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Inducing uniform single-crystal like orientation in natural rubber with
constrained uniaxial stretch
Weiming Zhou, Lingpu Meng, Jie Lu, Zhen Wang, Wenhua Zhang, Ningdong Huang,
Liang Chen*, Liangbin Li’
National Synchrotron Radiation Lab & CAS Key Laboratory of Soft Matter Chemistry & Department of Polymer

Science and Engineering, University of Science and Technology of China, Hefei, China.

Abstract: The effect of flow on crystallization is commonly attributed to entropic

reduction caused by stretch and orientation of polymer chains, but overlooks the role
of flow on the free energy of final state. With the aid of in-situ synchrotron radiation
wide-angle X-ray diffraction (WAXD) and homemade constrained uniaxial tensile
machine, poly-crystals possessing single-crystal like orientation rather than uniaxial
orientation are found during the constrained stretch of natural rubber, whilst the c-axis
and g-axis align in the stretch direction (SD) and constrained direction (CD),
respectively. Molecular dynamic simulation shows that aligning a-axis of crystal
nuclei in CD leads to the lowest free energy increase and favors crystal nucleation.
This indicates that nomenclature of strain-induced crystallization may not fully
account for the nature of flow-induced crystallization (FIC), as strain mainly
emphasizes on entropic reduction of initial melt while stress rather than strain plays
the dominant role in crystal deformation. Current work not only contributes to
comprehensive understanding the mechanism of flow induced crystallization but also
demonstrates the potential application of constrained uniaxial tensile stretch to create

functional materials containing poly-crystals possessing single-crystal like orientation.

* correspondence authors: rychen@ustc.edu.cn, Ibli@ustc.edu.cn
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Introduction

Flow-induced crystallization (FIC) of polymer is a non-equilibrium challenge in
academy and industry, as flow is inevitably involved in processing (like blowing film)
as well as in service of the final products (like stretching natural rubber). ' Imposing
external flow can greatly enhance nucleation rate,”™'° change crystal morphology from
isotropic spherulite to oriented shish-kebab,'" '* and induce new crystal form,'*'®
which play an important role on the efficiency of processing and affect the properties
of final products. These effects of flow on crystallization are commonly attributed to
flow-induced orientation and stretch of polymer chains.'”?® The most widely
recognized mechanism for FIC is the entropic reduction model (ERM)*'**, which has
been employed to interpret flow enhanced nucleation. In ERM, the free energy of

initial melt is leveled up by flow as oriented or stretched chains have lower entropy
than that under quiescent condition. Under flow, the thermodynamic driving force for
crystallization is expressed as AG =AG, +AG, ., where AG, is the thermodynamic
driving force at quiescent condition. AG,, =-TAS, is the free energy change of

melt induced by flow. 7" and AS,, are the temperature and the entropic reduction,

respectively. The physical picture of the ERM allocates the flow effect exclusively on
polymer melt but overlooks the role of flow on the free energy of crystal nuclei. As
FIC is a phase transition from liquid to crystal, both thermodynamics and kinetics of

this phase transition are determined by the free energies of the initial melt and the

26-30

final crystal state, where the latter may vary with crystal morphology and

31-34 35-39

form as well as crystal orientation respect to flow or stress direction.
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40-42 14, 43, 44

Oriented shish nuclei and new crystal forms are widely reported in

the study of FIC, which however have been taken into account in interpretation of FIC

only recently. The transition from point to shish nuclei**** and the formation of new

31,32

crystal forms clearly demonstrate that not only the entropy of initial melt but also

the enthalpy and surface free energy of final crystal nuclei are modified by flow. Thus
anew term AG, accounting for flow-induced free energy change of crystals should
be included in the thermodynamic driving force for crystallization, namely
AG=AG,+AG,, +AG,, . Recently, we observed that four types of nuclei with
different morphologies and crystal forms are induced by extensional flow in lightly
cross-linked high density polyethylene (XL-HDPE). Incorporating the free energies of
various final states into the ERM, it is possible to explain both the enhancement of
nucleation and the transition from lamellar to shish nuclei under flow.*

Even with the same crystal morphology and form, imposing flow (stress) can
also change the free energy of crystal nuclei due to elastic deformation of lattice**™,
which results in an increase of free energy of crystal’® and consequently reduces
thermodynamic driving force for nucleation. The free energy increased for deformed
crystal can be expressed as AG, =$02, here the £ and o are modulus of
crystal and stress, respectively.”’ In this case, AG,, and AG, act as two counter
effects on nucleation, where AG,, promotes and AG, postpones nucleation
respectively. More interestingly, as crystal is anisotropic in structure and mechanics

along different lattice directions”' ™, imposing stress with the same magnitude along

different lattice directions may lead different free energies increased for crystals.
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Aligning the lattice direction with the largest modulus to the stress direction is
thermodynamically favorable for nucleation, as the lowest AG,, is achieved in this
case. Unfortunately, experimental evidence on differentiating lattice directions in FIC
is still scarce probably due to two reasons. First, as the modulus of crystal is rather
large compared to that of polymer melt*™*”’, differentiating lattice directions in FIC
requires relative large stress. Second, chain axis direction of polymer crystals
normally has the largest modulus® . Under uniaxial shear or extension flow, chain

axis direction of crystal always aligns in flow direction, which is generally attributed

to flow-induced orientation of chain in melt ( AG,, ) alone rather than to

*6% Thus tiny discrimination

stress-induced free energy change of crystal (AG,,).
between lattice directions by stress does occur during nucleation under uniaxial flow
field, its contribution is hard to be distinguished experimentally. To solve these
obstacles, imposing biaxial stress on cross-linked polymer network may be an
effective approach. Here the first main stress axis aligns chain axis or c-axis of the
crystal, and the second stress axis is employed to differentiate lattice directions in ab
planes or (kk0) directions. Cross-linked polymer network is to guarantee a sufficient
stress to differentiate lattice directions during FIC.

In this work, aiming to demonstrate the effect of crystal deformation on
nucleation, stretch-induced crystallization of a cross-linked natural rubber is studied
with in-situ synchrotron radiation wide angle X-ray diffraction (WAXD)

measurements, during which both uniaxial free stretch (FS) and constrained stretch

(CS) are imposed on, respectively. Poly-crystals possessing single-crystal like
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orientation rather than uniaxial orientation is observed under the CS condition, where
the c-axis of the lattice (chain axis) aligns along the stretch direction (SD) and a-axis
of the lattice align along the constrained direction (CD), respectively. Molecular
dynamic simulation confirms that imposing constrained stress in a-axis or 200
direction leads to the lowest AG, and favors nucleation. These results show that
deformation of crystal does play a role in nucleation and demonstrates a new

approach to tune crystal orientation in three dimensions.

Experiment

The recipe and cure condition for preparation of the rubber sample is shown in
Table 1. After being mixed with necessary ingredients, the rubber composites were
compressed into a 1 mm-thick sheet by a compression molding at 143 °C and 9 min
for curing. The cross-link of natural rubber was obtained through the chemical
reaction of sulfur, isoprene molecule and ingredients at the curing temperature
(143°C). The estimated crosslinking density was 1.43x10™ mol/cm’ obtained by the
nuclear magnetic resonance spectroscopy. The sheets were subsequently cut into
rectangular shaped specimens for synchrotron radiation WAXD experiments. The
width of sample and distance between two clamps for the rectangular specimens were
30x31 mm’ and 18x13.5 mm? for uniaxial CS and FS, respectively.

Table 1. Recipes and cure conditions of vulcanized NR

ingredients Loading level (phr”)
natural rubber 100
stearic acid 2

ZnO 1
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accelerator TT” 0.2
accelerator DTDM® 0.5
accelerator DM? 0.5
sulfur 1.5
curing time® (min) 9

a b

Parts by weight per hundred parts rubber (phr). Tetramethylthiuram disulfide. © 4,

4'-Dithiodimorpholine. a N-Cyclohexyl-2-benzothiazolyl sulfenamide. ¢ cure temperature was
143°C.

A home-made constrained uniaxial tensile machine® was used with a crosshead
speed of 0.06 mm/min for stretch the NR sheets at the room temperature, during
which the in situ synchrotron radiation WAXD was employed to record the structural
evolution at the BL16B beamline in Shanghai Synchrotron Radiation Facility (SSRF).
A schematic picture of the homemade uniaxial tensile device is shown in Figure 1 (a).
Stretch is carried out through the two servo motor driven clamps, while scissor-like
clamps in the transverse direction keeping the sample width constant. Figure 1 (b) and
(c) are the schematic illustrations for CS and FS process, respectively. For CS process,
the width of rubber sheet keeps constant along the CD, while the width of rubber
sheet decreases in FS process. During the stretch process, the draw ratio is defined as
the ratio between the length during stretch and original length, that is the draw ratio
DR=L/L,=(L,+vt)/L, =1+vt/L,. Here the v is the stretch speed, 7 is the stretch
time and Ly is the original length for natural rubber sheet. Meanwhile, a mini-rotatable
constrained tensile device is used to acquire the 2D-WAXD patterns at different
rotation angle y and the schematic of the geometry for rotation of sample along the
SD and WAXD measurements is presented in Figure 2 (a). Figure 2 (b) is the

schematic of crystal for natural rubber induced by stretch has a space group of P21/a
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with lattice constants a=1.246 nm, b=0.889 nm, ¢=0.81 nm, a=y=90° and £=92°.

D
Sample  quummp-  Detected point

Figure 1. (a) Three-dimensional view of homemade uniaxial tensile device. Schematic of the
uniaxial CS (b) and FS (c) process, respectively. The yellow pieces depict natural rubber sheets
and the black circles in the middle of sample represent the detected point. The SD and CD are
along the horizontal and vertical directions, respectively.

CYI S )

—_—
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b
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Figure 2. Schematic of the geometry for rotation of sample and WAXD measurements (a) and the
crystal lattice for natural rubber (b). The incident angle between sample and X-rays can be
changed through rotating the sample around the rotation axis labeled by blue dotted line. Before
rotation, the incident direction of X-rays is perpendicular to the plane of mini-rotatable
constrained tensile device, namely the rotation angle y=0°. The rotation axis can be along SD or
CD, as indicated by the blue double-headed arrow. In order to implement the rotation into the

configuration of the WAXS measurements, another apparatus is used with vertical SD distinctive

7
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from those in Figure 1(b) and (c).

The X-ray energy used was 10 keV and a Mar165 CCD detector (2048x2048
pixels with pixel size of 80 pm) was employed to collect time-resolved
two-dimensional (2D) WAXD patterns. The exposure time was 15 s with an additional
5 s for reading data and cleaning the memory data (i.e., patterns were acquired at a
rate of 20 s/frame), thus we can obtain enough data to analyze the structure evolution
during the stretching process. The sample-to-detector distance was calibrated to be
194.7 mm by Yttrium(IIl)-oxide (Y,03) for WAXD. Fit2D software from European
Synchrotron Radiation Facility (ESRF) was used to analyze the WAXD data, which
was corrected for background scattering through subtracting contributions from the
home-made constraint uniaxial tensile machine and air. In order to achieve the
consistency, reproducibility and uniformity of the X-ray results, the middle of the
sample is chosen for the detected point, which is the homogeneous deformation area
of the sample during the CS and FS. The 2D WAXD patterns were integrated to
obtain one-dimensional (1D) diffraction profile as a function of 2dsinf=nA, d is the
interplanar spacing, » is the positive integer, 26 is the scattering angle and A is the
X-ray wavelength. The calculation of crystallinity index (CI) is described as the

following equation:

> 2z [singdg[ 1(s)s’ ds
= 22ﬂjsin¢d¢jl(s)s2ds ’ )

total

where I(s) represents the intensity distribution of each peak that is read out from the

WAXD pattern, s is the radical coordinate in reciprocal space in nm™ unit (s=2sin6/A,

8
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where A is the wavelength and 26 is the scattering angle), and ¢ is the angle between
the scattering vector of the peak and the stretching direction.

The total energies of the crystals for natural rubber at different draw ratios were
obtained with the help of Geometry Optimization task, Forcite module in Materials
Studio 6.0 software (Accelrys Inc.). The polymer consistent forcefield (PCFF), smart
algorithm and ultra-fine quality were used for Geometry Optimization in all the
simulations. Supercell (3x3%3) with 216 segments of isoprene and iteration of 10000

were used in order to improve the precision of the simulation results.

Results and discussion

Figure 3 presents the engineering stress-draw ratio curves during CS and FS.
Under the same draw ratio, the engineering stress for CS is larger than that for FS,
while the elongation at break for CS is smaller than that for FS. Under CS condition
as the width keeps constant, the deformation mainly takes place in thickness. Larger
stress under CS condition is partly due to the counterforce imposed by the scissor-like
clamps in the CD and consequently induce larger entropy reduction compared with

that under FS condition for the same draw ratio.®!
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Figure 3. The engineering stress-draw ratio curves for CS and FS.

The selected 2D WAXD patterns at different draw ratios under CS and FS
conditions are presented in Figure 4. Crystal diffractions of natural rubber appear as
draw ratio reaches about 2.65 under CS, which is smaller than that about 2.85 under
FS. This indicates constraint in CD induce a relative larger entropy reduction,
although it is perpendicular to the SD and the chain orientation of crystals. The 200,
201, 120 and 002 diffraction planes of nature rubber crystals can be easily found in
Figure 3 as labeled in words with white color, indicating that crystals align their chain
parallel to SD under both CS and FS conditions. Meanwhile, during the period of
stretch, the nuclei rapidly formed at high strain and allowing no time for filament
growth, so the morphology of crystals is consists of chains of nuclei (y-filaments)
aligned with the stretching direction®, causing the 002 diffractions plane parallel to
the SD under CS and FS. The stark difference between CS and FS is the relative
intensity between different diffraction planes. Under FS condition, the intensity of 120
plane is obviously stronger than that of 200 plane, while the opposite is observed

10
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under CS condition. This strong contrast suggests crystals of natural rubber induced

by CS may differ from those formed under FS condition in terms of shape or

orientation, as will be analyzed with details in the following.

Figure 4. Selected in-situ 2D WAXD patterns for natural rubber under the FS (a) and CS (b). The
white numbers in the left bottom corner of each pattern represent experimental draw ratio and the
200, 201, 120 and 002 planes can be found in the 2D diffraction as labeled in words with white
color. The SD is horizontal, as indicated by the white double-headed arrow. The crystal diffraction
signals of natural rubber appear at the draw ratio of 2.85 and 2.65 for FS and CS, respectively.
To make the diffraction signal at the low draw ratio more obvious (middle four
patterns), the 201 diffraction planes (inside the white rectangle block) are zoomed in
as displayed in the down right corner and are indicated by the black arrows

Figures 5 (a) and (b) plot 1D diffraction profiles integrated from the 2D WAXD
patterns for FS and CS, respectively. To highlight and increase the relative signal
intensity of the 120 and 200 diffraction planes, the integration only covers a small
azimuthal angle range in equatorial direction as shown in the insertion of Figure 5 (b),
as crystals are highly oriented and both 120 and 200 diffraction planes locate in this
azimuthal angle range. Under FS condition, strong diffraction intensities are perceived
for both diffraction planes give strong diffraction intensities. While under CS, only
200 diffraction plane remains strong and 120 diffraction plane is rather weak,
confirming the observation from the 2D WAXD patterns shown in Figure 3.

11
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Figure 5. One-dimensional WAXD intensity curves of natural rubber during the FS (a) and CS (b)

process. 2D WAXD pattern in upper right corner shows the mask protocol used for integration.

A quantitative analysis of intensity ratio (I;20/I200) between 120 and 200 diffraction
planes is presented in Figure 6 (a). The intensity ratio (I;20/Ix00) for FS is about 0.21 at
the onset of crystallization and increases with draw ratio, approaching 2.0 before
break. Whilst under CS condition, the intensity ratio (I20/l200) is negligibly small
(close to 0) at the appearance of crystal and reaches 0.26 before break. The intensity
ratio (I120/I200) under FS condition is close to one order larger than that under CS for
the same draw ratio. The low intensity of 120 diffraction plane measured under CS
condition is probably caused by the peculiar orientation of natural rubber crystals
induced by CS as other possibilities will be ruled out as follows. Figure 6 (b) shows
crystallinity evolution during the FS and CS process. During the stretch process, the
short chains between cross-links will first be stretched to the critical strain and induce
crystallization. With the draw ratio increase, the long chains between cross-link will

62, 63

be subsequently increased to the critical strain and crystallize , causing the

increase in crystallinity. As mentioned earlier, under CS condition crystallization

12
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occurs at smaller draw ratio than that under FS. Meanwhile, the overall crystallinity
under CS is still larger than that under FS condition at the same draw ratio. This
indicates that constraint in CD plays a role on the increase of crystallinity. Note the
crystallinity under CS may be underestimated due to possible orientation of 120 plane.
Nevertheless even with possible underestimation the crystallinity under CS is still
higher than FS under the same draw ratio, which excludes the role of crystallinity on
the low diffraction intensity of 120 plane. Figures 6 (c) and (d) depict the crystal sizes
in 200 and 120 directions, respectively, which are calculated with Scherrer equation
based on the full width at half maximum (FWHM) of the corresponding diffraction
peaks.** Here the crystal sizes along 200 and 120 directions show decreasing trend as
the draw ratio increase, similar to the previous results.”> Meanwhile, the crystal sizes
in both 200 and 120 directions under CS are larger than those under FS, but the ratios
between these two directions is comparable (around 1), indicating the aspect ratios of
crystals induced by CS and FS are similar. Thus the low intensity ratio I;,¢/I99 under

CS is not due to crystal size or aspect ratio.

13
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Figure 6. The intensity ratio of I120/I200 (a), crystallinity (b), crystallite sizes along the 200 (c) and
120 (d) directions for different draw ratios under CS and FS.

After excluding other possible origins like crystallinity and crystal aspect ratio,
crystal orientation will be inspected as the most plausible cause for the low intensity
ratio of Ij20/Iz00 under CS, we are going to check the crystal orientation. The 2D
WAXD patterns shown in Figure 4 reveal that chain axis or c-axis of crystal aligns
parallel to SD under both stretch conditions. With the geometry illustrated in Figure
2(a), we take 2D WAXD measurements on CS sample at drawing ratio of 4 through a
vy scanning with SD or CD as the rotation axis. During the experiment of obtaining
diffraction signal at the different rotation angle, the SD is vertical direction. Thus we
shifted the patterns 90 degrees to make the diffraction patterns similar to that
presented in the Figure 3 for easier understanding. After subtract the amorphous and

background diffraction signal with the method described in the previous paper,'”

14
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the 2D crystal diffraction patterns collected at different y positions with the rotation
axis are the SD or CD are obtained and presented in Figure 7 (a) and (b), respectively.
At y=0° the intensity of 120 diffraction plane is weak, similar to the above
mentioned results in Figure 3. Rotating y away from 0° with the rotation axis is SD,
the diffraction intensity of 200 plane decreases, while that of 120 plane increases.
However, the intensity of 200 diffraction plane seems very strong with the rotation
angle y increasing when the rotation axis is CD. Based on the Figure 7 (a) and (b), a
conclusion can be obtained that is the a-axis of the natural rubber crystal should be
along the CD. The quantitative intensity ratio of I;20/Ig0 at different y as the rotation
axis is SD is plotted in Figure 7 (c), which shows a continuous increase up to the
maximum measurable y angle of 72.5° on our CS setup. This suggests that the ab
planes or (hk0) directions of crystals prefer orientations with 120 away from while
200 nearly parallel to the CD, respectively. To eliminate the influence of sample
thickness, we plot the diffraction intensity ratio of I»oo/lamorphous @Nd 120/ Iamorphous
versus y in Figure 7 (d). The Ixo/lamorphous CUrve shows a maximum at about 10°,
which suggests that g-axis of crystal parallel with the CD as natural rubber crystal has
a monoclinic unit cell with p=92°.%7 Thus natural rubber crystals induced by CS show
a single crystal-like orientation with c-axis and a-axis aligning in SD and CD,
respectively, though the crystals are polycrystals. For the convenience to view the
orientations of crystal lattice planes related to SD and CD, a schematic of crystal

lattice is presented in Figure 8.

15
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Figure 7. The 2D crystals diffraction patterns for different rotation angles as the rotation axis are
the SD (a) and CD (b), the words with the white color in the right bottom corner of each pattern
represent the rotation angle, (c) the relation between diffraction intensity ratio of I;5¢/I50 versus
rotation angle y as the rotation angle is SD, (d) the ratio of relative diffraction intensity of

I120/Tamorphous @Nd Ingo/Tamorphous VETSus rotation angle y as the rotation angle is SD.

200

Figure 8. The schematic of crystal lattice for natural rubber generated under the CS condition. The
crystal of natural rubber has a space group of P21/a with lattice constants a=1.246 nm,

b=0.889nm,c=0.81 nm, a=y=90°and £=92°. 200 and 120 planes are specified with blue and green

16
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lines, respectively.

What determine the transition from uniaxial orientation to single-crystal like
orientation under CS? As polymer chains in the amorphous state are already
pre-aligned parallel to SD, it is a natural consequence for c-axis of crystal aligning in
SD. On the other hand, aligning g-axis in CD is a selection among all (%k0) lattice
planes. We attribute the selection of lattice orientation to thermodynamics of
nucleation under CS condition. Figure 9 (a) depicts the free energy landscapes of
crystallization at quiescent and under strain within the framework of the ERM. As
mentioned in the introduction, the ERM attributes external work from flow to
polymer melt only while assumes the same free energy of crystal as that at quiescent
condition, which leads to a lower nucleation barrier and a higher nucleation rate. Our
recent work indicates that the assumption of unchanged crystal free energy is invalid
and demonstrates sensitivity to the morphology and structure of crystal nuclei®. In
current work, the morphology and structure of nuclei under CS condition may be the
same as that at quiescent, but different orientations of crystal nuclei respect to CD can
induce different free energy changes AG,, . As stress increases free energy of crystal,
aligning a lattice direction with the least free energy increase will achieve the fast
nucleation rate. Thus an intuitive picture is that the lattice direction of crystal with the
highest modulus lays aligns in SD, while the second high modulus lattice direction
aligns in CD. Based on the previous results, the moduli along a-, - and c-axis
directions are 9.04, 8.44 and 13.3 GPa, respectively.”' This modulus qualitatively

confirms the idea of differentiating lattice directions during crystal nucleation.
17
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Figure 9. Schematic illustration of the free energy changed induced by stretch (red dashed curve)
in comparison to that at quiescent condition (solid blue curve) as a function of degree of order. (a)
The classical ERM only involves the effect of the strain on entropic reduction of melt only without

changing the free energy of final crystal. (b) The modified ERM considers the orientation of

crystal nuclei respect to CD in the final stage of nucleation as well. G is the free energy of

certain state, where the subscript m and ¢ represent melt and crystal, respectively. AGq is

fundamental thermodynamic driving force in quiescent condition. AG; is the nucleation barrier

of critical nuclei. AG, . is free energy change of melt state induced by flow. AG,, is the free

energy increased by orientation of crystal nuclei.

For quantitative analysis, we employ molecular dynamic simulation to calculate
the free energy change AG, of crystal with a- and b-axis aligning in CD,
respectively. The interplanar crystal spacing for 200, 120 and 002 planes can be

obtained through the Braggs law with the peak positions. Figure 10 (a) depicts the
strains for crystal lattice along a-, b-, c-axis directions at different macroscopic draw
ratios, where the lattice constants at quiescent condition is used as the references. The
lattice parameters at both CS and FS conditions are larger than their values at
quiescent condition at the draw ratio of 3.3, similar to previous results*® **. Increasing
the draw ratio, the lattice strains along a- and b-axis decrease while c-axis increases

under both CS and FS conditions. Meanwhile, imposing constraint in CD, the
18
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deformation of crystal under CS is significantly reduced. At draw ratio of 3.3, the
strains along a-, b- and c-axis are about of 0.29%, 0.73% and 0.99% under CS

condition in comparison to 1.02%, 0.80% and 1.61% under FS condition, respectively.

Lower strain corresponds to lower AG,,, which partly contributes to the lower draw

ratio to induce crystallization under CS than that under FS.
As  mentioned in introduction, crystallization is driven by
AG=AG,+AG,, +AG, . Assuming the same AG, smaller deformation of crystal

means a smaller AG

.r» Which correspondingly requires a smaller AG, =-TAS,

or draw ratio « to compensate as AS, - = —Vk(a> +2/a—3)/2. Here v, aand k are

crosslink density, draw ratio and Boltzmann constant, respectively.®® To verify that
aligning a-axis rather than b-axis in CD has a lower AG, under CS condition, we

calculate AG,, through the molecular dynamic simulation as plotted in Figure 10 (b).

The lattice parameters used for molecular dynamic when aligning a-axis in CD are

derived from the experimental results, namely a, .., b, .. and c, ., where the

subscript a-axis means a-axis aligns in CD direction. Whilst aligning b-axis in CD,

. E b __
the lattice parameters are defined as g, . =a[-2(—=2E-1)+1] ,
‘ Ea bO
E a . . .
Dy s zbO[F“(M—l)+l] and ¢, .. =C, .., assuming that the same stress is
b

uploaded on the crystal lattice. Here a, and b, are the lattice parameters along the
a-axis and b-axis directions at quiescent condition, respectively. £, and E, are the
moduli for the crystal along a- and b-axis directions, respectively. Form Figure 10 (b),

the AG, for CD along b-axis is about 0.086 kJ/mol larger than that along a-axis at

19
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the draw ratio of 3.3, indicating that a lower AG, favoring for nucleation is

achieved with CD along ag-axis. Based on the ERM model, the AS, can be

expressed as AS, =AH( ! —;) , taking the AH =13.92 kJ/mol,

T (x) T,
T,(1)=256K, T,(e,)=298 K?, thus AG,, =-T,(a,)AS,, =2.283 kl/mol can
be obtained. The calculated AG,, difference between crystal aligning a- and b-axes in
CD is only about 3.77% of AG,,, but it is sufficient for crystal nuclei to differentiate
their favorable orientation. This quantitatively explains the preferential orientation of

200 in CD and provides a direct evidence for differentiating lattice direction during

stretch or flow-induced crystallization.
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Figure 10. (a) The lattice strain along a-, b- and c-axis for CS and FS conditions, (b) the relation

between the total free energy increased for polymer segment in the lattice and draw ratio for CS
when the CD are along a-axis and b-axis.

The above experimental results and analysis clearly demonstrate the importance
to incorporate the free energy of final crystal in FIC. As mentioned in introduction,
the thermodynamic driving force for crystallization can be written as

AG=AG, +AG,, +AG, . The classical ERM only consider AG,, due to

flow-induced chain stretch and orientation, which can be estimated with the theory for
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rubber elas‘cicity61 or theory for polymer dynamics like Doi-Edwards model™. Here

we include a new term AG,, to describe the change of free energy of crystals by
stretch and analyze several possible origins for AG, as follows. Different
morphologies like folded-chain, fringe-micellar and shish nuclei induced by flow will
contribute different surface free energies on nucleation barrier, while different crystal
forms will have different bulk free energies. Even with the same crystal form and
morphology, stress-induced deformation of crystal will level up the energy of crystal,
which introduces extra penalty on crystallization. All these factors influence
crystallization kinetics such as nucleation rate. Whilst due to intrinsically anisotropic
nature of crystal, the same stress on different lattice directions results in different free
energy change. External stress can differentiate lattice direction during nucleation and
induce peculiar orientation of crystal. Following this line, the nomenclature of
strain-induced crystallization may not fully account the nature of FIC, as strain mainly
emphasizes entropic reduction AG,, of initial melt while stress rather than strain
plays the dominant role in crystal deformation.

The single-crystal like orientation induced by CS gives an indication on tuning
crystal in three dimensions. If the orientations of both a- and c-axis are fixed, b-axis is
also defined. This means polycrystalline sample can be aligned into a single-crystal
like pattern, which may show peculiar mechanical, electro-optical and other properties.
Thus current finding suggests that CS is an effective approach to create functional

materials containing uniform aligned polycrystals.
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Conclusions
In-situ WAXD measurements reveal that single-crystal like orientation of
natural rubber polycrystals are induced by constrained uniaxial tensile stretch, where

c- and qg-axis align in SD and CD, respectively. Incorporating the free energy change

AG,, of crystal nuclei induced by external stress, this peculiar orientation of crystal
is interpreted. Molecular dynamic simulation shows that a lower AG,, is achieved
with CD imposing along a-axis, which is favorable for nucleation. Our results and
analysis reveal that the nomenclature of strain-induced crystallization may not fully
account the nature of FIC, the free energy of final state induced by flow should also

be incorporate into the thermodynamic driving force for crystallization.
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The single-crystal like orientation of natural rubber polycrystals are induced by
constrained stretch, and the free energy of final state should be incorporate into the
thermodynamic driving force for flow-induced crystallization.
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