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Abstract : 
 
Polychloroprene rubber is often quoted as an example of strain-crystallizing elastomer; however, this 
fundamental property, known to impart good mechanical properties and fatigue resistance, has received 
much less attention in this class of compounds than natural rubber. The present paper relates 
systematic investigations combining mechanical and X-ray diffraction measurements. Crystallization 
kinetics are first investigated based on tensile impact tests. An approximately logarithmic time-
dependence is found for the crystalline content and the time-constants are estimated at various 
temperatures. The impact of strain-induced crystallization on stress-strain curves under mechanical 
cycling conditions is further assessed. It is demonstrated that one main effect of strain-induced 
crystallization is a partial relaxation of the strain experienced by the amorphous fraction, although 
stress-hardening is simultaneously observed. Based on the stress-optical law, the contribution of the 
amorphous phase to the stress is shown to level off after crystallization onset, and stress-hardening is 
attributed to crystallite networking. The crystallite network rapidly disintegrates at the beginning of 
recovery, and the stress-optical law shows that the amorphous fraction becomes the only contributor to 
the stress at still non-negligible crystalline contents. 
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Graphical abstract  

 

 

Highlights 

► Temperature effect on SIC in polychloroprene rubber is investigated. ► SIC is fast and follows a 
logarithmic time-dependence for all tested temperatures. ► Impact of strain on melting temperature is 
well characterized. ► Stress hardening during tensile test is due to crystallite networks whereas the 
amorphous phase only contributes to the stress when no crystallites are created. 
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1. Introduction 

Chloroprene rubbers (CR) are a class of specialty elastomers widely used in many 
demanding industrial applications like coatings, sealing, or as part of structures in a marine 
environment [1]. Their better durability and lower sensitivity to swelling by nonpolar solvents 
and lower oxidation rate compared for instance to natural rubber (NR) is due to the presence 
of a chlorine atom close to the double bond, that reduces its reactivity [2, 3]. CRs belong to 
the class of strain-crystallizing elastomers, and strain-induced crystallization (SIC) is known 
to increase dramatically both the fracture properties and fatigue life [4, 5]. It has received 
much less attention in CRs compared to NRs, and many of the studies date back to the 60’s 
when the crystallization process was highlighted in this class of compounds. Huge progress 
made in the production and detection of X-rays has led to a recent renewal of SIC studies 
coupling mechanical and diffraction measurements, but this effort essentially benefited NR-
based compounds [6]; we only know of one such study devoted to CR [7]. The need for a 
better knowledge of the impact of SIC in a generic unfilled W-type CR prompted the present 
work. Elastomers are most often used in dynamic conditions and the efficiency of SIC as a 
reinforcement mechanism is thus intimately related to its kinetics. The first section of this 
paper focuses on this point. The impact of SIC during mechanical cycling is then examined. 

There is a large literature on SIC in elastomers and we will briefly recall what 
distinguishes this phenomenon from quiescent crystallization (QC) (i.e. thermally-induced 
crystallization at zero strain; the term “cold crystallization” is also found in the literature). 
Although SIC is common to a large number of elastomers, none has received as much 
attention as NR, which appears as the main example for strain-crystallizing elastomers, and 
quite often as the only reference. A first important point is that crystal structures are in general 
similar for QC and SIC [8-9]. QC in elastomers that readily strain-crystallize is quite often a 
slow process even at optimal degrees of super-cooling, and crystallization half-times are 
counted in hours or days [10-11]; folded conformation is most probable and spherulitic or 
lamellar growth is observed under some conditions [6-8]. The crystallization kinetics 
progressively accelerate with increasing applied elongation and crystallites become oriented 
with the chain-axis on average parallel to the stretching direction [11, 15-17]. The formation 
of extended crystallites becomes most probable at elongations where the kinetics become 
rapid (sub-second times):  this can be defined as the effective SIC domain. Shish-kebab 
formation is possible in the intermediate range between QC and SIC [17]. This transition from 
folded to extended conformation is also reproduced by Monte-Carlo simulations [18]. The 
melting temperature ����� increases rapidly with elongation λ in the SIC range and may 
exceed the incipient melting temperature by more than 100°C [19]. This effect is due to the 
combination of  two factors that constitute the ingredients of the theory developed by Flory 
[20]: there is first a reduction of the entropy cost for amorphous chain fragments that enter 
into a crystallite as they are pre-extended: a similar effect governs flow-induced 
crystallization during injection of polymers melts. The second entropic mechanism is specific 
to elastomers: a chain fragment embedded in a crystallite adopts a fully extended 
conformation; as both ends of the chain are constrained by cross-links, the chain section 
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outside the crystallite is partially relaxed. Although an improvement of the mechanical 
properties by SIC is well-established, the actual process at its origin is still debated: the fact 
that crystallites act as physical cross-links or fillers is usually evoked. We recently proposed 
that both the partial relaxation of the molten fraction by SIC and crystallite networking were 
playing a major role [21]. These points will be discussed. 

A first section contains experimental details related to the material formulation, diffraction 
apparatus and data treatment. The results obtained are presented in the following section. It 
begins with a short paragraph on the effect of elongation upon melting temperature. The 
kinetics of the crystallization that follows an ultra-rapid extension are then analyzed for 
various final elongations and temperatures. Finally the impact of crystallization on 
mechanical cycling is assessed for different test temperatures. 

2. Experimental section 

2.1. Materials 

The polychloroprene gum used for the present material is a homopolymer (W-type) 
whose exact microstructure has been assesed by NMR: trans-1,4 (91.8%),  cis-1,4 (6%), 1,2-
units (1.5%) and 3,4-units (0.7%). The chemical disorder decreases the melting temperature 
and ability to QC compared to the stereoregular polymer, which allows application as a rubber 
[16]. The gum is cross-linked by sulfur vulcanization carried out at 160°C for 10 minutes in a 
custom-made compression mold (see detailed formulation in Table 1). Samples have a 
dumbbell form 20mm in length and 7mm in width. The sample thickness is critical as chlorine 
is an effective absorbing element at the X-ray wavelength presently used (0.1542nm). The 
optimal thickness for diffraction at this photon energy (8keV) is ca. 0.3mm; sample thickness 
was fixed at ca. 0.5mm so that the optimal value is attained at typically half the maximum 
applied elongation. Samples were systematically extended a few times before use to suppress 
the Mullins effect; they were then heated to 60°C to eliminate any remaining crystalline 
phase. The estimation of the cross-link density � is based on mechanical measurements using 
the Moonley-Rivlin formula for the engineering stress 2��	 + �� �⁄ ��� − 1 ��⁄ � (elongation: 
λ). It is assumed that � = 2�	 ��⁄  (R gas constant, T absolute temperature; see Table1) [23].  

CR (W type) 100 phr 
MgO 4 phr 

ZnO 5 phr 
Sulfur 1.5 phr 

Stearic Acid 0.5 phr 
HPPD 3 phr 

Crosslink Density (104 mol/cm3) 0.746 (186 monomers/chain) 
C2/C1 2 

 

Table 1: Detailed formulation for the polychloroprene rubber used in this study 
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2.2. Stretching set-up  

Although it is commonly asserted that time-resolved X-ray diffraction on elastomers 
requires the high flux delivered by synchrotron facilities, we have previously shown that 
usable data may be collected with a simple laboratory set-up [21, 24]. The apparatus is 
basically a symmetric stretching machine mounted on a rotating anode generator; the Kα 
radiation emitted by the copper anode is selected by a doubly-curved graphite monochromator 
that provides high flux (ca. 5 109 ph/s when operated at 40kV, 40mA). The drawing speed for 
mechanical cycling can be selected in the range 1-800mm/min for temperatures between 0°C 
and 100°C. The set-up is normally equipped with an indirect illumination CCD X-ray camera 
whose main disadvantage is a long transfer time (around 6s); it is well-adapted to mechanical 
cycling at moderate strain-rate, but a strategy of cumulative acquisition becomes mandatory 
for kinetics measurements: such a stroboscopic technique has been used for the evaluation of 
the crystallization rate and induction period in NR samples by different authors [23, 25-26]. It 
can be now replaced by a hybrid pixel detector that combines a better efficiency (ca.98% at 
8keV) and shorter transfer time (ca. 0.25s) when more rapid data acquisition is needed [21]. It 
makes an evaluation of crystallization kinetics by the tensile impact test method possible to 
some extent in the laboratory, while it has been up to now essentially confined to synchrotron 
facilities; see for instance [28] for a pioneering work on polyisobutylene and [29-31] for more 
recent studies on NR. The new high-speed extension system consists of two pneumatic 
springs fixed at the clamp positions; compressed air at 6 bars stored in a buffer bottle is 
admitted into the springs by the opening of a large diameter solenoid valve. It simultaneously 
triggers a sequence of acquisition for the X-ray camera and the load cell. The step duration 
has been evaluated to be around 10ms using optical sensors. For measurements where a 
sensitive load cell is necessary, the sample pull can be ensured by a single spring while the 
load cell remains at a fixed opposite position and experiences no shock. We presently prefer 
using two opposing pneumatic springs to achieve symmetric stretching. 

 
2.3. Data processing 

A representative X-ray diffraction pattern of a CR sample partially crystallized by SIC 
is presented in Figure 1. The blind vertical line (1) corresponds to the gap between the two 
detecting elements of the detector; the central circular white spot is the shadow of the beam-
stop.  The “halo” (2) is due to scattering by the amorphous fraction and mainly originates 
from inter-chain positional correlations [32]. Diffraction features (3) and (4) come from the 
crystallized fraction. The unit cell of polychloroprene is orthorhombic with four polymer 
chains passing through and parallel to the c-axis [8]; this axis gets oriented along the 
stretching direction and the reflections with constant l-index are located on the black dotted 
lines. The high-degree of orientation of the c-axis is shown by the restricted angular spread of 
the intense equatorial spot (3) that combines (120) and (200) reflections (14.06 nm-1) [8, 33]. 
Due to the above mentioned in-chain substitutional disorder, reflections with indices l=±1 are 
blurred into a diffuse streak (13.37 nm-1) (4); as the disorder is located along the c-axis, it 
affects equatorial reflections with zero l-index. The three homogeneous lines (5) arise from 
the added zinc oxide (see Table 1). 
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Figure 1. Representative diffraction pattern of a partially strain-crystallized CR sample 
(elongation: 5, room temperature, pixel-type detector, exposure time: 3s). 

The two parameters most relevant for the present study and that can be extracted from 
the diffraction patterns are a crystallinity index and the anisotropy coefficient for the 
amorphous halo. An absolute determination of the degree of crystallinity in a semi-crystalline 
polymer by X-ray diffraction requires in principle an evaluation of the intensity scattered by 
both the crystalline and amorphous fractions in the whole space [34]. Under practical 
conditions, measurements are restricted to a limited zone where the most significant part of 
the scattering gets concentrated. In this way one defines a crystallinity index (CI) as the ratio 
of the area under the crystallization peaks to the total scan area; if the zone is correctly 
chosen, CI is expected to be close to the degree of crystallinity. We presently use the zone 
encompassed between the white dotted lines and limited to ± 45° to avoid interference with 
the diffuse streak (4) (see Figure 1). The angular φ-scan is composed of a peak associated to 
the (120)+(200) reflections superimposed on a background that combines amorphous, air and 
Compton scatterings. The removal of the air scattering contribution is described elsewhere 
[24]; the Compton contribution is low as regards to the scattering angles but has nonetheless 
been evaluated and substracted [35]. The crystalline peak is adjusted by a Pearson VII 
function, which is basically a lorentzian function raised to a power µ; this type of function is 
often used in crystallography due to its versatility [36]. The µ exponent is fixed at 2 based on 
test measurements in highly extended and crystallized samples. The unixial extension induces 
a modulation of the amorphous intensity that can be expanded in even powers of cos � for 
symmetry reasons; the development can be stopped at � + ������ for the whole elongation 

range. An “order parameter” 〈��
� 〉 =

	

�
�3〈�����〉 − 1� may be computed from A and B, that 

proved very sensitive to the strain-state for NR-based materials [21, 37]; this sensitivity is 
presently significantly diminished by the limited amplitude of the angular scan. Mitchell et al. 
have shown that by making reasonable assumptions, 〈��

� 〉 can be assumed proportional to 
the Hermans coefficient 〈��〉 that quantifies the segmental orientation within the only 
amorphous phase [38-39]. This is an advantage compared to evaluations of 〈��〉 by infra-red 
dichroism or birefringence where contributions of the amorphous and crystallized phases are 
difficult to separate [40-41]. The knowledge of  〈��

� 〉 over the whole elongation-range offers 
thus a unique opportunity to access the strain-state of the amorphous fraction after SIC onset 
and to evaluate its contribution to stress. This procedure was recently applied to the case of 
NR [21, 37].  

 
3.  
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4. Results and Discussion 

 
3.1. Melting temperature and elongation 

The assesment of the relationship between elongation and melting temperature in NR 
or CR has been one test for Flory’s theory [15, 19, 42]; the agreement is found to be semi-
quantitative at best. The question is still debated and remains the object of publications 
[43,44].  Our purpose is actually quite different and restricted to the evaluation of the minimal 
elongation at which the crystalline phase is still present at a given temperature; such a 
knowledge is a prerequisite to any discussion of the SIC effect during mechanical cycling. A 
measurement of the melting temperature in the quiescent state is also included for 
comparison; in that case, samples are left to crystallize for one week in a refrigerator at -20°C 
prior to transfer to the X-ray set-up. Stretched samples crystallize more readily and they were 
maintained at around -9°C for a few hours in the setup until the crystalline content was 
sufficient to permit reliable measurements by X-ray diffraction; they were then warmed up 
step-wise until complete melting. Breakage occurred systematically before melting for the 
higher elongations investigated, and the melting temperature was obtained by linear 
extrapolation to zero for the CI. Data presented here are averages on two samples. 
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Figure 2. Effect of elongation on the melting temperature. 

 
A linear dependence of the SIC-melting temperature on elongation is observed, 

����� ≈ 3.4 + 14.1	�	�°�� (Eq.1) (see Figure 2). The extrapolated temperature at λ = 1 is 
around 17.5°C, significantly lower than the melting temperature for samples crystallized at -
20°C in the quiescent state (37°C); this important result is discussed in the “mechanical 
cycling” section. A similarly linear relation is found for NR, for which the slope is in the 
range 25-30 independent of the cross-link density [19, 42]. It should be noted that an 
approximately linear behavior is actually predicted in this elongation range by Flory’s theory, 
but the slope is expected to depend upon the cross-link density. The ability to strain-
crystallize appears higher for NR and the absence of chemical disorder could be a first 
explanation. The lower melting enthalpy in NR (4.39 kJmol-1) compared to CR (8.37 kJmol-1) 
can also be invoked [20]. 
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4.2. Crystallization kinetics 

Tensile impact tests have been conducted at different step-end elongations and 
temperatures; the only limitation is sample breakage and we opted for maximal values of 
respectively 5.3 and 40°C. Extension was started from the zero-elongation state although the 
only requisite for the initial strain state is that no crystallization develops during the time 
necessary to start the experiment. Each acquisition set consists of three successive sequences 
of 30 diffraction frames each with exposure durations 0.3s, 3s and 30s. The data transfer time 
is ca. 0.3s and it must be correctly included in the calculation of the elapsed crystallization 
time. 

 

 

Figure 3. Representative diffraction patterns collected during a tensile test sequence with 
different acquisition durations (final elongation: 4.8; temperature: 20°C)  

Diffraction patterns collected during an acquisition sequence are shown in Figure 3 at 
the successive exposure times; such measurements have been systematically carried out on a 
minimum of four samples for each set of temperatures and step amplitudes to increase the 
representativeness of the results. An illustration of the data dispersion related to the sample 
variability is given in Figure 4-A and B; the observed differences are most probably due to 
slight variations in the sample shape that may affect the exact elongation value at the end of 
the step. The counting statistic remains correct even at the shorter exposure times for CI; this 
is not the case for 〈��

� 〉, mainly as a consequence of the limited angular range of the intensity 
scan. The best that can be ascertained is a decrease of 〈��

� 〉  with elapsed time that illustrates 
the relaxing effect of SIC. The horizontal dotted line (Figure 4-B) indicates the initial 〈��

� 〉 
value at zero-time based on equation (2). 
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Figure 4. Time dependence of the crystallinity index (left) and orientation parameter 
〈��

� 〉 (right) upon crystallization time for four samples of the same batch. 

The averaged values of CI at the different elongations and test temperatures are 
collected in Figure 5; the horizontal error bars correspond to the acquisition time for each 
frame. A logarithmic time-dependence appears to be obeyed, except for the lower investigated 
elongation where significant deviations are observed at shorter times. The kinetic law is thus 
written: �(�)� ≈ �. *�+�) ,-⁄ � (eq.3), where t is the elapsed time and ,- is tentatively 
interpreted as an induction time necessary for crystallization to develop after step completion. 
Concerning this last point, some reservations need to be noted: the step duration is about 
10ms which per se introduces an uncertainty on the time origin. Induction times ,- shorter 
than 10ms can thus be questioned.  
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Figure 5. Time-dependence of the averaged crystallinity index at different elongations and 
temperatures. 

Elongation Temperature A ,- (ms) 
3.7 10°C 0.018 110 
3.7 20°C 0.0094 152 
4.2 10°C 0.023 5 
4.2 20°C 0.0165 31 
4.2 30°C 0.0092 15 
4.2 40°C 0.0031 18 
4.8 10°C 0.0228 0.3 
4.8 20°C 0.0159 0.5 
4.8 30°C 0.0119 2 
4.8 40°C 0.0073 7 
5.3 10°C 0.0215 0.05 
5.3 20°C 0.0165 0.02 
5.3 30°C 0.0128 0.04 
5.3 40°C 0.0093 0.1 
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Table 2. Values for parameters A and ,- input to equation (3).  

Values found for parameters A and ,- are collected in Table 2. As noted above, very short 
induction times must be taken with caution due to the transient step duration. Whatever 
restrictions can be made, as-found ,- values are undoubtedly indicative of a tendency and it 
can be concluded that SIC induction in CR is a rapid phenomenon, even at the lower 
extensions. It first appears that ,- mostly depends upon elongation and only weakly upon 
temperature. One may define a temperature-averaged induction period that is plotted in Figure 
6-A; it can be adjusted by exponential elongation-dependence 〈,-〉 = 1.3	10

		exp	�− � 0.19�⁄  
(eq.4). The slope A displays an opposite behavior and mostly depends upon temperature and 
not elongation, except perhaps for the lower elongation. The temperature dependence of the 
elongation-averaged slope is plotted in Figure 6-B and closely follows a linear dependence  
〈�〉 = 0.02725 − 5.24	10789�°�� (eq.5). Equations 4 and 5 are not expected to give more 
than a rough estimate of the crystallization kinetics for a chosen set of temperature and 
elongation. 
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Figure 6. A- Temperature-averaged induction time versus elongation. B- Elongation-

averaged slope versus temperature. 
 

The origin of the observed time-dependence is now discussed. It must first be stressed 
that many different kinetic laws may approach a logarithmic form; it was chosen for 
convenience, as a way to define a minimum number of significant parameters. Indeed some 
saturation must be observed at longer crystallization times as the crystallinity becomes close 
to its equilibrium value. No evaluation of the CI at equilibrium was attempted here, but it 
could be reached by either a short over-cooling or over-stretching of the sample at the end of 
the acquisition cycle. Crystallization is a two step process consisting of nucleation and 
growth. Brüning et al. conducted systematic tensile test experiments on NR and they devised 
a model where growth is the limiting process: part of the chains become taut after step-
extension and their ability to coalesce into crystallites is limited by the diffusion processes 
[31]. The slow-down is caused by the progressive disappearance of free crystallizable 
segments as they enter crystallites. A relatively complex non-logarithmic kinetic law was 
derived and the agreement with experimental data is reasonably good as mentioned in their 
publication. Without discussing the argument that led to discard chain orientation as the 
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limiting step, it must be noted that this model is presently in contradiction with the fact that 
the width of the (120)+(200) equatorial reflections remains constant (this is clearly seen in 
Figure 3). A progressive lateral growth of crystallites should be reflected by a decrease of the 
reflection width according to Scherrer’s formula [45]. It is our opinion that chain extension is 
in fact rate determining as it reduces the entropy cost for chain segments entering into the 
nuclei formation [44]. The growth of oriented crystallites induces a constant relaxation of the 
local elongation and hence a progressive diminution of the entropy benefit it entails: this 
could account for the rapid slow-down of the kinetics as crystallization proceeds. 

4.3. Mechanical cycling 

Stress-strain curves have been recorded in a temperature range 0°C-40°C with a 
maximal elongation of around 6; premature breakage is observed at 50°C. Diffraction patterns 
were recorded with an indirect illumination CCD X-ray camera at a rhythm of 10s per frame 
plus 6s for the data transfer. In order to obtain a sufficient number of frames per cycle, the 
strain-rate was fixed at 5 10-3 s-1 (6mm/min). In fact, the logarithmic time-dependence of SIC 
has for consequence a logarithmic influence of the strain-rate on the stress-strain curves; this 
has been clearly demonstrated by Candau et al. in the case of NR, as long as the test 
temperature is well above Tg [44].  

4.3.1. Impact of SIC on stress 

Stress-strain curves recorded at the two extremities of the temperature range are 
displayed in Figure 7-A. Reference stress-strain curves with no SIC could not be obtained due 
to premature breaking when working at higher temperatures; a Mooney-Rivlin fit is plotted 
instead as a guide for the eye. The corresponding CI-strain curves are given in Figure 7-B. 
During stretching we define the elongation λOnset for the SIC onset by linear extrapolation to 
zero of CI (see Figure 7-B); premises of crystallization are detected at ca. λOnset - 0.4. Stress 
hardening is concomitant with λOnset and is evidenced by a departure from the Mooney-Rivlin 
curve; it is not preceded by stress-softening in contrast to NR [19, 21]. Two cases may be 
distinguished during recovery depending upon the test temperature: at temperatures lower 
than around 22°C, the stress goes to zero at an elongation λZero before the end of the cycle. 
The crystalline index cannot be measured below λZero as the sample starts to bend, but it is 
expected to remain constant, as depicted in Figure 8-B. At temperatures above 22°C, the 
crystalline phase disappears at an elongation λMelting, below which the mechanical loop nearly 
closes. 
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Figure 7. Left: stress-strain curves at 10°C and 40°C. Right: SIC curves at 10°C and 40°C. 

 
We see in Table 3 that λOnset increases slowly with temperature with values close to 

those reported for a NR sample with comparable cross-link density [19]. Zhang et al. visually 
evaluate that an equatorial reflection becomes visible at an elongation of 4 at 20°C for a CR 
sample with cross-link density 1.9 104 mol/cm3 [7]. It is worth comparing λMelting with values 
derived from eq.1, keeping in mind that SIC crystallites are grown in static conditions in this 
latter case. The agreement between both is satisfactory and gives a good estimate for the 
stability limit of SIC crystallites grown at the different temperatures. Along these lines, one 
can notice that the estimated temperature of transition between the two regimes (22°C) is 
close to the value at λ = 1 derived from eq.1 (17.5°C): in other terms, the stability limit at zero 
stress for the crystalline phase grown under SIC conditions is around 20°C, while complete 
melting for crystallites grown in the quiescent state only occurs at 37°C. As crystallographic 
structural changes cannot be invoked, this significant temperature difference is attributed to 
different morphologies, most probably a folded conformation in the quiescent state and an 
extended one for strain-crystallization. 
 

Temperature  λZero CI at zero stress λOnset	CR λOnset	NR[15]	 λMelting λMelting * 
0°C 3.1 0.094 3.0 --- --- --- 
10°C 2 0.045 3.5 3.7 --- --- 
20°C 1.3 0.012 3.7 4.1 --- 1.2 
30°C --- --- 4.1 4.3 1.4 1.9 
40°C --- --- 4.2 4.5 2.4 2.6 

Table 3. Relevant elongations associated with mechanical cycling.* eq.1 

 
The amount of mechanical hysteresis versus the area within the CI loop is plotted in 

Figure 8; it clearly shows that most of the mechanical hysteresis is due to SIC, as previously 
observed in NR [19].  The small extrapolated value at zero SIC can be attributed to a visco-
elastic contribution.  
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Figure 8. Plot of the mechanical hysteresis observed during cycling versus crystallinity index 
hysteresis. 

4.3.2. Impact of SIC on the amorphous fraction  

The impact of SIC on strain is less evident than on stress, although it is closely related 
to the crystallization process itself; It is clearly visible in Figure 9 where the elongation-
dependence of 〈��

� 〉 is plotted for two representative temperatures. During the stretching 
phase, a clear slow-down of the|〈��

� 〉| increase is observed after λOnset is reached: this 
demonstrates the relaxation effect of SIC on strain, that opposes the effect of stretching. 
During recovery and at the low-temperature regime 〈��

� 〉 goes to zero before the zero-stress 
state (λZero) is reached; we have no explanation for this difference. In the high-temperature 
regime, the 〈��

� 〉-loop closes slightly before the complete melting of the crystalline phase 
(λMelting). It is our opinion that the observed strain-state relaxation has a protective effect that 
could partly account for the increased resistance to tear imparted by SIC [21]. 
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Figure 9. Dependence of the anisotropy parameter 〈��
� 〉 upon elongation. 

The stress-optical law states that the intrinsic birefringence, or similarly 〈��〉 is 
proportional to the deviatoric stress in a polymeric liquid (polymer solution or melt). The 
explanation of this general relationship is that the microscopic origin of stress is chain 
segment orientation [47]. The Herman coefficient 〈��〉 can be replaced by its X-ray 
counterpart 〈��

� 〉 and we previously used this modified stress-optical law in an attempt to 
assess the relative contribution of molecular orientation to stress in NR in the absence of 
crystallization [37]. Figure 10 presents adjustments of the engineering stress before SIC onset 
by the ratio G 〈��

� 〉 �⁄  where K is an adjustment constant and the factor 1 �⁄  accounts for the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
decrease of the sample cross-section with elongation. The agreement is satisfactory and 
implies that the molecular orientation is mainly responsible for the retraction force before SIC 
onset and that energetic contributions, if present, play a minor role. 
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Figure 10.  

Adjustments of the engineering stress before SIC onset by the ratio G 〈��
� 〉 �⁄  

We propose to extend the application of stress-optical law to the region where the 
sample is partially crystallized by SIC: this is done in Figure 11 for all the investigated 
temperatures. During stretching and after SIC onset, the contribution of the amorphous 
fraction to stress starts to level off at ca. 1.2 MPa at all temperatures; it contributes between 
18% at 0°C and 38% at 40°C to the actual stress value at the maximal elongation. This 
corroborates the attribution made in a preceding study on NR of stress-hardening to crystallite 
networking [21]. We believe that extensive physical cross-linking by crystallites, or filler 
effects, cannot be invoked as the origin of stress-hardening: the first effect would result in 
significantly shorter amorphous chains, and the second in strain-amplification. In both cases a 
significant increase of the 〈��

� 〉 modulus should result. During recovery and at all 
temperatures, the stress decreases rapidly until an elongation ca. 5.2 is reached where the 
contribution of the amorphous matrix becomes preponderant. It should be noted that the CI is 
still between 0.13 at 0°C and 0.04 at 40°C at this elongation. This sharp decrease is attributed 
to the disintegration of the crystallite network [21]. 
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Figure 11. Stress-optical law and engineering stress at different temperatures. 

5. Conclusion 

Combined mechanical and X-ray measurements have helped to clarify the impact of 
strain-induced crystallization in a polychloroprene rubber. Tensile impact tests for the 
assessment of the crystallization kinetics could be performed with a satisfying time-
resolution, although a simple laboratory X-ray generator was used. An approximately 
logarithmic time-dependence for the crystalline content is shown; crystallite nucleation is 
furthermore shown to be a very rapid phenomenon at higher strains. The impact of strain-
induced crystallization on both stress and amorphous strain during mechanical cycling has 
subsequently been studied. Strain-induced crystallization is shown to be paradoxically 
responsible for both stress-hardening and a partial relaxation of the strain-state of the 
amorphous fraction. Stress-hardening is interpreted in terms of crystallite networking while 
strain-softening is attributed to strain relaxation similar to the prediction of Flory’s theory in 
static conditions. The rapid decrease in stress observed at the beginning of the recovery part 
may be due to the disintegration of the crystallite network; the amorphous fraction becomes 
the only contributor to the stress at still non-negligible crystallinity indices. 

A quantitative comparison with natural rubber or other strain-crystallizing polymers is 
an interesting prospect, but requires samples with similar cross-link densities. However, the 
lower dependency of the melting temperature upon elongation for the polychloroprene rubber 
compared to natural rubber is already an indicator of a lesser ability to strain-crystallize. This 
is reflected by a tendency to break when stretched at temperatures higher than 40°C. As 
mentioned above, the role of the important chemical disorder along the polychloroprene chain 
can be pointed out. It is recalled that a percentage of trans-defects less than 2% is responsible 
for a significant degradation of the mechanical properties of synthetic cis-1,4 polyisoprene 
compared to natural rubber [48]. 
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