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ABSTRACT: The aim of this study is to characterize and to interpret both the thermal and the calorimetric responses
of unfilled natural rubber subjected to a cyclic loading test. For this purpose temperature variations of specimens are
measured by infrared thermography during the test at ambient temperature. Then, the heat sources produced or absorbed
by the material due to deformation processes are deduced from the temperature variations by using the heat diffusion
equation. Different results are obtained. First, the heat source due to thermoelastic (entropic) coupling increases with
the stretch ratio at constant stretch rate. Second, under the assumption that the mean of thermo-mechanical couplings
vanishes on one cycle, no mechanical dissipation (intrinsic dissipation) is detected during the material deformation even if
a hysteresis loop is observed in terms of the mechanical response. Finally, the crystallization of the polymer chains under
tension leads to a temperature increase of the order of several degrees Celsius.

1. INTRODUCTION

It is well-known that natural rubber (NR) has excellent mechanical properties (i.e. high elasticity, low damping, high elon-
gation at failure, etc) which are widely used in many fields, such as mechanical, automotive and aerospace engineering.
However, this type of material is subjected to numerous physical mechanisms during the deformation process which are
still not clearly understood and feed the scientific debate: Mullins effect [1, 2], cavitation [3, 4], strain induced crystalliza-
tion [5, 6, 7, 8] and energetic and entropic effects on the thermomechanical response. From an experimental point of
view several techniques have been used to study such phenomena, X-ray diffraction, X-ray microtomography, dilatometry,
among others. Nevertheless, no temperature variation or heat production can be detected with the abovementioned tech-
niques. Full-field measurement techniques and specially infrared (IR) thermography are appropriate techniques to detect
the heat sources produced by the material itself during the deformation process from measured temperature variations.
The present paper aims at analyzing the temperature variations as well as heat sources produced in order to characterize
the thermomechanical behavior of natural rubber under homogeneous cyclic uniaxial tensile test, at ambient temperature.

The first section describes the experimental setup, i.e. the material, the specimen geometry, the loading conditions,
temperature field measurement and the post-processing. The second section presents both the thermal and calorimetric
results obtained and a discussion on the deformation processes. Finally, a conclusion recalls the main results of the paper.

2. EXPERIMENTAL SETUP

2.1 Material and specimen geometry

The material considered here is an unfilled natural rubber. It is denoted NR in the following. The compound was cured
for 22 min at 150 °C. This material was chosen in order to study the thermal and thermomechanical response of the
macromolecular network without interaction between the rubber matrix and the fillers. It should be noted that this rubber
formulation leads to stress-induced crystallization [7, 9]. In particular, the characteristic stretch ratios at which crystallization
and crystallite melting occur are denoted A, and A,, and are close to 4 and 3, respectively.

The specimen geometry has a width of 5 mm, a height of 10 mm and a thickness of 1.4 mm . lts width was chosen to
ensure that the strain and stress fields are homogeneous, thus corresponding to a uniaxial tension state.

2.2 Loading conditions

The mechanical loading was applied using a 50N INSTRON 5543 testing machine under imposed displacement, the test
corresponds to four sets of three cycles, for four increasing maximum stretch ratios: Aj =2, Ay =5, A3 =6 and Ay, = 7.5
(see Figure 1(a)). A; was chosen inferior to A., A, was close to A. and A3 and A4 are superior to A, (A4 is close to the failure
stretch ratio). The signal shape chosen was triangular, to ensure a constant strain rate during loading and unloading.



23 Temperature field measurement and post-processing

Temperature measurements were performed using a Cedip Jade IlI-MWIR infrared camera, which features a local plane
array of 320 x 240 pixels and detectors with a wavelength range of 3.5 — 5 um. The integration time is 1500 us and the
acquisition frequency f; is 147 Hz. The thermal resolution, namely the noise-equivalent temperature difference, is equal to
20 mK for a temperature range of 5 —40°C. The calibration of the camera detectors was performed using a black body and
using a Non-Uniformity Correction (NUC) procedure. During the measurement, the external heat sources were reduced by
using a black box surrounding the specimen, featuring a small window for the IR camera to be able to observe the gauge
zone of the specimen (see Figure 1(b)). The thermal quantity considered in the present study is the mean temperature
variation of a small zone at the centre of the specimen. This quantity is obtained by subtracting the initial temperature from
the current one, after applying a suitable movement compensation technique to track this small zone during the test.

(a) (b)
Figure 1 - Mechanical loading conditions and overview of the experimental setup.

The temperature fields that are measured at the flat surface of a specimen by an IR camera are bidimensional. As the
tests performed are assumed to be homogeneous in terms of strain and stress and as rubbers have a very low thermal
diffusivity (leading to nearly homogeneous temperature fields), a '0D’ formulation of the heat diffusion equation (1) can be
used to calculate the heat sources produced by material itself [10]:
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Where p is the density, Cg y, is the specific heat at constant strain tensor E' and internal variables Vi, T is a time
constant characterizing the heat exchanges between the specimen and its environment and s represents the heat sources
produced by the material itself. Let us conclude with some considerations on units. The heat source s is expressed in
Wm—3. However, it is generally useful to divide this quantity by p Cg y,. The quantity s/pCE,Vk in equation (1), is expressed
in °C/s (corresponding to the temperature rate that would be obtained in an adiabatic case).

3. RESULTS

3.1 Thermal response

The thermal response of the specimen was measured during the mechanical test. The aim of such a measurement is to
characterize the thermal response of rubber during a classic mechanical test. Figure 2 presents the temperature variation
0 obtained during the test for each stretch ratio tested, it can be noted that the temperature variations time scale has been
initialized at the beginning of each cycle. Figure 2(a), shows the temperature variation during the three cycles at A; = 2.
During the beginning of the loading phase, the temperature variation first decreases before increasing. This is a well-
known phenomenon in rubbery materials [11], which is explained by the competition between the effects of internal energy
variation and entropy variation with respect to the strain level. This leads to the occurrence of the so-called thermoelastic
inversion, here close to A = 1.1. At higher strain levels, the temperature variation is governed by entropic coupling, so a
temperature increase is then observed. It can be also noted that the temperature variation at the end of the first cycle is
inferior to that at the beginning of the cycle. In Figures 2(a),(b),(c)and (d) a shift in the curve position is observed between
the cycles. This observation can be explained by considering the heat exchanges with the outside of the specimen (mainly
the ambient air), more precisely the non-adiabaticity conditions on the thermal response. Figure 2(c) and (d) show a strong
increases in temperature variation if the current stretch ratio during loading exceed the stretch ratio at time t = 7s (when A
~ A.). Two reasons can explain that this phenomenon is due to crystallization. First, crystallization is a strong exothermic
phenomenon. Second, the stretch ratio at time t = 7s is close to the stretch ratio usually considered for the beginning of
crystallization. It can also be observed in Figure 2(d) that the temperature rate slightly decreases at the end of each loading



phase. Two factors may explain this phenomenon: either heat exchanges with the outside of the specimen, or a decrease
in the crystallization rate, as shown in [12]. Only an analysis based on heat source calculation can provide the explanation.
These results show that thermal measurements provide additional information that is not available from the strain-stress
relationships. Nevertheless due to the non-adiabaticity conditions, temperature variation is not the most relevant quantity
to study the thermomechanical behavior of rubbers. This is why analyzes have been carried out in terms of heat sources.
This part of the work will be precisely detailed during the oral presentation, for the four maximum stretch ratios tested.
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Figure 2 - Temperature variation for the four stretch ratios tested.
4, CONCLUSION

The thermal and calorimetric responses of unfilled natural rubber have been characterized and interpreted. The thermal
response is found to provide additional information on deformation processes, more particularly with respect to strain-
induced crystallization. Indeed, a significant temperature increase is observed when strain-induced crystallization occurs,
and the temperature evolution shows that the kinetics of crystallization and of crystallite melting are different. First results

obtained with quantitative calorimetry provide additional information on physical phenomena involved during deformation
of natural rubber.
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