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The crystallinity of stretched crystallizable rubbers is classically investigated using X-ray diffraction (XRD). In the present study, we propose a new method based on temperature measurement and quantitative calorimetry to determine rubber crystallinity during mechanical tests as those carried out with conventional mechanical testing machines. For that purpose, heat power density are first determined from temperature variation measurements and the heat diffusion equation. The increase in temperature due to strain-induced crystallization (SIC) is then deduced from the heat power density by subtracting the part due to elastic couplings. The heat capacity, the density and the enthalpy of fusion are finally used to calculate the crystallinity from the temperature variations due to SIC. The characterization of the stress-strain relationship is not required. Furthermore, nonentropic contributions to rubber elasticity are taken into account if any. This alternative crystallinity measurement method is a user-friendly measurement technique, which is well adapted to most of the mechanical tests. It opens numerous perspectives in terms of high speed and full crystallinity field measurements.

Introduction

The strain-induced crystallization (SIC) of polymer, and especially of rubber, is classically investigated by using X-ray diffraction (XRD) [START_REF] Katz | Röntgenspektrographische Untersuchungen am gedehnten Kautschuk und ihre mögliche Bedeutung für das Problem der Dehnungseigenschaften dieser Substanz[END_REF]. Such measurement method provides information of importance on the crystalline phase structure [START_REF] Bunn | Molecular structure and rubber-like elasticity. I. The crystal structures of Gutta-Percha, rubber and polychloroprene[END_REF][START_REF] Takahashi | Crystal structure of natural rubber[END_REF][START_REF] Immirzi | Crystal structure and melting entropy of natural rubber[END_REF][START_REF] Rajkumar | A new structure for crystalline natural rubber[END_REF], the chain orientation [START_REF] Toki | Straininduced molecular orientation and crystallization in natural and synthetic rubbers under uniaxial deformation by in-situ synchrotron X-ray study[END_REF] and the kinetics of crystallization [START_REF] Toki | Strain-induced crystallization of natural rubber as detected real-time by wide-angle x-ray diffraction technique[END_REF][START_REF] Trabelsi | Effective local deformation in stretched filled rubber[END_REF]. To measure crystallinity, XRD requires specific equipment and tests conditions. Moreover, quantifying small crystallinity changes is difficult below 2% [START_REF] Trabelsi | Effective local deformation in stretched filled rubber[END_REF]. To finish, in case of heterogeneous fields, each point of the crystallinity field is obtained successively, by scanning the zone under study [START_REF] Brüning | Strain-induced crystallization around a crack tip in natural rubber under dynamic load[END_REF][START_REF] Rublon | Multiaxial deformation and strain induced crystallization around a fatigue crack in natural rubber[END_REF][START_REF] Demassieux | Structural changes in the process zone of a cyclic fatigue crack in filled natural rubber[END_REF] and the measurement zone is sometimes too large (for instance 300 × 200 μm 2 in [START_REF] Rublon | Multiaxial deformation and strain induced crystallization around a fatigue crack in natural rubber[END_REF]) compared to the crystallinity gradient, typically at the crack tip of rubbers.

Developing an alternative measurement method could therefore be beneficial in many ways, typically for obtaining the crystallinity field instantaneously, at higher resolutions (temporal, spatial and on the value of the crystallinity) and with a conventional testing machine.

As SIC is well-known to be strongly exothermal, temperature or calorimetry measurements should be therefore a relevant alternative to determine the crystallinity. Indeed, in the 1970s Göritz and co-workers showed that crystallinity could be quantified accurately during stretching through calorimetric measurements [START_REF] Göritz | Die kalorimetrische Erfassung der Dehnungskristallisation Polymerer[END_REF]. Note that Boonstra was the first who suggested that crystallinity could be determined from the induced change in internal energy and the heat of fusion per repeating unit [START_REF] Boonstra | Some properties of vulcanized rubber under strain -degree of crystallization as calculated from temperature coefficient of elastic tension[END_REF]. Using calorimetry is in the same line, because change in the internal energy can be taken into account with a "stretch calorimeter." Despite this, calorimetry under stretching was no longer used to measure crystallinity. Note that it has been nevertheless used to characterize the thermomechanical response and the intrinsic dissipation associated to the cyclic deformation of rubber [START_REF] Samaca Martinez | New elements concerning the Mullins effect: a thermomechanical analysis[END_REF][START_REF] Samaca Martinez | Thermomechanical analysis of the crack tip zone in stretched crystallizable natural rubber by using infrared thermography and digital image correlation[END_REF][START_REF] Samaca Martinez | Heat and strain measurements at the crack tip of filled rubber under cyclic loadings using full field techniques[END_REF].

Recently, Spratte et al. have taken up the idea that crystallinity χ can be measured from the thermal activity at the surface of rubber specimens [START_REF] Spratte | Investigation of strain-induced crystallization of carbon black and silica filled natural rubber composites based on mechanical and temperature measurements[END_REF]. Crystallinity was determined from the temperature change due to SIC T cryst by considering that the crystallization energy of natural rubber can be approximated by the enthalpy of fusion H:

χ(t) = ρCT cryst (t) H (11.1)
ρ and C are the density and the heat capacity, respectively. They are assumed to be independent of strain and temperature. In this approach, only two contributions to temperature changes were distinguished by the authors: crystallinity change and entropy change. Energetic effects were therefore neglected [START_REF] Meyer | Sur l'élasticité du caoutchouc[END_REF], while they can influence significantly the thermal response [START_REF] Wolf | The energetic contribution to rubber elasticity in the range of small uniaxial compression and moderate elongation[END_REF][START_REF] Allen | Thermodynamics of elasticity of natural rubber[END_REF][START_REF] Allen | Thermodynamics of rubber elasticity at constant volume[END_REF][START_REF] Shen | Internal energy contribution to the elasticity of natural rubber[END_REF][START_REF] Le Cam | Energy storage due to strain-induced crystallization in natural rubber: the physical origin of the mechanical hysteresis[END_REF][START_REF] Treloar | The elasticity and related properties of rubbers[END_REF][START_REF] Heinrich | The thermoelasticity of rubberlike materials and related constitutive laws[END_REF].

In the present study, crystallinity is determined from heat power density instead of temperature, by using infrared thermography during the mechanical tests. In practice, any temperature measurement technique such as a pyrometer can be used. This method takes intrinsically into account both the non-entropic (energetic) and the entropic contributions to rubber elasticity. Moreover, the measurement of the stress is not required. As this technique provides a full thermal field, crystallinity heterogeneity can be characterized, at several thousand frames per second, each value of the field being obtained at the same time. The methodology used to determine the crystallinity during rubber deformation is first presented. Then, it is applied to experimental data available in the literature for unfilled NR. Concluding remarks close the paper.

Methodology for Measuring Crystallinity

Thermodynamical Framework

Most of mechanical tests are conducted under non-adiabatic conditions. The temperature measured is therefore affected by heat diffusion during the tests, possible temperature gradients at the surface of the undeformed specimen and external heat sources (for instance radiations). Therefore, changes in temperature are not only due to the material deformation, and the heat diffusion equation is used to determine the corresponding heat power density from temperature measurement. This quantity is intrinsic to the material deformation. After some calculations that are not detailed here, the heat diffusion equation can be rewritten in case of homogeneous heat power density field [START_REF] Chrysochoos | Analyse du comportement des matériaux par thermographie infra rouge[END_REF]:

s = ρC θ + θ τ (11.2)
where θ denotes the temperature variation (T -T ref ) with respect to the equilibrium temperature T ref in the undeformed state. In the present case, T ref is constant and equal to the ambient temperature. In case where changes in ambient temperature occur, T ref has to be corrected accordingly. τ is a parameter characterizing the heat exchanges between the specimen and its surroundings. It can be easily identified from a natural return to room temperature after a heating (or a cooling) for each testing configuration (machine used, environment, stretch level, etc). Further details are provided in [START_REF] Samaca Martinez | Mechanisms of deformation in crystallizable natural rubber. Part 2: quantitative calorimetric analysis[END_REF].

Determination of the Crystallinity

The methodology proposed is composed of 4 steps presented in the diagram in Fig. 11.1. Input data required are the temperature variation θ, parameter τ and the thermo-physical parameters ρ, C and H. The first step consists in calculating the heat power density by using Eq. 11.2. The typical calorific response of unfilled NR is illustrated by curve A. It exhibits a strong increase in the heat power density when crystallization starts. λ c and λ m are the stretches at which SIC starts and melting is complete, respectively. Step 2 consists in predicting the heat power density due to elastic couplings only by using a polynomial form (C 1 (I 1 -3) + C 2 (I 1 -3) 2 + C 3 (I 1 -3) 3 ). The thermal energy due to SIC is indeed the area located between the heat power density (curve A) and the part of the heat power density due to elastic couplings (curve B). The latter is not known once crystallization starts, but is known before. In the present study, we assume that the elastic couplings evolve in a similar way after crystallization starts. C 1 , C 2 and C 3 are identified from the experimental heat power density before SIC starts. The heat power density due to SIC (A-B) is then computed in Step 3 for determining the temperature variation due to SIC T cryst . Here, the numerical scheme is not centered, another numerical scheme can be used. The last step consists in calculating the crystallinity by applying Eq. 11.1. This method is very simple and does not require measuring the nominal stress variations nor characterizing possible non-entropic effects. 

Application to an Unfilled Natural Rubber

The methodology proposed for measuring crystallinity is now applied to experimental data issued from the literature [START_REF] Samaca Martinez | Mechanisms of deformation in crystallizable natural rubber. Part 2: quantitative calorimetric analysis[END_REF][START_REF] Samaca Martinez | Mechanisms of deformation in crystallizable natural rubber. Part 1: thermal characterization[END_REF], obtained with an unfilled natural rubber submitted to cyclic uniaxial tensile loading. The mechanical loading applied corresponded to four sets of three cycles at a maximum stretch of 2, 5, 6 and 7.5 at ±100 mm/min. It is presented in Fig. 11.2. The stretch is defined as the ratio of the current length over the initial length. ρ and C are equal to 936 g/dm 3 and 1768 J/(kg • K). τ depends on the stretch and is defined as τ (λ) = 40.48 -3.25λ. Figure 11.3 depicts the heat power density in relation to the stretch. The heat power density is determined from the temperature measurements (Step #1) and appears in red color. It is due to elastic couplings and SIC effects. During loading (unloading), the heat power density is positive (negative) and increases (decreases) with the stretch. Once SIC starts, the heat power density evolution for loading and unloading are no longer symmetrical. During loading, the heat power density evolves in a quasi-linear manner until a stretch close to 4 is reached. A dissymmetry is observed for stretches higher than 4; the stretch level at which SIC starts. During unloading, the heat power density rate first increases in absolute value until reaching a stretch equal to 4, is constant until a stretch equal to 3.5 is reached, and then decreases.

The heat power density due to elastic couplings only, i.e. without accounting for SIC effects, is predicted with a polynomial form (Step #2) and appears in black color. The thermal energy due to SIC is the area located between the heat power density The difference between the two curves is used to calculate T cryst (Step #3). The results being the same for cycles conducted at the same maximum stretch, only cycles #9 and #12 at respectively λ = 6 and λ = 7.5 are presented in Fig. 11.4. The crystallinity is obtained by dividing T cryst by the enthalpy of crystallite fusion (59.9 J/cm 3 , see [START_REF] Roberts | Thermodynamics of crystallization in high polymers[END_REF]) and multiplying by the density and the heat capacity (Step #4). The crystallinity versus stretch is given in Fig. 11.3. The comparison with results obtained from XRD will be discussed during the presentation.

Conclusion

In this study, a new measurement technique is presented to determine the crystallinity in stretched crystallizing rubber using IR thermography. Temperature variation due to SIC is determined from the corresponding heat power density, i.e. due to SIC. Characterizing the stress-strain relationship as well as the non-entropic contributions to rubber elasticity is not required. It is therefore well adapted to characterize heterogeneous crystallinity field, i.e. where the stress-strain relationship is not known. Crystallinity obtained as a function of the stretch provides comparable results as those obtained by XRD measurements. The method proposed is therefore a realistic alternative, user-friendly and accurate, to measure crystallinity of stretched crystallizing rubbers from any temperature measurement technique and quantitative calorimetry. Furthermore, it is well adapted to most of the mechanical tests performed with conventional testing machine, which enables us to investigate the effect of SIC on fatigue resistance of rubber [START_REF] Samaca Martinez | Thermomechanical analysis of the crack tip zone in stretched crystallizable natural rubber by using infrared thermography and digital image correlation[END_REF][START_REF] Le Cam | Fatigue damage in carbon black filled natural rubber under uni-and multiaxial loading conditions[END_REF][START_REF] Le Cam | Description of fatigue damage in carbon black filled natural rubber[END_REF].
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