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INTRODUCTION

Understanding rupture properties evolution of elastomers during their use is obviously an important challenge as these materials are largely used in many applications. For this reason, literature on this topic is very abundant, which tries to relate the ultimate properties to the elastomer network structure. There is a general consensus on the fact that the length of the elastically active chain (EAC) is an important parameter for the elongation at break.

In the case of monomodal distribution of elastomer chains in a perfect, (i.e. without defects) networks, all the chains reaching their maximum extensibility at the same time, the elongation at break should be proportional to the ratio of their contour length over their end to end distance at equilibrium. With the assumption of initial Gaussian chains, this should lead to a proportionality of to the square root of the number of Kuhn segment in the EAC chain. With a monomodal distribution, this immediately gives a proportionality to ⁄ where is the EAC density. Nevertheless, EAC chains length may be distributed and this distribution could be spatially not stochastic. For instance, some percolating paths of shorter chains could therefore be created during the elastomer curing and may control the macroscopic rupture of the material. Real elastomers can also contain elastically nonactive chains, and sol fraction which also perturbs the affine extension of the EAC, and may favor energy dissipation (therefore increasing the energy needed for the rupture mechanisms). Thus, the simple equation proposed by Kuhn [1] is rarely verified in real elastomers [2], [3], or when this is the case, only on a limited domain. Actually, a good fit of ( ) data usually needs the addition of a constant term, whose value and interpretation is not clear [4], [5].

It is however remarkable that several literature data about ( ) can be fitted by a power law [2], [6], [7],

[42] although, to the authors knowledge, no explanation is given for the found exponents. These power law may actually be related to another important parameter for the material rupture, which is the presence of defects such as preexisting small cracks or cavities. The vision of a material breaking instantaneously in two pieces as suggested by the previous paragraph (with the concomitant initiation and propagation of these cracks), is then erroneous: rupture is likely in elastomer the consequence of the propagation and percolation of these cracks. As explained in rupture mechanics textbooks [8], [9], this propagation should occur when the energy needed to create crack surface is larger than the one stored in the material (and released/dissipated when crack propagates).

Lake and Thomas [10] proposed that the energy needed to create the crack surface is equal to the one needed to break the network chains at the crack front. Considering a monomodal and homogenous elastic network, they found a strain energy release rate proportional to ⁄ . Equalling this value to the elastic energy released by the crack propagation in the crack tip vicinity, this could be a way to deduce a critical local deformation. The relation of the latter with a macroscopic critical deformation is however difficult to establish as the geometry/number of the pre-existing cracks (these one being likely submicrometric) is usually unknown. In addition, as said in the previous paragraph, elastomer networks are often not perfect, with dangling chains, sol fraction, and complex EAC length distribution, all things neglected by Lake and Thomas [5].

When an elastomer can crystallize during deformation, the understanding of its rupture behavior becomes even more difficult. Indeed, strain induced crystallization (SIC) leads both to strain hardening phenomenon and locally to chain relaxations, which have necessarily an impact on the rupture behavior. Ahagon et al. studying conventionally cross-linked NR, claimed that crystallization penalizes the elongation at break [7]. Nevertheless, they only based their interpretation on mechanical data and did not provide in situ WAXS data to support this assertion; moreover the large strain rate used in their study may have inhibited the crystallites nucleation and growth [11], [12]. Fortunately, we had the opportunity to study the same type of conventionally crosslinked materials, with different sulfur contents, i.e. different initial crosslinks densities. These materials have also been aged by thermo-oxidative ageing (TO) at 77°C. This ageing protocol leads to supplementary crosslinks and to negligible chain scissions [13]. Combining microstructural characterization techniques (MQ-NMR techniques, in-situ WAXS measurement and DSC analysis) the present paper aims at providing new insights not only on the specific behavior of these materials but also on the more general relationship between the microstructure of elastomer networks and their rupture properties.

EXPERIMENTAL

MATERIALS AND SAMPLES PROCESSING

The materials are unfilled natural rubber, obtained by gum vulcanization (Technically Specified Rubber TSR20) according to the recipe given in Table 1. The Sulfur/CBS ratios are above 1 in order to obtain "C v " system which contain mainly polysulfide bridges. These ratios are kept constant to ensure a same average length of the sulfur bridges, but in different concentrations in the processed materials. NR1.5_Eff with a Sulfur/CBS below 1 is crosslinked with " " p w k y k by bridges. First, the gum is introduced in an internal mixer and sheared at 50 rpm for 2 min at 50 °C. The material is subsequently sheared at 70 rpm in an open mill for 5 minutes at 70 °C. Then the vulcanization ingredients are added and the so-formed mixture is sheared for 5 minutes at 50°C. Thin sample sheets (0.8 mm in thickness) are finally obtained by hot pressing at 30 bars under nitrogen flux, at 150°C for conventional system, and 170°C for efficient system. Cure times are estimated from the torque measurements performed with a Monsanto analyzer. 

AGEING CONDITIONS

Aerobic ageing was performed on 0.8 mm thick samples in a convection oven at 77°C (350K). Such parameters were chosen as they enable to reproduce more realistically and over a reasonable duration, the ageing of rubber in some use conditions [15]. Special care was taken to ensure homogeneity of the degradation through the sample thickness (0.8 mm), i.e. to avoid any diffusion limited oxidation (DLO), by following the procedure of reference [16]. When not tested, all the samples are then stored at 7 °C to avoid any degradation. When tested, they are first maintained at 60°C during 5 min to avoid any presence of crystallites. After thermal crystallization, samples are then transferred in a Perkin-Elmer Pyris Diamond calorimeter (DSC), using a cryo-transfer specimen holder. They are pre-cooled in the DSC cell at -40°C, followed by an isothermal step at -50°C for 2 min. They are then heated at 10°C.min -1 up to 30°C in order to melt all crystallites.

INSTRUMENTS

THERMAL CRYSTALLIZATION

TENSILE TESTS

Tensile tests were performed with an MTS device equipped with a temperature-controlled chamber. Digital image correlation (DIC) was used to obtain the real local strain in the zone of interest. Experiments were conducted at 25°C with a true strain rate of 4.2*10 -3 s -1 on Dumbbell-shaped samples, with a 6 mm gauge length ( ) and 0.8 mm thickness. For reproducibility, three samples were tested. Given the good reproducibility, only one stress-strain curve is reported. Treloar model predicts for elastomer without strain hardening [21] :

(1)

Where is the nominal stress, the Young modulus and the stretch ratio , where ( is the initial (elongated) length of the sample. To estimate E, the curve were fitted between = 1 and = 1.3. The EAC density, within the affine assumption, is related to the Young modulus through this equation:

(2)

Where corresponds to the perfect gas constant (8.314 J.mol -1 .K -1 ) and the testing temperature.

IN-SITU WAXS

The in-situ WAXS experiments are carried out on the D2AM beamline of the European Synchrotron Radiation Facility (ESRF). The X-Ray wavelength is 1.54 Å and the beam size is 300 µm 200 µm. A homemade stretching machine allowing the symmetric deformation of the sample is used to probe by X-Ray the same sample position during stretching at 4.2*10 -3 s -1 . This strain rate is a compromise between the crystallization kinetic (when too rapid, the strain induced crystallization is lowered at a given strain) and the acquisition time (the experiments must not be too long for practical reason). This strain rate is chosen " -" , as shown and discussed in reference [11]. The two-dimensional (2D) WAXS patterns are recorded every 15 seconds ( ≈ % between two spectra). The background is properly measured without sample and can be subtracted to the total intensity scattered in the presence of the rubber sample. The corrected scattering intensity is finally corrected, taking into account the continuous variation of the sample thickness and possible incident beam fluctuations. Each scattering pattern is integrated azimuthally. The deconvolution of the curve shown in Fig. S2 enables the measurement of the intensity at the peak top and the width at half height of each crystalline peak, and of the intensity at the peak top of the amorphous phase. The volume fraction of crystallinity named is then calculated using the Mitchell approach [22] :

(3)

Where and are the intensity of the amorphous phase at the peak top in the unstretched and stretched state respectively. The average crystallite sizes in the direction normal to the (hkl) planes are estimated from the Scherrer equation:

(4)

Where is the wavelength and the Bragg angle. As shown in Fig. S2 in SI, each crystalline peak can be fitted with a Lorentzian function in which the half width at the half height is . According to the parameters chosen for the simulation of the experimental peak, the value selected for is 0.64 [17].

MQ-NMR EXPERIMENTS [23]

Experiments were carried out on a Bruker minispec mq20 spectrometer operating at 0.5T with 90 pulses of 3 µs length and dead time of 11 µs. The temperature was fixed at 40 °C. The data analysis involves a normalization procedure using two sets of experimental data, the DQ buildup (I DQ ) and reference decay (I ref ) curves. Both were measured as a function of the double quantum v (τ DQ ) which represents the variable duration of the pulse sequence (cf. Fig. 1a) [24]. The sum of both components, , corresponds to the signal from dipolar coupled network segments and the signal for uncoupled, i.e. mobile networks defects such as dangling chains, loops and sol chains.

The individual fractions of network are characterized by different relaxation behavior: coupled segments relax faster while the signal for uncoupled segments shows a progressive exponential decay ( in Eq. 5). This difference can be amplified by plotting on Fig. 1b. As a consequence, it is necessary to identify and subtract the exponential long-time contribution (i.e, the non-coupled fraction of polymer chains associated with the last term of the Eq. 5 and fitted in Fig. 1b) to the total signal :

(5)

Where is the noncoupled fraction of polymer chains and is the slow exponential decay factor of elastically non-active defects. After the identification and subtraction of the contribution of non-elastic networks defects, structural information about the elastomer network can be obtained independently on relaxation effects by normalizing the signal from dipolar coupled network segments by the total signal :

(6)

The signal is only related to the network structure and is independent of any temperature-dependent The corresponding distribution using Eq. 9.

Let us now consider the shape of the normalized build-up curve in Fig. 1c. It displays a continuous increase as is raised up to about 2.5 ms and above this value, a plateau value at 0.5 is observed. As discussed in [27],

the normalized build-up curve may be expressed as:

( ) ∫ ( ) ( ) ( ) (7) 
In order to be more accurate with this analysis, an improved function, the so c "T k v z ", has been developed [28] and has been used in this study to fit properly data :

( ) ( ) ( ) (8) 
A satisfactorily fit of the evolution reported in Fig. 1c was obtained by means of the following distribution ( ( )) :

( ( )) √ ( ( ) ) (9) 
i.e., a Gaussian distribution of ( ) with the parameters = 261 Hz and = 0.24 for NR2.5. This distribution is strictly equivalent to a log-normal distribution of with the parameters (ln(D med ), . We use here the procedure described by MQ-NMR specialists [24] [27]. Of course such distribution ignores the possible existence of bimodality, or multimodality in the EAC lengths distribution. Nevertheless, we do not have enough information to estimate the relevance of the use of several distributions, either to evaluate their parameters. A log-normal distribution appears to be appropriate when a large distribution of EAC lengths is expected.

The log-normal distribution obtained for NR2.5 is plotted in Fig. 1d. From these parameters, the molecular weight between constraints, (kg.mol -1 ), can be estimated for NR samples by:

〈 〉 ( 10 
)
Where 〈 〉 for a log-normal distribution is related to through:

〈 〉

(11)

There is some degree of approximation in the prefactor 617 Hz obtained by modeling proton-proton interactions in numerical simulations [26]. Nevertheless, this formula has been widely used in literature [29], [30]. Finally, the EAC density , can be deduced from:

(12)
Where is equal to 0.92 g.cm -3 for natural rubber.

RESULTS

THERMAL CRYSTALLIZATION OF UNDEFORMED SAMPLES AT -31°C

Sample subject to cold crystallization should be also subject to strain induced crystallization. Thus, a study by DSC of their cold crystallization can provide information on the ability of the materials to cristallize under strain.

Thus, heating curves and corresponding crystal weight fraction in % of non-aged and aged NR after 12 months spent at -31°C are presented in SI (cf. Fig. S3). NR1.5 with the lowest average network chain density exhibits multiple melting peaks, which is a classical feature for the cold crystallization of unvulcanized or weakly The crystallinity values measured at 6, 9 and 12 months are plotted on Fig. 2. It shows that the 12 months value is close to the maximum one and can be considered as the maximum crystallinity that can be reached in the material by cold crystallization. This value is the highest for NR1.5 and then rapidly decreases for higher values of . For the most degraded materials (NR1.5 aged 21 days and aged NR2.5) for which the EAC density is higher, no cold crystallization was observed. Note that, in the case of NR1.5_Eff, which exhibits the same EAC density as NR1.5, the maximum crystallinity obtained by DSC is around 4 times higher (cf. Fig. S1 in SI). Two explanations can be proposed for this difference: a different distribution of the active chain length, and the presence of more grafted species on the NR1.5 chains which can hinder the crystallization [13].

CONSEQUENCES OF AGEING ON MECHANICALS PROPERTIES

The tensile stress-stretch ratio curves obtained at room temperature, for aged and non-aged samples are reported in Fig. 3. We have plotted on Fig. 4, deduced from these tensile tests and Eq. 2, as a function of , assuming an affine model in both cases. are calculated with a constant functionality of 4, and with the corrected parameter deduced from swelling experiments with two different good solvents (toluene & cyclohexane). All the details about swelling measurements are described in a previous publication [13]. The relationship between data from swelling and from mechanical tests is quasi-linear, with a slope close to 1. This is expected as the sol fraction of all the samples is low, and around 4-5 % (cf. Fig. S4 in SI). Thus, swelling measurement (with two solvents) appears here as a very good technique to estimate the evolution of the modulus of our aged natural rubbers, even if their EAC density is significantly changed. This is of practical interest since this technique requires much less material.

Prior to ageing treatment, cf. Fig. 3, NR1.5 had the lowest EAC density, resulting in a modulus of 1.1 MPa, while NR2 and NR2.5 had higher modulus, of 1.4 MPa and 1.5 MPa respectively. All the natural rubber samples, processed according to our recipe and processing conditions, showed an increase in the modulus and a decrease in stress and stretch ratio at break after thermo-oxidative ageing at 77°C since it mainly leads to supplementary crosslinking [13]. For NR1.5, decreases from 3.6 ± 0.2 down to 1.8 ± 0.2 MPa after 21 days, for NR2 from 3.9 ± 0.2 MPa down to 1.6 ± 0.2 MPa, and for NR2.5 from 3.6 ± 0.2 MPa down to 1.6 ± 0.2 MPa. is plotted versus the ageing time in Fig. 5 for all the materials. Its value decreases rapidly for the first ageing durations and then becomes relatively constant for larger ageing time, except for NR1.5 where there is no noticeable stabilization (it is likely that the experiment did not last long enough to observe it). The evolution observed for NR2.5 and NR2 suggests that the most degraded material may break before any strain induced crystallization can occur. Hence, the materials have been studied by WAXS measurements. 

STRAIN-INDUCED CRYSTALLIZATION ANALYSIS

Vulcanized samples were stretched from the underformed state up to elongation at break, at 4.2*10 -3 s -1 and 25°C. Among all the samples tested, only the samples breaking at above 4 displayed strain induced crystallization. Thus, when aged 21 days, NR1.5 breaks before the onset of crystallization. The crystal volume fraction calculated by the Mitchell approach is plotted as a function of in Fig. 6a for NR1.5 and Fig. 6b for NR2.5 (Unfortunately, no measures were performed on NR2). The stretching ratio at crystallization onset is around 4 and seems independent of the EAC density. This value is typically found in literature for vulcanized rubbers [12], [33]- [35]. Prior to degradation, NR1.5 and NR2.5 exhibit at a crystal volume fraction of 10% and 5%, respectively. The crystallization rate is not correlated with as it is roughly the same for non-aged NR1.5 and NR2.5 although they do not have the same EAC density. For NR1.5, which is the only material for which we observe SIC for the different ageing times, this rate increases with the ageing time. In spite of this, due to the decrease of with ageing, its maximum crystal volume fraction decreases with the increase of the ageing time.

Sample code EAC density (10 -4 mol.cm -3 ) (%) (Å) (Å) (Å) NR1.5_NonAged 1.5 2.9 ± 0.5 97 ± 1 35 ± 1 62 ± 1 NR1.5_A7 1.7 3.6 ± 0.5 80 ± 1 27 ± 1 55 ± 1 NR1.5_A14 1.9 5.4 ± 0.5 65 ± 1 17 ± 1 47 ± 1 NR2.5_NonAged 2.5 3.5 ± 0.5 60 ± 1 18 ± 1 45 ± 1

Table 2 : Characteristics of the crystal phase measured at = 5. Some characteristics of the crystal phase are reported in Table 2 for each sample for = 5. Similarly to previous results [12], [34], the higher the crosslink density, the lower the crystallites dimensions. Such behavior is explained by the limitation of crystallite growth by topological constraints created by the more numerous crosslinks. The evolution of the crystallite size and of the crystallite number should therefore be the consequences of both spatial and length distribution of the EAC as previously discussed in reference [33] A quite similar curve is found for unaged NR1.5 and unaged NR2.5 (except that it is more rapidly stopped for NR2.5, cf. Fig. 6b); thus, at a given crystalline volume fraction, the crystallite populations in NR2.5 are much more numerous and smaller than in NR1.5. Moreover, thermo-oxidation of NR1.5 leads for a given to a decrease of the crystallites sizes while the crystal volume fraction increases, meaning that more numerous and smaller crystallites are formed during stretching. Such comment cannot be done for aged NR2.5, since after 7 days of thermo-oxidative ageing, it breaks before showing any strain induced crystallization. All these results can be related to the elastomer network structure which was characterized by MQ NRM.

MQ NMR EXPERIMENTS

Chain length distributions can be characterised by MQ-NMR [29], [30], [39] which also provides information about the proportion of noncoupled network defects. The fraction of non-elastic networks defects is quantified from the coefficient in Eq. 5 and reported in Table S1 in SI. All non-aged networks contain approximatively 3% of non-elastic defects, which is a quite low value, but is expected here as the samples are made from high molecular weight chains, with a relatively high crosslink density ( < 6200 g.mol -1 ). This value is also consistent with the low Soluble Fraction previously reported.

The normalized DQ buildup curves are shown in Fig. 8a. Its increase is more rapid with the most crosslinked samples. The corresponding distributions of obtained by regularization fitting procedure are shown in Fig. 8b. Prior to ageing, distribution of are already different between the three samples, particularly for non-aged NR2.5, for which the shape of the peak suggests a larger distribution of the EAC length with populations with much smaller contour length than in NR2 and NR1.5. Evolution of EAC densities after ageing can be estimated from the average value of (cf. Fig. 9) and calculated via the Eq. 11. It is plotted as a function of in Fig. 10. A linear relationship is found with a slope of 0,874, i.e. close to 1. Even if expected, this slope is different from the one around 2 found in literature

[30], [40]. Note that in these references, a Gaussian distribution was used for whereas we used a lognormal one. However, this cannot explain such discrepancy, for which we do not have clear explanation.

More interestingly, the fitting line has non-zero y-intercept. It is related to the different time scales which are probed in each experiment: in NMR, the response involves chains segments dynamics on a time scale of the order of 10 -4 s. That means that it also involves all the topological constraints created on each chain by its ( z by p " "), whereas equilibrium swelling experiments only involves the elastically active chains created by the chemical crosslinks or the trapped entanglements. Thus, the measured EAC densities values at non-zero y-intercept may provide an estimate of the molecular weight between entanglements ( ) which is found here equal to ca. 5800 g.mol -1 . This value is quite consistent with published values from rheological experiments on 1,4-polyisoprene (≈ 2 .

-1 ) [41].

The standard deviation of the Log Normal distribution defined in Eq. 9 is plotted as a function of the average EAC density in Fig. 11 for the different samples. Prior to ageing, the less distributed network is obtained for the less sulfured rubber, NR1.5 ( around 0.18). Thermo-oxidative ageing leads to the enlargement of the distribution which becomes less and less symmetric, as evidenced by the increase of . The more initially crosslinked the sample, the more important the enlargement of this distribution. These results are consistent with previous thermoporosimetry experiments [13]. 

DISCUSSIONS

As reported in reference [13], EAC density of the studied material obtained after processing (55 minutes at 150°C) increases with the initial concentration of sulfur S 8 . This latter is not totally consumed in the crosslinking reaction during vulcanization process, even if the curing time has been chosen to optimise the initial properties of the materials. Moreover, long polysulfidic bridges are formed and polysulfidic groups are grafted on the NR backbone. They are therefore all available for supplementary crosslinking reactions occurring during thermooxidative ageing at 77°C. They are more important for NR2.5 due to a higher concentration of residual sulfur content and polysulfidic cyclic groups along the polymer chains. Such evolution modifies the material mechanical properties (cf. Fig. 3), in particular the rupture ones (cf. Fig. 5). The observed decrease in stretch ratio at break with increasing ageing time is consistent with the increase of the EAC density, since should be related to the maximum extensibility of the Elastically Active Chains (this one decreasing with their initial contour length). Following this approach, theorized by Kuhn, should depend on the inverse square root of the EAC density [1] :

(12)
is therefore plotted as a function of in log scale in Fig. 12. This plot displays two domains separated by the usual stretch ratio at the onset of crystallization = 4. For < , a power law is indeed found, with a negative exponent around -0.72. This one is different from the -0.5 crystallize (cf. Fig. 6). This phenomenon seems to act as a reinforcement mechanism and improves the material rupture properties.

It is noteworthy that the extrapolation of the ( ) curve cut the horizontal line at , around 1.7*10 -4 mol.cm -3 (so called hereafter ), i.e. for a value of 5400 g.mol -1 . Such value corresponds approximately to the molecular weight between physical entanglements in natural rubber [41] and is remarkably close the one previously deduced from Fig. 10. This value was already found to be a key parameter for the crystallization rate in natural rubber [34], and the results of Candau also suggests that the EAC with this molecular weight are at the origin of the most numerous crystallites population appearing during stretching [33].

Given their EAC density, non-aged NR2.5 and NR2 aged 7 days (highlighted by a grey circle in Fig. 12), one would have expected that they follow the same trend as the samples whose is above 1.7*10 -4 mol.cm -3 .

However, their rupture occurs beyond the onset of crystallization . This result could be explained by their chain length distributions, which may contain a sufficient fraction of EAC long enough to crystallize before breaking. In other words, we suggest that in these samples, in spite of their high crosslink density, weakly crosslinked domains or phases ( < ) exist which can reach and therefore crystallize. This is supported by the fact that, conversely to NR1.5 aged 21 days, the non-aged NR2.5 is indeed able to crystallize at -31°C (cf. 

A schematic description of its calculation is described in SI (cf. Fig. S5). The parameter P(%), since it is the result of both distribution width and density of the EAC seems, a pertinent parameters. Indeed, it qualitatively provides an estimate of the proportion of chains, which can crystallize under strain. Elongation at break of all the samples is plotted as a function of in Fig. 13. The maximal crystal volume fraction (in %) is also reported. The plot displays two different regimes. For ≥ 17%, natural rubber is able to reach the onset of crystallization = 4. Above this value, rupture properties are governed by the ability of some of the chains to crystallize when stretched. The largest P(%), the highest the maximal crystal volume fraction, and the highest the elongation at break. Below < 17%, the material cannot crystallize and the rupture properties are governed by the maximal extensibility of the EAC. Thus, the data of non-aged NR2.5 and NR2 aged 7 days in Fig. 12 are explained by their specific EAC length distribution which enables the material to reach the stretch ratio at the crystallization onset. The minimum value of 17% needed for the material to crystallize under strain may be related to the EAC fraction needed to create a phase which can reach = 4. Note that these conclusions and in particular the calculation of P(%) are not significantly impacted by the uncertainties on the value of (for sure below 0.2) , or on the value of (we have checked that a variation of 30% of this parameter, even though it changes all the calculated values of P(%), does not change the explanation given for the peculiar behavior of non-aged NR2.5 and NR2 aged 7 days).

Literature, and thermoporosimetry experiments, whose methodology and results have been presented in a previous article [13], suggest the existence of spatial heterogeneities in our materials [44]. More crosslinks are expected around the Zno/ZnS clusters resulting from the vulcanization recipe and the material processing. It seems reasonable to consider that the evolution of the crosslink density, which enlarges the distribution width of the EAC length towards shorter chains, does not erase the existence of spatial heterogeneities. Thus, one can assume that the crystallizing phase remaining in the aged material are made of a part of the continuous phase surrounding the ZnO/ZnS clusters and the most crosslinked chains. 

CONCLUSIONS

Aged or unaged conventionally crosslinked natural rubbers are far from being model materials to study the relationship between stretch ratio at break and the network structure in elastomer. Nevertheless, the careful examination of their mechanical properties, of their ability to crystallize thermally or under strain, completed by MQ-NMR data enables to understand the evolution of their stretch at break with their ageing. Ageing has obviously consequences on the average EAC density, and on the EAC length distribution. Conversely to the former, this latter is actually not a critical parameter of the evolution of stretch at break in elastomers which do not crystallize (as far as the quantity of free chains and dangling chains stays negligible, which is the case in this study). However, EAC length distribution becomes an important parameter in crystallizable materials like NR, since it will control the quantity of chains which can be stretched enough to crystallize. When this quantity is large enough, the material can be stretched up to , i.e. up to an elongation ratio at which the crystallization process will enable to increase both the material stretch ratio at break and the stress at break. When the quantity of long chains is too low, whether this is due to the initial crosslinking process or to the material ageing, the elastomer will break at a stretch ratio which is seemingly mainly governed by the average EAC density. A power
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 9 Fig. 9 : Normalized proton DQ-NMR buildup curves for the different aged and non-aged (a) NR1.5 (b) NR2, (c) NR2.5.
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 12 Fig. 12 : Stretch ratio at break as a function of for NR1.5, NR2 and NR2.5 after thermo-oxidative
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 13 Fig. 13 : Stretch ratio at break as a function of P(%) for NR1.5, NR2 and NR2.5. P(%) represents the proportion of material for which is below . The number in % represents the crystal volume fraction measured at

  

  

  

  

Table 1 :

 1 Sample recipes and initial EAC density.

	They are defined as the time needed to obtain 98% of the maximum torque value (i.e	in min). Dumbbell-
	shaped samplesare machined with a 6 mm gauge length ( ) and 0.8 mm thickness. The average density of the
	elastically active chain	(EAC density) is estimated from swelling experiments and the Flory-Rehner
	equation [14]. These measurements are described in detail in our previous paper [13] . In order to avoid
	microstructural modification during the different mechanical tests, i.e. an uncontrolled Mullins effect (although
	this one is usually negligible in unfilled elastomer), the samples are successively stretched with the strain rate 1.1
	10 -1 s -1 four times just below the strain at break	(	prior to mechanical characterization.
	It is worth mentioning that NR1.5 and NR1.5_Eff exhibit the same EAC density with different sulphur/CBS
	ratios.					
	Sample code	NR1.5	NR2	NR2.5	NR1.5_Eff
	NR a , phr b	100	100	100	100
	6PPD c , phr	3	3	3	3
	Stearic Acid, phr	2	2	2	2
	Zinc Oxide, phr	5	5	5	1.5
	CBS d , phr	0.5	0.75	1	1.9
	Sulfur, phr	3	4.5	6	1.2
	ν swelling	e (*10 -4 mol.cm -3 )	1.5	2	2.5	1.5
	t 98 , min	55	55	55	13
		a Natural rubber TSR20.			
		b Parts by weight for hundred parts of rubber.		
		c N-(1.3-dimethylbutyl)-N'-phenyl-p-phenylenediamine.		
		d N-Cyclohexyl-2-benzothiazole sulfenamide.		
		e Average EAC density estimated from swelling measurements after vulcanization process (protocole
		described in reference 13).			
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predicted by Kuhn. It is however close to the one found by Ahagon (exponent -0.75) with filled NR conventionally crosslinked or by Akagi with hydrogels (exponent -0.65) [36]. It is worth mentioning that Ahagon performed tensile test with a crosshead speed of 8.33 mm.s -1 [7] which suggests that the strain rate used (around 0.4 .s -1 ) is much larger than the one we used (0.004 s -1 ). With this rate, the strain induced crystallization in his materials is unlikely, and in any case, less important.

The -0,75 exponent may find an explanation if one considers crack propagation mechanisms. As recalled in the introduction, this propagation is possible when the energy it releases is larger than the one needed to create the supplementary crack surface. Lake and Thomas predicting that this one is proportional to ⁄ , it could be tempting to equal it to the macroscopic elastic energy at divided by the sample section. At large stretch ratio, for an elastomer without strain hardening and that can be described by equation 1, this surface energy is roughly proportional to time the sample length at break. E being proportional to , one find indeed proportional to . Note however that, very paradoxically, the materials which enables to find the -0,75 exponent are the ones for which is small and therefore for which the approximation of the strain energy as is wrong (especially for the NR2.5 materials). Thus, this explanation must be taken with great caution and is not really satisfactory. One may also use the Greensmith formula which predicts a strain release energy roughly proportional to √ , where a is the initial length of the pre-existing cracks in the material. Using the same approximation for the strain energy and the Lake and Thomas prediction, the -0,75 power law dependence implies that the initial crack length should depend on . T ' knowledge, there is no reason for such dependence, which looks fortuitous.

The DSC results (cf. Fig. 2) show that after 12 months at -31°C, thermal crystallization only occurs in NR1.5 non aged, aged 7 days or 14 days, and non-aged NR2.5. In spite of the lack of results for NR2, these findings suggest that the proportionality between and is only verified for materials which cannot thermally crystallize. For these materials, the crosslink density may be too large after ageing to enable the crystallites nucleation. Conversely, for samples which can deform above = 4, stretch ratio at break is higher than the one predicted by the drawn line in Fig. 12. In that case, WAXS experiments have shown that these samples can law then links both quantities. The found exponent is consistent with other published works (and different from the -0.5 predicted by the Kuhn approach. However, the authors have no really satisfactory explanation to propose for this exponent value.
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