrinsic dissipation leads
to a heat production at each mechanical cycle;

e the thermomechanical couplings, which correspond to the couplings be-
tween the temperature and state variables and describe reversible deforma-
tion processes. Concerning the coupling between temperature and strain,
it strongly depends on the origin of the elasticity. In the case of elastomeric
materials, this coupling is mainly due to entropic elasticity [37, 38], which
leads to an increase in temperature when the strain is increased. Nev-
ertheless, non-entropic effects can be also take place, which leads to the
reverse situation [37, 38]. When both occur, a competition is generally
observed at the lowest strains and a thermoelastic inversion is observed
[39-41].

19
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When intrinsic dissipation is produced under adiabatic test condition, the tem-
perature at the end of the cycle is superior to that at the beginning of the cycle,
and the material self-heats. When intrinsic dissipation is produced under non-
adiabatic test condition, which is the case in the present study, three situations
have to be considered:

e Situation #1: the heat exchanged with the specimen’s outside is superior
to the heat produced due to intrinsic dissipation and the temperature at
the end of the cycle is inferior to the temperature at the beginning of the
cycle;

e Situation #2 the heat exchanged with the specimen’s outside is inferior
to the heat produced due to intrinsic dissipation and the temperature at
the end of the cycle is superior to the temperature at the beginning of the
cycle;

e Situation #3 the temperature at the end of the cycle is equal to the
temperature at the beginning of the cycle, which means that the heat
exchanged with the specimen’s outside is equal to the heat produced due
to intrinsic dissipation. This situation is generally obtained after the first
two situations and corresponds to the thermal cycle stabilization.

These three situations will be used in the following to analyze the thermal
response of the three configurations. Note that the thermal response due to
coupling between temperature and strain under non-adiabatic test condition is
fully presented and discussed in [42] and [43].

The temperature has been measured at specimens’ centre during the me-
chanical tests. For the first mechanical test performed, the thermal response of
the three deposit configurations is reported in Figure 19.

Several observations can be firstly made whatever the configuration consid-
ered:

e during the first loading, the temperature variation first dropped before
increasing. This phenomenon is classically observed in rubber-like materi-
als and is referred to as the thermoelastic inversion. This inversion in the
thermal response is due to the competition between the effects of internal
energy variation and entropy variation with respect to the strain level, see
for instance [39], [40], [42],

e a strong self-heating is observed during the first loadings compared to the
following ones. This is due to an additional heat production due to the
softening effect,?

e the temperature measurement was not correct at the end of each cycle
and at the beginning of the next one, as buckling occurs in the zone where

2This heat production can be estimated with a calorimetric approach (see, e.g. [44]).
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Figure 19: Temperature variation for the three printing configurations

temperature is measured. This out-of-plane effect is due to the permanent
set that increases the specimen length when the displacement returns to
zero,

during the first five cycles at a maximum stretch of 1.43, the mean tem-
perature variation increased from one cycle to another. This means that
the heat produced during each cycle is higher than that transferred to
the specimen outside (Situation #2). This confirms that the mechanical
behavior of the printed material has a viscous component, i.e. an intrinsic
dissipation due to viscosity is produced at each cycle. It should be noted
that thermal stabilization (Situation #3) would have been reached for a
higher number of cycles,

for higher maximum stretches reached (1.87 and 2.33), a strong self-
heating is observed after the first loading and the mean temperature varia-
tion decreases during the following four cycles (Situation #1). This means
that the heat produced during each cycle is lower than that transferred to
the specimen outside and is inferior to the heat produced during the first
loadings (due to the stress softening).

It should be noted that even though the mechanical responses were found very
close, the self-heating strongly differs from one configuration to another. The
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highest self-heating is obtained from the deposit angle of 0° and the lowest
for 45°, which confirms the analysis carried out from the tests performed at
different loading rates. Therefore, the deposit angle has a significant effect on
the viscosity of the specimen. This is an important information for the design
of printed parts.

Figure 20 shows the temperature variation measured for the second test,
where the three printing configurations were tested at two loading rates. Simi-
larly to the first test, the drop in the material temperature at the beginning of
the test was observed for the three configurations, whatever the configuration
considered. Also, it can be seen that that temperature variation profile strongly
depends on the loading rate.

Under adiabatic conditions, if no intrinsic dissipation is produced, the tem-
perature variation at the end of the cycle is the same as that at the beginning
of the cycle and is equal to zero. Under non adiabatic conditions, it is inferior.
When intrinsic dissipation occurs under non adiabatic conditions, the tempera-
ture variation at the end of the cycle can be superior to the one at the beginning
of the cycle if the heat produced is superior to the heat diffused over the cycle.
This is typically the case for the higher loading rate applied (see the blue curves
for all the configurations).

For same stretch and loading rate, it is possible to define which configuration
is the more viscous one. By examining the three diagrams of Fig. 20, it clearly
appears that:

e for the 0° configuration, the maximum self-heating was 2.18°C for the
low loading rate and 5.34°C' for the high loading rate. The temperature
variation at the end of the mechanical loading was 2.9°C' at this rate,

e for the +45° configuration, the maximum self-heating was about 2.4°C
for the low loading rate and 5°C' for the high loading rate with 2.47°C
remaining temperature at the end of the mechanical loading,

e for the 45° configuration, the self-heating at failure was inferior to the
other configurations at the same stretch and loading rate.

As a summary, even though the mechanical responses were found very close
from one printing strategy to another, a significant difference was found in terms
of self-heating. This difference is due to intrinsic dissipation production induced
by viscous effects. It was concluded that the deposit angle of 0° led to a more
viscous behavior, the less viscous configuration being the 45° one.

5. Conclusion

In this work, a thermomechanical characterization of 3D-printed soft ther-
moplastic elastomer obtained by FDM has been carried out. For that purpose,
the printer head has been modified. The specimens were obtained by three dif-
ferent printing strategies depending on the angle between the deposit filament
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and the tensile direction. Two experiments were carried out with all the stud-
ied configurations with two main objectives. The first one is to investigate the
thermomechanical behavior of the specimen following the printing strategies.
The second one is to assess the influence of the printing strategy on the fracture
behavior of the specimens.

The printing strategy was found having a slight effect on the mechanical re-
sponse; the softening, the hysteresis loop and the permanent set. Moreover,
the loading rate had a significant effect on the specimens stiffness, which is the
manifestation of viscosity. This has been confirmed by analyzing the stabilized
thermal response, which is not affected by the stress softening. It has been
found that the deposit angle of 0° led to a more viscous behavior, the less vis-
cous configuration being the 45° one. Furthermore, the thermal responses all
exhibit a thermoelastic inversion at low strains. This shows that even though
the specimens elasticity is mainly due to entropic effects, non-entropic effects
also contribute. The results found in this work present a starting point into
the thermomechanical modeling of the printed TPE and a step further into its
constitutive equations formulation.
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Specimens of soft TPE-S were printed by Fused Deposition Modelling

Three different deposit angles were considered

Thermo-mechanical properties were characterized

The printing strategy has not a significant effect on the mechanical response

It has a more significant effect on the thermal response, especially the self-heating.
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