
 1 

Compared abilities of natural (NR) and synthetic 

(IR) polyisoprene cis-1,4 to crystallize under strain 

at high strain rates 

Nicolas Candau a,b, Laurent Chazeau *,a,b , Jean-Marc Chenal a,b, Catherine Gauthier c, Etienne 

Munch c 

aUniversité de Lyon, CNRS, France  

bMATEIS, INSA-Lyon, CNRS UMR5510, F-69621, France 

cManufacture Française des Pneumatiques Michelin, Centre de technologies, 63040 Clermont 

Ferrand Cedex 9, France 

*Corresponding author: Laurent Chazeau, e-mail: laurent.chazeau@insa-lyon.fr 
 

Keywords:  strain induced crystallization, natural rubber, synthetic polyisoprene, in situ WAXS, 

high strain rates  

Abstract    

Strain induced crystallization (SIC) of a natural rubber (NR) and a synthetic rubber (IR) with a 

high amount of cis 1,4 units (98.6%) are studied thanks to in situ wide angle X-rays (WAXS) 
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experiments at room temperature on a large range of strain rates. During stretching at low strain 

rate (4.2 × 10-3s-1), SIC in IR occurs at larger stretching ratio than in NR. As a result, the 

crystallinity index at a given stretching ratio is lower in IR than in NR, in spite of similar 

crosslink density of the chains involved in the crystallization in both materials. This lower ability 

for crystallization in IR is attributed to the presence of branching along its backbone and to its 

lower stereoregularity. Conversely, dynamic experiments performed at high strain rates (101/102s-

1) show for both materials a similar ability to crystallize. This unexpected result is confirmed by 

monotonic tensile tests performed in a large range of strain rates. The reason is thermodynamic: 

the chains extension plays a predominant role compared to the role of the microstructure defects 

when strain rate is high, i.e. when the kinetics of the crystallite nucleation forces the 

crystallization to occur at large stretching ratio. A thermodynamic model enables to qualitatively 

reproduce the experimental results. 

1. Introduction  

Natural rubber (NR) and Isoprene rubber (IR) are mainly made up of cis (1,4) polyisoprene. In 

spite of their very similar chemical composition, results from the literature demonstrate that 

vulcanized IR exhibits weaker tensile strength and tearing resistance than vulcanized NR 1, 2. 

Besides, data extracted from in situ WAXS tensile tests indicate that NR and IR also display 

different ability to crystallize under strain 3-5. For instance, when tensile tests are performed at 

slow strain rate (lower than 10-2 s-1), the stretching ratio at SIC onset (λc) in IR compared to NR 

increases in amount varying from 0.5 4 to 1 6.  

In the literature, this difference in SIC behavior between NR and IR finds several explanations. 

First, NR contains non-rubber components such as inorganic substances, proteins, phospholipids, 
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carbohydrates and fatty acids 7. They could generate a pseudo end-linked network which is 

claimed to be the reason of the peculiar ability of uncrosslinked NR to crystallize under strain 8, 9. 

Such explanation is however more controversial concerning vulcanized rubbers. Some authors 

suggest that this pseudo end-linked network could ease SIC in vulcanized NR by making 

entanglements as permanent nodes 9-11, and thus eases the appearance of SIC compared to IR. 

The effect of non-rubber components on thermal induced crystallization (TIC) has been 

investigated by Tanaka 7. From this study, immiscible stearic acid is found to be the only non-

rubber component which exhibits a nucleating agent effect. Contrarily to what observed during 

TIC, Kohjiya et al. have demonstrated that an addition of stearic acid has almost no influence in 

NR and IR SIC at room temperature 12. Some authors rather explain the lower ability of 

vulcanized IR to crystallize under strain by the presence of microstructural defects 1,4,6. In 

particular, the lower stereoregularity of the synthetic polyisoprene chains should hinders SIC in 

IR 1, 4.  

Anyhow, the explanations proposed so far to explain the difference of SIC in natural rubber and 

synthetic one are based on analysis of data obtained at relatively slow strain rate. Only few 

results have been reported on SIC at high strain rate, i.e. in conditions close to those met in 

applications like pneumatic tire. The experiments reported so far to give access to a comparison 

of SIC kinetics on NR and IR were performed at a fixed stretching ratio 13, 14. They found that 

SIC kinetics is faster in NR than in IR, whatever the stretching ratio. Nevertheless, no data exists 

on cyclic or tensile test at high strain rates. Besides, in spite of a large number of thermodynamic 

models for strain induced crystallization proposed in the literature 15-19, none of them focused on 

the comparative study of SIC in NR and IR. 
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Thus, the aim of this study is to complete the comparison of SIC in NR and IR (containing 

98.6% of cis 1,4 units) thanks to WAXS and mechanical analysis interpreted via a 

thermodynamic modeling. The paper first recalls the main characteristic of SIC behavior of IR 

and NR, and presents an original study of the thermal stability of the strain induced crystallites in 

both materials. The results are explained via a thermodynamic approach proposed in a previous 

paper 20. Then, a unique data set obtained from monotonic tensile tests performed on 6 decades 

of strain rates, and to in situ WAXS experiments performed during cyclic tensile test in the 

frequency domain [2-40Hz] enables to compare the crystallization of NR and IR samples at high 

strain rates. It shows that, for the highest strain rates tested, NR and IR samples exhibit very 

similar ability to crystallize. Thanks to the previous thermodynamic approach completed by the 

one of Hoffman-Lauritzen, an interpretation of these new results is proposed. 

2. Materials and methods  

2.1. Materials 

The samples composition is the following: NR rubber gum (Technically Specified Rubber 

TSR20) or IR gum provided by Michelin Tire Company, stearic acid (2 phr, i.e. 2 g per 100 g of 

rubber), ZnO (1.5 phr), 6PPD (3 phr), CBS (1.9 phr) and sulfur (1.2 phr). The material has been 

processed following the Rauline patent 21. First, the gum is introduced in an internal mixer and 

sheared for 2 min at 60°C. Then, the vulcanization recipe is added and the mix is sheared for 5 

min. The material is afterward sheared in an open mill for five minutes at 60°C. Sample sheets 

are then obtained by hot pressing at 170°C during 13 min. Dumbbell-shaped samples, with a 6 

mm gauge length (l0) and 0.8 mm thickness, are machined. The average network chain density ν 

was estimated from the swelling ratio in toluene and from the Flory – Rehner equation 22 and 
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found equal to 1.4 × 10-4 mol.cm-3. This density is tuned so that (i) it promotes the development 

of strain induced crystallization 23 and (ii) it is high enough to avoid an inverse yield effect 24. In 

order to avoid microstructure modification during the different mechanical tests, i.e. an 

uncontrolled Mullins effect, the samples are stretched four times up to stretching ratio (λ = 7) 

higher than the maximum stretching ratio reached during the in situ cyclic tests (λ = 6).  

2.2. Mechanical characterization 

The EPLEXOR® 500 N of Gabo Qualimeter society (Ahlden, Germany) is used in order to carry 

out mechanical characterization at different temperatures. Mechanical tests consist of a 

monotonic stretching at various strain rates, from 5.6 × 10-5 s-1 to 1.1 × 10-1 s-1 and from the 

relaxed state up to the maximum stretching ratio λ = 6. Before each tensile test, a soak time of 

five minutes guarantees that the desired temperature (from -40°C to 50°C), obtained by air 

circulation, is homogeneous in the oven. The test carried out at the lowest strain rate is stopped at 

an early stage (λ around 5) because the time reaches the limitations of the experimental set up. 

To perform experiments at highest strain rates, ranging from 1.1 × 10-1 s-1 to 2.8 × 101 s-1, 

mechanical characterization is carried out thanks to an MTS tensile test machine. For all the 

mechanical tests, the tensile force is converted into nominal stress σ=F/S0. Stress is then plotted 

as a function of the stretching ratio λ = l/l0. λ is accurately measured by videoextensometry.  

When NR or IR crystallizes, its stress strain curves exhibit a relaxation 25 followed by a stress 

hardening. This is better visualized by plotting the tangent modulus Et, defined as the derivative 

dσ/dλ, as a function of λ. It has been widely shown in literature that the stretching ratio at the 

beginning of this mechanical relaxation gives a good estimate of the crystallization onset lc 
26,27. 

Therefore λc will be estimated as the stretching ratio at which dEt/dλ is equal to zero.  
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2.3. In situ WAXS during slow strain rate cycles 

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. Tests are performed in 

a temperature-controlled chamber. The following tests are performed: (i) stretching at a constant 

strain rate (4.2 × 10-3 s-1), (ii) heating in the deformed state, (iii) thermal cooling in the deformed 

state after stretching at high temperature (above room temperature). Cooling rate is measured but 

not controlled. It can be roughly estimated equal to 2°C. min-1. 

The two-dimensional (2D) WAXS patterns are recorded by a CCD camera (Princeton 

Instrument). The beam size is small enough (300 µm × 300 µm) to avoid superimposition with 

the scattered signal. The background, (i.e. air scattering and direct beam intensities) is properly 

measured in absence of any sample. It can then be subtracted to the total intensity scattered in the 

presence of the rubber sample. The corrected scattering intensity is finally normalized by the 

thickness and the absorption of the sample. Each scattering pattern is integrated azimuthally. The 

deconvolution of the curve I=f(2θ) enables the extraction of the intensity at the peak top and the 

width at half height of each crystalline peak and the intensity at the peak top of the amorphous 

phase. The crystallinity index CI is then determined as follows 28: 

𝐶𝐼 =
𝐼$% − 𝐼$'
𝐼$%

	

            (1) 

where Ia0 and Iaλ are the intensity of the amorphous phase at the peak top in the unstretched state 

and the stretched state, respectively. The average crystallite sizes Lhkl (L200, L102 and L002) in the 

direction normal to the (hkl) planes, are estimated from the Scherrer equation: 



 7 

𝐿*+, =
𝐾𝜆/

𝛽1/3𝑐𝑜𝑠𝜃
	

              (2) 

where λw is the wavelength and θ is the Bragg angle. In this study, each crystalline peak is fitted 

with a Lorentzian function in which the width at half-height is β1/2. According to the parameters 

chosen for the fit of the experimental peak, the K value is 0.64 29. In order to measure the average 

crystallite size in the stretching direction L002 (c1), the tensile test machine is tilted by an angle 

around 10°. L002 is found independent on the mechanical loading 20. It is found equal to 85 Å and 

83 Å for NR and IR samples respectively. Besides, an empiric relationship between the 

crystallites lateral sizes has been established 20: b1 ~ a1/3 with L200 = a1 and L020 = b1. It must be 

noted that such relationship has already been found in many other studies 3,6,23. The b1 value is 

deduced from the measurement of L120. The angle between the plans (120) and (020) being equal 

to 19°, b1 (L020) is equal to 0.94L120. Given the assumption of a parallepipedic shape for the 

crystallites, the average volume of the crystallites is then defined by V = 0.94L120L200L002 and is 

therefore proportional to L200². 

2.4. In situ WAXS in dynamic conditions 

The in situ WAXS experiments are carried out on the DiffAbs beamline of the synchrotron 

SOLEIL (Gif-Sur-Yvette, France). A specifically dedicated apparatus is developed in order to 

perform WAXS measurements during cyclic tensile tests with large amplitude and high 

frequencies (up to 80 Hz) 30,31. Thanks to a stroboscopic acquisition, the diffraction pattern is not 

averaged over the whole cycle, but is acquired at a chosen stretching ratio. In addition, the 

temperature increase of the material, which can be significant at high frequencies and large 

amplitude, is also estimated during the test thanks to the measurement of the sample surface 
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temperature with an Infra-Red pyrometer (CTLF-CF3-C3 of Microepsilon, Saint Germain en 

Laye, France). 

The stroboscopic acquisition of the WAXS pattern at the chosen stretching ratio is made so that 

the exposure time is 1/44th of the time for a complete cycle. This means that a 1s exposure time at 

given elongation needs an acquisition over 44 cycles. The device enables to dynamically stretch 

the samples over a fixed amplitude Δλ = lmax-lmin ranging from 0 to several hundred percent, 

around an average pre-stretch λa fixed at the beginning of the experiment. The testing procedure 

is the following: first, the sample is stretched (in 1 s) at a fixed pre-stretch λa NR sample is then 

dynamically deformed around λa with the total amplitude Δλ with an increasing frequency (from 

2Hz to 80Hz). Once this sequence is finished, the sample is kept at λa during five minutes. 

During this relaxation phase, the aperture of the stroboscopic system is changed for another 

position. This procedure is repeated for 8 positions of the cycle, allowing measuring the 

crystalline parameters during the whole cycle (figure 1).  

3. Results and discussion 

3.1. Thermal stability of strain induced crystallites in natural and synthetic rubber 

Figure 1a recalls the CI evolution of NR and IR samples during a mechanical cycle performed at 

room temperature and slow strain rate (4.2 × 10-3 s-1). During the loading, SIC appears at lc = 4.3 

(5.1) and totally disappears at lm = 3 (3.6) for NR (IR) sample, leading to an hysteresis curve, as 

reported in literature 3,6,20,23. The difference between the crystallization curve and the melting one 

(assumed to be characteristic of the equilibrium state) is explained by the fact that nucleation is a 

kinetic process involving an energy barrier related to the surface energy of the crystallites. 

Compared to NR, the melting and crystallization curves of IR are shifted to larger stretching 
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ratios, whereas the value λm - λc, related to a so-called “superstraining” effect 20, is not 

significantly changed, which is consistent with the experimental data of Trabelsi et al. 6 

NR and IR samples are now stretched up to λ = 6 at slow strain rate, at sufficiently high 

temperature to avoid any crystallization during the loading phase. The samples are then cooled 

down to room temperature while stretching ratio is maintained at λ = 6. Note that the time scale 

of cooling is close to the one of the previous stretching experiment performed at room 

temperature. Crystallization starts at around 80°C and at 60°C for NR and IR respectively. Thus, 

at a given stretching ratio, IR sample needs to be more cooled to crystallize as compared to the 

NR sample. A second set of samples is stretched at room temperature and slow strain rate, 

relaxed during 5 minutes and heated from room temperature up to the temperature of complete 

melting of crystallites Tm. CI is plotted as a function of the temperature in figure 1b. NR 

completely melts at Tm around 110°C while IR melts at 90°C. Again, at a given temperature and 

stretching ratio, CI is always higher in NR than in IR, which is consistent with the studies of 

Gent 1 and Trabelsi 6.  

   
Figure 1. CI during cycle at 4.2 × 10-3 s-1 and at room temperature (a) during heating at λ = 6 (b) 

for NR (diamond symbols) and IR (circle symbols) samples. Lines are guides for the eyes. 
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To more accurately study the thermal stability of strain induced crystallites in NR and IR 

samples, the evolution of the average size L200 in the direction of the a1 axis of the crystal lattice 

is depicted in figure 2 as a function of CI for the different tests presented above. The first 

crystallite sizes we can accurately measure are 45 Å for IR and 50 Å for NR (corresponding to a 

CI around 0.5%). Then, when CI increases, L200 increases and reaches a maximum of 72 Å for IR 

and 86 Å for NR. One must note that the increase of crystallite size with stretching ratio is not 

systematically observed in the literature, which should be due to the different methodologies of 

WAXS analysis used by the others authors. Our methodology was detailed and discussed in a 

previous paper 20. Anyhow, for a given CI value, similar crystallite sizes between NR and IR 

samples are measured (only slightly lower for IR), which is consistent with the literature 6. For 

each sample, the relation between L200 and CI follows a unique trend whatever the loading or 

unloading phase. Note that very similar trends are observed concerning melting in the deformed 

state (figure 2b). Thus, the main difference between NR and IR is a shift of lc and lm while the 

difference in crystallites size for a given CI is weak.  

    

Figure 2. (a) L200 versus CI during loading (unfilled symbols) and unloading (filled symbols) at 

4.2 × 10-3 s-1 and at room temperature. (b) L200 versus CI during loading at 4.2 × 10-3 s-1 and at 
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room temperature (unfilled symbols) and during heating at λ = 6 (filled symbols). Circle and 

diamond symbols are for IR and NR data respectively.  

The classical theory of phase transition 32 can be used to interpret the combined effect of 

crystallites size and stretching ratio on melting temperature (i.e. on thermal stability of 

crystallites). As proposed in a previous paper 20, from the evolution of the average number of 

crystallites during SIC, crystallization would be the result of successive appearance of 

crystallites of increasing size. Once nucleated, one can also assume that the crystallites grow 

spontaneously – compared to the time scale of the experiment – up to their saturation size in all 

the directions (a1 = asat and b1 = bsat ~ asat/3 ref. 20, and c1 = csat). The melting curve would be the 

consequence of the successive disappearance of crystallites in the reverse order. Thus, the 

crystallite dimensions measured at λ close to λm correspond to the ones of the most stable 

crystallites. These crystallites are also the first to appear at λc. Assuming an affine deformation of 

chains, as proposed by Krigbaum et al. 33, one can write the temperature of total melting Tm, as a 

function of the total melting stretching ratio lm and the dimensions of the last crystallite which 

melts 34:  

𝑇9 = 			
𝑇9,; <1 −

1
∆𝐻9

@8𝜎,𝑎D$E
+ 2𝜎H
𝑐D$E

IJ

1 −
𝜈,LM$,𝑅𝑇9,;
2∆𝐻9

O𝜆9² +
2
𝜆9

− 3R
		

                                                                            (3) 

The melting enthalpy ΔHm (equal to 6.1 × 107 J.m-3 35) is assumed similar between NR and IR 

samples since it is expected a same crystalline structure between both materials. For the same 

reasons, same lateral and chain end surface energies are expected (σe = 0.66 × 10-2 Jm-2 and σl = 

0.33 × 10-2 Jm-2). Their values are deduced from the Thomas-Staveley relationship 36 and from 
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the assumption that se is almost equal to twice σl as proposed in a previous work 20. R (8.314 

J.mol-1.K-1) is the molar constant gas and nlocal is the local network density (in mol.cm-3) of the 

chains involved in the most stable crystallites (i.e. the last to melt and the first to crystallize).  

According to the literature, the difference in strain induced crystallization (SIC) behavior 

between vulcanized NR and IR is often attributed to lower stereoregularity of the IR 6,13,14. 

Following the theory of the melting point depression proposed by Flory 37 ( refer to the formula 

12 in the appendix), the stereoregularity defects in IR (~1,4%) can explain an equilibrium 

melting temperature (Tm,∞ ) around 3°C lower than the one of NR. In synthetic IR, depending on 

its synthesis, small branching along the polyisoprene backbone could exist (not in the case of NR 

38-40) and also cause a decrease of the IR equilibrium melting temperature. Only the paper of 

Kawahara et al. 41 proposed an estimate of the equilibrium melting temperature of both IR and 

NR (Differential Scanning Calorimetry was performed on rubbers in 1 wt% hexane solution at 

different temperatures of crystallization and Tmd,∞, the equilibrium melting temperature of rubber 

in diluted state, was deduced from the Hoffman-Weeks plot 42). However, the same author did 

not take into account the dilution effect on Tmd,∞ to evaluate the Tm,∞ (the equilibrium melting 

temperature of rubber in bulk state).  As explained in figure 10 in the appendix, using the data of 

this study and by applying the necessary correction, we found Tm,∞ equal to 33°C for NR and 

26°C for IR, i.e a gap of 7°C between both materials attributed both, to the lower stereoregularity 

(corresponding to a gap of around 3°C) and branching of IR. The Tm,∞ of NR is remarkably close 

to the value (35,5°C) found by Dalal et al.43 thanks to an optical 'turbidimetric' technique applied 

on bulk NR. Given this value 35.5°C and the gap previously found, Tm,∞  should therefore be 

equal to 28,5°C for IR sample. 
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From the tensile tests at room temperature, we previously found that λm = 3 and λm = 3.6 for NR 

and IR respectively, and the size asat (L200) of the incipient structure. For a CI equal to 0.5 %, the 

sizes we can accurately measure is 50 Å and 45 Å, for NR and IR respectively. From equation 3 

applied at room temperature, we can therefore deduce the network chain densities νlocal involved 

in the formation of the incipient crystallites: it is found equal to 4.1 × 10-4 mol.cm-3 for both 

samples. These values are around three times higher than the average network chain density 

measured by swelling (around 1.4 × 10-4 mol.cm-3 for both materials). This is expected, 

considering the network chain density heterogeneity in both NR and IR samples 44-47. This is also 

consistent with the general viewpoint which assumes that short chains are the first to orient and 

consequently the first involved in SIC 48,49. The fact that very similar network chain densities are 

found for both materials supports that the difference between SIC onset in IR and NR is mainly 

due to a difference of equilibrium melting temperatures.  

Now that the above parameters are estimated, equation 3 provides a relationship between the 

temperature and the stretching ratio at total melting for IR and NR. It is plotted on figure 3 and 

compared to the experimental data deduced from the previous loading-unloading curves reported 

in a previous paper 20: two samples are stretched at room temperature up to λ = 4.3 and 5.3 

respectively and melted at a fixed stretching ratio. The obtained melting couples (λm, Tm) are 

(4.3, 55°C) and (5.3, 80°C) respectively. Predictions and experimental data are in good 

agreement. In particular, the difference between the total melting temperature of NR and IR is 

found independent on the stretching ratio. This is consistent with previous experimental results 1, 

6. Thus, the depression of the equilibrium melting temperature (around 7°C) due to 

microstructural defects well explains the lower thermal stability of strain-induced crystallites in 

IR sample. This should also explain (qualitatively at this stage) why SIC occurs at larger lc for 
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IR, in tensile test experiment at slow strain rate. We shall see in the next section that this 

difference of lc decreases at large strain rate. 

  

Figure 3. Melting temperature of NR (diamond symbols) and IR (circle symbols) versus the 

stretching ratio estimated from WAXS experiments in ref. 20. The lines are calculated from 

equation 3.  
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50°C). Tangent modulus-strain curves (Et – λ) for some of the strain rates tested at room 

temperature are shown in figure 4. The corresponding stress-strain curves σ – λ are given in 
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Figure 4. Tangent modulus versus the stretching ratio for NR (a) and IR (b) stretched with the 

strain rates v1 = 5.6 × 10-4 s-1 (triangle symbols), v2 = 4.2 × 10-3 s-1 (circle symbols) and v3 = 2.8 × 

10-2 s-1 (square symbols). The stress-strain curves are given in insert. 
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λc at room temperature is now plotted in figure 5b as a function of the stretching time 

corresponding to different strain rates tested. This stretching time corresponds to the time needed 

to reach the stretching ratio at SIC onset (calculated as the ratio of (λc-1) by 𝜆̇). Data deduced 

from in situ WAXS experiments (figure 1) are also reported on the same figure, and are found in 

good agreement with the data deduced from mechanical tests. For the lowest strain rate, λc of IR 

sample is 0.8 above λc of NR sample. However, by increasing the strain rate, λc significantly 

increases, more drastically in NR than in IR. Thus, their curves seem to converge. 

 

Figure 5. (a) λc versus Tc for samples stretched with the strain rate v2 and (b) λc versus the 

stretching time for samples stretched at room temperature. Values from the mechanical tests are 

presented with unfilled diamond symbols for NR and unfilled circle symbols for IR. λc estimated 

from WAXS measurements at room temperature (close symbols) are also added (refer to figure 

1a). Lines are guides for the eyes.  
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is pre-existent). Following the theoretical developments of reference 20, the free energy of 

crystallization Δφ can be expressed as a function of the dimension of the crystallite a1: 

∆𝜑 = 2𝑐1(𝑎1 + 𝑏1)𝜎 + 2𝑎1𝑏1𝜎H − 𝑎1𝑏1𝑐1∆𝐺9(𝑇, 𝜆) 

(4) 

Where c1, a1 and b1 are the sizes of the crystallites in the directions (002), (200) and (020) and 

ΔGm the melting Gibbs free energy which depends on both entropic and enthalpic contributions:  

∆𝐺9 = ∆𝐻9
𝑇9,; − 𝑇
𝑇9,;

+	
𝜈,LM$,𝑅𝑇

2 O𝜆² +
2
𝜆 − 3R	

                                                                                             (5) 

the nucleation barrier Dφ* can then be written 20, 50: 

∆𝜑∗ =
32𝜎,²𝜎H
∆𝐺9²

	

(6) 

For fixed stretching ratio and temperature, the higher is the value of the nucleation barrier 

energy, the longer is the time needed to allow nucleation. Obviously, nucleation barrier decreases 

by increasing the stretching ratio, i.e. the strain energy. The lower nucleation barrier energy in 

NR compared to IR means that crystallization occurs faster in NR sample. From the present 

description, this is due to the higher melting temperature of the infinite crystal in NR compared 

to IR.  

A nucleation probability, namely N1, can be estimated with a Boltzmann’s type equation:  

𝑁1 = 𝑒𝑥𝑝 O
−∆𝜑∗

𝑘^𝑇
R	



 18 

(7) 

kB is the Boltzmann constant. The crystallization rate is then defined as follows 16,50:  

𝑁̇ = 𝑁̇%𝐷1𝑁1	

(8) 

Where 𝑁̇% is approximated as a constant (although it should depend on 1/T), D1 is a diffusion (or 

transport) term derived from WLF equation.52 This empirical relationship allows estimating the 

dependence of the relaxation time with temperature, when this one is above the glass transition 

temperature Tg. D1 can be written: 

𝐷1 = 𝑒𝑥𝑝<
−2.303𝐶1𝐶3
𝐶3 + 𝑇 − 𝑇c

J	

(9) 

Actually, the diffusion term is not equal but proportional to the exponential term. This coefficient 

is included in the global pre-factor	𝑁̇0. Using the time-temperature superposition principle, the 

shift factor aT – calculated from the construction of a master curve from mechanical spectrometry 

data  –  allows estimating the parameters C1, C2 and Tg, that we found equal to 16.8, 33.6 K and 

208 K (-65 °C) respectively, in both NR and IR samples. Note that these parameters were 

deduced from experiments in the linear regime, i.e. at small strain: we will assume here that the 

segmental mobility is independent on the stretching ratio 53. The induction time τ needed to 

observe crystallization can then be roughly estimated from 𝑁̇ and K (a constant proportional to 

1/𝑁̇% ): 

𝜏 = 𝐾/(𝐷1𝑁1)	
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(10) 

As previously discussed, a difference of the induction times of NR and IR is thought to be due to 

microstructure defects. In the present description, these defects are taken into account in the term 

N1 through the Tm,∞ value, which is different for NR and IR. For sake of simplicity, in the 

following discussion, τ will be approximated as the time needed to reach the stretching ratio at 

SIC onset, during a monotonic experiment at a fixed temperature. In order to fix the time scale of 

the theoretical curves and enable their comparison with the experimental trends, we arbitrarily 

choose to estimate K, an unknown parameter, from the experimental time τ needed to crystallize 

the NR and IR samples stretched at the optimum temperature (-25°C) with the lowest strain rate 

tested (5.6 × 10-5s-1), i.e. when λc is the lowest. In these conditions, the time needed to observe 

crystallization of vulcanised NR (deduced from mechanical response) is around 6300 s and is 3 

times higher for IR. Remarkably, K of NR and IR are found very close. The table given in 

appendix provides the intermediate calculation steps leading to the estimate of K. 

From the previous equations and with these fixed parameters, the theoretical value of the 

stretching ratio at SIC onset can be evaluated for any given temperature and stretching times. 

Figure 6a displays the evolution of λc as a function of the temperature for the strain rate 4.2 × 10-

3 s-1. As observed experimentally (figure 5a), when varying the temperature, the stretching ratio at 

SIC onset shows a minimum value corresponding to the fastest kinetics of crystallization. For the 

highest temperatures, stretching ratio at SIC onset in NR and IR get closer, which is consistent 

with experimental results. Figure 6b presents the evolution of λc as a function of the stretching 

time at room temperature. Again, curves exhibit trends very similar to the experimental results 

(figure 5b). In particular, the difference between the stretching ratio at SIC onsets of NR and the 

one of IR decreases when the strain rate increases (when the stretching time decreases), i.e. when 
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lcIR and lcNR increases. This can be directly demonstrated by the calculation of lcIR - lcNR which 

writes: 

𝜆M	ef − 𝜆M	gf = 			
2∆𝐻9 O−

𝑇9,;	ef − 𝑇
𝑇9,;	ef

+
𝑇9,;	gf − 𝑇
𝑇9,;	gf

R

	𝜈,LM$,𝑅𝑇 O𝜆M	ef + 𝜆M	gf −
2

𝜆M	ef𝜆M	gf
R
		

                                                                            (11) 

 

At T constant, this difference decreases with the increase in both lcIR and lcNR with the strain 

rate. Qualitatively, when SIC is forced to occur at higher stretching ratios because of a higher 

temperature or strain rate, the strain energy term becomes more and more important compared to 

the enthalpic term (see equation 5). The dependence of this strain energy term with l2 being the 

same for NR and IR, (since their value of νlocal are similar), large strain rate tend to attenuate the 

influence on the nucleation rate of their difference of enthalpic energy, and thus to hinder the 

effect of the microstructure defects in IR.  
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Figure 6. (a) λc in NR (solid line) and IR sample (dotted line) for the strain rate v2 = 4.2 × 10-3 s-1  

versus temperature. (b)  λc at room temperature versus stretching time for NR (solid line) and IR 

sample (dotted line).  

3.3. Crystallization and melting during high strain rate cycles 

The usual conditions of solicitation of natural and synthetic rubbers are more complex than those 

presented above or in the literature. Thus, our aim is now to understand if the previous 

experimental observations as well as the thermodynamic developments are still valid when 

rubber samples are submitted to more complex conditions of solicitations (such as the ones met 

in pneumatic tires). NR and IR samples are first pre-stretched at λa = 4.8, relaxed during five 

minutes and then dynamically deformed around λa with an amplitude Δλ= λmax - λmin =1.8 and 

frequencies varying from 2Hz to 40Hz (cf. section 2.4). Given the relatively high value of pre-

stretching, the dynamic cycles are performed above the melting stretching ratio measured at 

room temperature λm, Troom (refer to figure 1a). 

In figure 7, cycles at 2 Hz are compared to the ones at slow strain rates (10-3 Hz). Given its 

kinetic nature, SIC should depend on strain rate. In spite of that, the CI values measured at λmax in 

NR and IR samples are very similar to the ones measured during loading at slow strain rate (cf. 

figure 1). Indeed, because the chains have not totally relaxed during partial unloading (this is 

likely since the material is still stretched), re-nucleation is eased 31. The similarity of the CI value 

measured at λmin  for slow strain rate cycle and dynamic cycle at 2Hz, also evidenced on filled 

natural rubbers 54,  is consistent with the scenario proposed in the previous section: each 

crystallite population involved in the dynamic cycle nucleates during the loading and completely 

melts during unloading. Thus, the measured CI at λmin results from the summation of thermally 



 22 

stable crystallites which are not involved in the dynamic cycle and cannot disappear as long as 

the temperature of the test is maintained constant. 

Then, by increasing the frequency of the test up to 40Hz, CI progressively decreases in both 

samples, whatever the stretching ratio, even at λmin , contrarily to what might be expected.  

  

Figure 7. CI versus λ during dynamic tests of NR (a) and IR (b) sample stretched at 2Hz (triangle 

symbols), 10Hz (cross symbols), and 40Hz (plus symbols). CI curves from the slow strain rate 

cycles (figure 1) are recalled (diamond symbols and circle symbols for NR and IR samples 

respectively).  

Following the above discussion, the decrease of CI measured at λmin cannot be due to strain rate 

effect. As proposed in a previous paper 31, the most reasonable explanation is an increase of the 

materials temperature with frequency, due to self-heating of the sample, which leads to an 

increase of λm. As shown in the insert of figure 8, the temperature surface regularly increases 

with frequency, similarly in NR and IR, because of their same viscoelastic behavior. CI at λmin 

strongly decreases and reaches zero in both samples for frequency above 10-20 Hz. For these 

frequencies, temperature surface is equal to 33/36°C and 32/36°C for NR and IR samples 

respectively. Assuming the equivalence between heat brought by self-heating and heat brought 
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by an external source, the effect of self-heating on the melting stretching ratio can be evaluated 

from figure 3. At these frequencies, λm should be increased up to values equal to 3.8/4 and 

4.3/4.4 for NR and IR samples respectively. These values are close or above the λmin values of 

the dynamic tests (3.9) and thus justify the disappearance of CI λmin.  

  

Figure 8. CI at λmin = 3.9 as a function of frequency for NR (diamond symbols) and IR (circle 

symbols). CI at λ = 3.9 measured during the unloading of the slow strain rate cycle is also added 

(unfilled symbols). In insert: surface temperature of NR (diamond symbols) and IR (circle 

symbols) samples versus frequency. 

The CI evolution at λmax is now plotted as a function of the frequency for IR and NR. CI is higher 

in NR sample at low frequency. At 10-20Hz and above, CIλmax values are equal to the total 

crystalline fraction (since CIλmin is then equal to zero, cf. figure 8) and are found very close for 

both materials. In these conditions, the first crystallites involved in SIC completely melt during 

unloading and recrystallize during loading. Thus, SIC characteristic time of the incipient 

crystallites converge at high frequencies due to the concomitant increase of the self-heating and 

strain rate. This stays consistent with the previous section 3.2 that showed that an increase of the 
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temperature (figure 5a), as well as a decrease of the stretching time (figure 5b), tend to bring 

closer the λc of NR and IR samples. 

  
Figure 9. (a) CI at λmax during dynamic cycles at room temperature in NR (filled diamond 

symbols) and IR (filled circle symbols) samples. (b) CI during slow stretching at room 

temperature in NR (unfilled diamond symbols) and IR (unfilled circle symbols) samples. 

4. Conclusion 

Strain induced crystallization behaviour of natural and synthetic rubbers are compared during 

monotonic tensile tests with strain rates in the range [5.6 × 10-5 s-1 ; 2.8 × 101 s-1] and during 

dynamic tensile tests with a corresponding strain rate in the range [7.2 s-1 ; 1.44 × 102 s-1]. When 

stretched at slow strain rate and room temperature, SIC of IR occurs at a larger stretching ratio 

than NR sample. This is explained by a lower equilibrium melting temperature of IR due to 

microstructure defects: (i) a lower stereoregularity of chain segments (98.6% of cis 1,4 units for 

IR against 99.9% for NR) and (ii) the presence of branching along the backbone of the synthetic 

rubber. Stretching ratios at SIC onset of NR and IR increases and get closer when strain rate or 

temperature increase. This is explained by the dependence of the different energetic 
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contributions in the melting free Gibbs energy, on temperature and λ, which actually control the 

crystallite nucleation. A thermodynamic expression of the nucleation time based on the 

Hoffman-Lauritzen equation enables to qualitatively describe the experimental results. The 

convergent ability of NR and IR samples to crystallize at high stretching ratio is confirmed by in 

situ WAXS experiments performed during dynamic tests at high frequencies (i.e. involving both 

high strain rates and self-heating). Indeed, these tests show that the crystallinity index measured 

in both materials at high frequency converge at high strain. In these tests, the effect of the 

stretching ratio and of the temperature increase are combined since the materials self-heating is 

significant.  
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6. Appendix 

Thermodynamics of polymer melting: following Flory 37, the melting point depression depends 

on the mole fraction of impurity. Non-crystallizable co-monomers incorporated in the chain are 

assimilated to impurities, such as monomers in trans configuration. The melting point depression 

due to their presence is given by: 

1
𝑇𝑚

− 1
𝑇𝑚,∞

= 𝑅
∆𝐻𝑚

𝑁𝑡𝑟𝑎𝑛𝑠
𝑁 				 

 (12) 
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Ntrans is the number of monomers in trans configuration, N is the total number of monomers in the 

chain. 

In semi-crystalline polymer, the chain-folded lamellar crystals with a thickness Lc show an 

apparent melting temperature Tm, which depends on the crystallization temperature (Tc). The 

apparent Tm is always lower than the equilibrium melting temperature due to the decrease of 

lamellar thickness. In order to determine , Hoffman and Weeks 42 established a method to 

correlate the melting temperature with the crystallization temperature. Data extracted from the 

literature (Kawahara et al. 41) are used to plot figure 10 according to Hoffman-Weeks method. 

The crystallization measurements of Kawhara et al. were performed on rubbers in 1 wt% hexane 

solution. Consequently, Hoffman-Weeks plots enable to obtain the equilibrium melting in diluted 

solution (Tmd,a) for NR (262K / -11°C ) and IR (257K / -15°C). The lower equilibrium 

temperature compared to the ones in dry (bulk) state (for example: 35°C for NR 43) is due to the 

presence of hexane, a solvent which depresses the melting temperature. A relationship 

established by Mandelkern et al. 55 enables to correct this effect and calculate  from :  

𝟏
𝑻𝒎𝒅,𝜶

−
𝟏

𝑻𝒎,;
=

𝑹
∆𝑯𝒇

𝑽𝒖
𝑽𝟏
(𝝂𝟏 − 𝝌𝟏𝝂𝟏𝟐) 

(13) 

where n1 represents the volume fraction of solvent, c1 56 is the Flory solvent interaction 

parameter (NR/Hexane), R 56 is the molar gas constant, ΔHf  56 is the heat of fusion, Vu 56 the 

molar volume of solvent  and V1 56 the molar volume of the polymer repeat unit. 

The values calculated are 306K / 33°C for NR and 299K / 27°C for IR.  

 

a,Tm

a,Tm

a,Tm a,Tmd

a,Tm
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Figure 10. Melting temperature versus crystallization temperature for NR (diamond symbols) 

and IR (circle symbols) in diluted solution. Data are extracted from Kawahara et al. 41. Lines 

correspond to the Hoffman-Weeks plots 42.  

Sample λc  N1  D1  τ (s) K (s) 

NR 1,35 8.89 × 10-3 2.13 × 10-8 6.30 × 103 1.19 × 10-6 

IR 2,05 3.43 × 10-3 2.13× 10-8 18.90 × 103 1.38× 10-6 

Table 1. Steps for the calculations of the constant K. λc is the stretching ratio at crystallization 

onset deduced from tensile tests performed at -25°C with the lowest strain rate (5.6 × 10-5 s-1). τ is 

the experimental time needed to reach λc. The parameters N1 and D1 are the values of the 

diffusion and nucleation terms deduced from equations 7 and 9 respectively and calculated with 

Tc=-25°C and λc given in the table. K is finally deduced from equation 10. 
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