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Characterization of heat sources due to deformation in unfilled natural rubber

This paper deals with the calorimetric analysis of deformation processes in natural rubber. Infrared thermography is first used to measure the temperature evolution of specimens under quasi-static uniaxial loading 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. Heat sources are a more relevant quantity than temperature variations because the latter are influenced by the heat exchanges with the outside environment of the specimen. Different results are obtained from cyclic tests and relaxation tests. First, the heat source due to thermoelastic (entropic) coupling increases with the stretch ratio at constant stretch rate. Second, no mechanical dissipation (intrinsic dissipation) is detected during the material deformation. Third, strain-induced crystallization leads to significant heat production, whereas the melting of crystallites absorbs the same heat quantity with different kinetics. This difference in kinetics explains the hysteresis loop observed in terms of the strain-stress relationship. Finally, relaxation tests on unloading show that crystallite melting does not systematically occur instantaneously.

can be detectable or analyzable with the abovementioned techniques. For this purpose, infrared (IR) thermography seems to be an appropriate technique to detect heat sources from measured temperature variations. Indeed, IR thermography has proved over the last twenty years to be a relevant technique to provide information of importance on the deformation processes in materials such as steels, aluminium alloys and composites. Moreover, various studies previously carried out by Chrysochoos and co-workers have shown that heat sources produced by the material itself were more relevant than temperatures when analyzing various phenomena such as Luderís bands [START_REF] Chrysochoos | Thermal and dissipative effects accompanying luders band propagation[END_REF], fatigue [START_REF] Berthel | Thermoelastic analysis of fatigue dissipation properties of steel sheets[END_REF] or strain localization [START_REF] Wattrisse | Analysis of strain localization during tensile tests by digital image correlation[END_REF]. The main

INTRODUCTION

The physical mechanisms involved in the deformation of natural rubber are numerous and are still the object of keen scientific debate, among them viscosity, strain-induced crystallization and crystallite melting, cavitation, as well as energetic and entropic effects on the thermomechanical response. To investigate these physical deformation processes, several experimental techniques have been used, including X-ray diffraction (Katz 1925[START_REF] Toki | Straininduced crystallization of natural rubber as detected real-time by wide-angle x-ray diffraction technique[END_REF], X-ray microtomography (Legorju-Jago 2007), dilatometry [START_REF] Ramier | In situ sals and volume variation measurements during deformation of treated silica sbr[END_REF] and classic mechanical tests such as stress relaxation and cyclic tests. Any deformation process induces heat production or absorption that reason is that the temperature field is influenced by heat conduction as well as heat exchanges with the ambient air and the grips of the testing machine used. In rubbery materials, which undergo large deformations, only two studies have recently been carried out to develop motion compensation techniques in the case of heterogeneous tests [START_REF] Pottier | Study on the use of motion compensation technique to determine heat sources. application to large deformations on cracked rubber specimens[END_REF][START_REF] Toussaint | Combining displacement, strain, temperature and heat source fields to investigate the thermomechanical response of an elastomeric specimen subjected to large deformations[END_REF]. These studies focused on the numerical posttreatment of temperature fields, and were not dedicated to the analysis of the deformation processes. The present paper aims therefore at applying quantitative calorimetry to characterize and to analyze the thermomechanical behaviour of natural rubber under homogeneous uniaxial tensile tests, at ambient temperature.

The first section describes briefly the thermomechanical framework used to assess heat sources from temperature fields measured at the specimen surface. The second section describes the experimental setup, in terms of the material used, loading conditions and IR measurement technique. The third section presents the results obtained and a discussion of the deformation processes.

THERMOMECHANICAL FRAMEWORK

Temperature fields measured at the flat surface of a specimen by an IR camera are 2D, i.e. 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, one observes nearly homogeneous temperature fields. So a '0D' approach can be developed. However, this approach is not completely detailed in this paper, the interested reader is referred to [START_REF] Samaca Martinez | Mechanisms of deformation in crystallizable natural rubber. part 2: quantitative calorimetric analysis[END_REF] for further information.

Let us start from the 3D formulation of the heat diffusion equation. In a thermomechanical framework [START_REF] Nguyen | Continuum thermodynamics[END_REF], the local state axiom is assumed [START_REF] Boccara | Les principes de la thermodynamique classique[END_REF].
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By using thin specimens, the problem can be considered as bidimensional. At a given point ( ) y on the surface, the temperature is thus nearly homogeneous through the thickness. In fact, a small temperature gradient exists close to the specimen faces due to the heat exchange by convection with the air, but the surface temperature can be considered as very close to the mean temperature in the thickness. Then, by integrating the heat diffusion equation (1) over the specimen thickness and defining the mean thermal disequilibrium through the thickness between the specimen and its surroundings by θ ( ) θ θ y , the following bidimensional formulation of the heat diffusion equation is obtained:

ρ θ θ τ θ θ s E V D D k V V , ⎛ ⎝ ⎝ ⎝ ⎞ ⎠ ⎠ ⎠ ( ) θ K D D θ θ = 2 τ τ 2 K K div (2)
where τ 2 τ τ D is a time constant characterizing the heat exchanges by convection with the air at the specimen surface. It is assumed to be the same at any point ( ) y of the specimen. It can be defined as follows (see Ref. [START_REF] Chrysochoos | An infrared image processing to analyse the calorific effects accompanying strain localisation[END_REF]):
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where e is the specimen thickness and h a convection coefficient. In practice, the constant τ 2 τ τ D is experimentally assessed by identification from a simple test of natural return to room temperature.

The 2D equation ( 2) can be reduced to a "0D" formulation in the case of heat source fields which are homogeneous in the specimen [START_REF] Chrysochoos | Analyse du comportement des matériaux par thermographie infra rouge[END_REF]. In the present study, this approach is relevant because the tests are assumed to be homogeneous in terms of strain and stress. Moreover, rubbers have a very low thermal diffusivity, which leads to nearly homogeneous temperature fields. In such a case, the heat diffusion equation can be rewritten [START_REF] Chrysochoos | Analyse du comportement des matériaux par thermographie infra rouge[END_REF]:
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where

τ (= τ τ ≈ 0 2 τ τ τ ≈ D 2 τ ≈
) is a time constant characterizing the heat exchanges between the specimen and its environment, i.e. the ambient air and the jaws of the testing machine. It can be noted that τ must be measured for each testing configuration (material, specimen geometry, environment in terms of ambient air and jaws of the testing machine).

Some comments can be added concerning tests that are performed on rubber materials. Large deformations lead to a variation in the specimen thickness, leading also to a change in the value of τ (see equation ( 3)). In this case, a linear expression of τ (λ ) (see equation ( 5)) has been found experimentally, where τ (λ ) is expressed in seconds (see [START_REF] Samaca Martinez | Mechanisms of deformation in crystallizable natural rubber. part 2: quantitative calorimetric analysis[END_REF]).
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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 ρC

E V C k V V , : θ θ τ ρ + = , s C ρ ρ E V , C k V V (6) The quantity s C E V C k V V / ,
ρC C is expressed in C s / (corresponding to the temperature rate that would be obtained in an adiabatic case, i.e. for an infinite τ ). In the rest of the paper, the term "heat source" will also be used for this quantity

s C E V C k V V / ,
ρC C . Note finally that throughout the document, the term "heat" must be distinguished from "heat source". The heat is the temporal integration of the heat sources. It is expressed in

J m . -3 g g (in C when divided by ρC ρ ρ E V C k V V , ).
3 EXPERIMENTAL SETUP

Material and specimens

The material considered here is an unfilled natural rubber NR (supplied by Michelin Co.). Its material formulation is given in Table 1. This material was chosen in order to analyze the thermal 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 [START_REF] Trabelsi | Effective local deformation in stretched filled rubber[END_REF][START_REF] Marchal | Cristallisation des caoutchoucs chargés et non chargés sous contrainte: Effet sur les chaînes amorphes[END_REF]. In particular, the characteristic stretch ratios at which crystallization and crystallite melting occur are denoted by λ c λ and λ m λ and are close to 4 and 3, respectively.

The sample geometry is a typical dumbbell form sample, with a 5 mm width, 10 mm height and 1.4 mm thickness. Its width was chosen to ensure that the strain and stress fields are as homogeneous as possible, thus corresponding to a uniaxial tension test state. 

Loading conditions

The tests were performed using an Instron 5543 uniaxial testing machine with a capacity of 50 N. Two types of tests were carried out under imposed displacement and triangular signal (see Fig. 1):

• Cyclic test-It is composed of four sets of three cycles, with four increasing maximum stretch ratios: 1 λ λ 2 = , λ 2 λ λ 5 = , λ 3 λ λ 6 = and λ 4 λ 7 5 = .

7 , as shown in Figure 1(a) λ 1 λ λ was chosen inferior to the crystallization stretch ratio λ c λ , λ 2 λ λ was close to λ c λ and finally λ 3 λ λ and λ 4 λ were superior to λ c λ . The tests were carried out at a constant loading rate, ±300 mm min / , i.e. at nominal strain rate ± 0.5 s -1 . • Relaxation test 1-This consists of one mechanical cycle at ±300 mm min / , including pauses of 30 s at the four previously mentioned stretch ratios, during loading and unloading, as shown in Figure 1(a).

These tests are usually applied for the mechanical characterization of rubber, in order to investigate stress softening, i.e. the Mullins effect [START_REF] Mullins | Effect of stretching on the properties of rubber[END_REF]), loading rate effects, i.e. viscosity effects, crystallization phenomena and cyclic damage.

Temperature measurement and postprocessing

Temperature measurements were performed using a Cedip Jade III-MWIR infrared camera. Temperature variations were measured at 147Hz in a small square zone of 5 pixels × 5 pixels located at the centre of the specimen during the test. A movement compensation technique was used to track this small zone during the test (see (Samaca Martinez, Le Cam, Balandraud, & Toussaint 2013)).

From a post-processing point of view, the heat sources are obtained from the temperature variations by using the left-hand part of equation ( 6). The temporal derivate is obtained by finite differences. In practice, temporal filtering was used in order to have a better resolution of the source measurement. Of course, this filtering slightly penalized the temporal resolution of the heat source measurement: for the present study, the minimum duration between two independent values is equal to 0 08

. s (compared with the temporal resolution of the temperature measurement, which is equal to 1 147 0 0068 / = 147 . s).

RESULTS

Temperature variation is not the most relevant quantity to analyze the thermomechanical response of rubbers. Indeed, the temperature variation depends on the level of adiabaticity of the test i.e on the heat exchanges with the environment of the specimen in 0D. This is the reason why the material behaviour is analyzed in terms of heat source versus time or stretch ratio, for the two types of test presented above.

Cyclic test

Figure 2 gives the corresponding heat source produced by the material itself during the mechanical loading. Some comments can be made concerning this result. First, the heat sources are positive during the loading phases, and negative during the unloading phases. Second, a dissymmetry is observed between loading and unloading.

In order to analyze the results more precisely, Figures 3456give the heat source as a function of the stretch ratio during the first cycle of each set (see Fig. 1(a)). The absolute value of the heat source obtained during unloading (dotted lines) is reported in order to compare it with the heat source obtained during loading. The corresponding mechanical response in terms of the stress-strain relationship is also plotted. The following comments can be made: i. First cycle of Set #1 ( λ 1 = 2), Figure : 3

During loading, the heat source is positive and increases with the stretch ratio. This is a major difference with respect to metallic materials, for which the heat sources due to thermoelastic coupling are constant at a fixed strain rate. During unloading, the heat source is negative. Even if the signal-to-noise ratio is too low to enable a good quantitative analysis, some additional comments can be made. It can be seen that the loadingunloading evolution is symmetrical; as a consequence, the total heat produced during loading is equal to the heat absorbed during unloading. In addition, this means that no mechanical dissipation is detected. Indeed, the mechanical dissipation is a positive quantity, and would lead to a positive heat over the whole cycle. This is in a good agreement with the fact that no hysteresis loop is observed in the stress-strain response. ii. First cycle of Set #2 ( λ 2 = 5), Figure : 4 The heat source evolutions for loading and unloading are not symmetrical. Entropic coupling is not sufficient to explain such a result. During loading, the heat source evolves in a quasi-linear manner until reaching a stretch ratio close to 4.

The corresponding curve presents a slope S equal to 0 104 . / 104 C s / . This evolution can be explained by entropic coupling. The fact that a dissymmetry is observed if the maximum stretch ratio applied is superior to 4 shows that the heat sources are not caused only by entropic coupling. During unloading, the heat sources are first lower than during loading (between points 3 and 2) and then higher (between points 2 and 1). Nevertheless, the area under the curves during loading and unloading is equal, meaning that no heat is produced due to mechanical dissipation. Consequently, the only explanation for the dissymmetry is the occurrence of crystallization during loading, and a difference in the kinetics of crystallization and crystallite melting (the latter during unloading). This is in a good agreement with studies reported in the literature [START_REF] Toki | Straininduced crystallization of natural rubber as detected real-time by wide-angle x-ray diffraction technique[END_REF]. Concerning the stress-strain curve, a hysteresis loop begins to form. It is associated with the crystallization/melting phenomenon, and not with mechanical dissipation. iii. First cycle of Set #3 ( λ 3 = 6), Figure : 5

Similarly to the previous set, the heat source first increases with the same slope S as before, and then strongly increases starting from a stretch ratio close to 4. The loading-unloading dissymmetry of the heat source curves (when crystallization occurs) increases. From a mechanical point of view, the area of the hysteresis loop also increases. As the heat produced is equal to the heat absorbed, it can be deduced that no mechanical dissipation is detected, while the hysteresis loop continues to be observed in terms of the strain-stress relationship. iv. First cycle of Set #4 ( λ 4 = 7.5), Figure : 6

The phenomena are similar to those observed above, except the evolution of the heat source for stretch ratios superior to 6. Indeed, during the loading phase, instead of increasing continuously, the heat source decreases from λ = 6. This means that heat continues to be produced (it remains positive), but at a lower rate. This could indicate the fact that this level of stretch ratio tends to approach crystallinity saturation. It should be noted that no mechanical dissipation is detected.

In summary, mechanical cycles below the stretch ratio at which crystallization begins lead to a symmetric evolution of the heat source between loading and unloading. This accounts for entropic coupling only. Crystallization induces a strong increase in the heat source. The difference in the kinetics of crystallization and crystallite melting leads to a dissymmetry between the loading and unloading curves, and is observed in terms of heat source, but in all cases the heat produced during loading is equal to the heat absorbed during unloading. It should be noted that if no crystallization occurs, no hysteresis loop is observed for the strain-stress relationship. If the stretch ratio is superior to that at which crystallization occurs, a hysteresis loop forms (without any mechanical dissipation). This hysteresis loop is only induced by the difference in the kinetics of crystallization and crystallite melting.

Relaxation test

The heat source evolution and the nominal stress during the test are given in Figure 7. Two typical calorimetric responses are obtained:

• During loading-The heat source is always positive during the successive loading phases. If the stretch ratio is higher than c λ = 4 approximately, the heat source does not return to zero instantaneously when the stretch is fixed. It can be noted that, at the same time, the stress continues to decrease. Since the mechanical dissipation due to viscosity has previously been found negligible, the measured heat source is only due to thermomechanical couplings, and more especially to crystallization. It clearly appears that crystallization continues after halting the displacement of the moving grip.

• During unloading-The heat source is always negative during the successive unloading phases, and returns to zero instantaneously when the stretch ratio is maintained constant, apart from the last pause at λ 1 λ λ 2 = . During the pauses at λ 2 λ λ 5 = , λ 3 λ λ 6 = and λ 4 λ 7 5 = .

7 , no heat source is detected from the beginning of the pause: the heat sources return to zero instantaneously. For the last pause (at λ 1 λ λ 2 = ), the heat source does not return to zero and remains negative during the whole duration of the pause (30 seconds), as observed in Figure 7. This negative heat source, which is incompatible with mechanical dissipation, could be attributed to an additional melting process of the residual crystallites. This is an interesting result that is investigated in the next paragraph.

To study the phenomenon observed during unloading, complementary tests were performed. Compared to relaxation test, a new stage was added after the last unloading pause at 1 λ λ 2 = : the specimen was stretched again. Three tests were performed, with three different relaxation times at λ 1 λ λ 2 = : 3, 30 and 60 s (see Fig. 8). Each test was performed three times. The analysis focuses on rigidity at low strains K measured from the strain-stress curve: 

• K s 3 K K measured
λ λ 2 = (segment [a,a′]).
Figure 8 shows the nominal stress as a function of the stretch ratio. Here, only the beginning of the curve is considered, and the quantity measured is the slope of the curves. It is observed that material rigidity decreases as a function of relaxation time applied at λ 1 λ λ 2 = , namely K s

3 K K > K s 30 K K > K s 60 K K > K initia K K l .
This means that the rigidity progressively returns to its lower value K initia K l . Crystallites act as supplementary reticulation points in the material network and consequently the apparent rigidity increases with crystallite concentration. Then, if the crystals melt progressively at the end of the test, the rigidity also decreases progressively as a function of time and possibly of the number of mechanical cycles (see Fig. 8). As a conclusion, crystallite melting could occur not instantaneously during unloading at λ 1 λ λ 2 = . This could lead to a reconsideration of the physical meaning of melting by separating, for instance, (i) melting by reducing the size of the crystallites and (ii) the melting of the crystallite germs (more stable thermodynamically).

CONCLUSION

The calorimetric response of unfilled natural rubber has been characterized and interpreted during mechanical cycles and stress relaxation tests. The effects of thermomechanical couplings (entropic coupling and coupling related to crystallization/ melting) have been distinguished. Results show that:

• strain-induced crystallization leads to significant heat production whereas the melting of crystallites absorbs the same heat quantity with different kinetics; • this difference in kinetics explains the hysteresis loop observed with respect to the strain-stress relationship, while no mechanical dissipation is detected during the deformation. Thus, a hysteresis loop in terms of the mechanical response can form without any mechanical dissipation. • crystallite melting, classically assumed to occur instantaneously compared to crystallite formation, can be time-dependent (this is observed in the present study during unloading for a low stretch ratio). This last remark shows the relevancy of investigating the mechanism of crystallite melting.
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 2 Figure 2. Evolution of the heat sources for the four increasing maximum stretch ratios.
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 3 Figure 3. First cycle at λ 1 = 2. Left: heat source versus stretch ratio. Right: strain-stress curves.
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 4 Figure 4. First cycle at λ 2 = 5. Left: heat source versus stretch ratio. Right: strain-stress curves.
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 5 Figure 5. First cycle at λ 3 = 6. Left: heat source versus stretch ratio. Right: strain-stress curves.

Figure 6 .

 6 Figure 6. First cycle at λ 4 = 7.5. Left: heat source versus stretch ratio. Right: strain-stress curves.

Figure 7 .

 7 Figure 7. Relaxation test. Left: heat source versus stretch ratio. Right: strain-stress curve.

Table 1 .

 1 Chemical composition in parts per hundred rubber (phr).

	Ingredient	Quantity
	Natural rubber NR	100
	Carbon black	0
	Antioxidant 6PPD	1.9
	Stearic acid	2
	Zinc oxide ZnO	2.5
	Accelerator CBS	1.6
	Sulfur solution 2H	1.6

Figure 1. The two mechanical loading conditions.
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