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1. INTRODUCTION

A great variety of polymers are processed under intense flow fields (elongation,
shear, or mixed) before they reach the final consumer [1]. It has been shown that dur-
ing these processes, such as extrusion, film blowing, and spinning, molten polymer is
exposed to external flow fields, affecting the final properties and morphology of the
resulting products through stretching and orienting polymer chains when compared
with the quiescent melts [2,3]. It is generally accepted that during the stretching of
polymers new crystal forms could be induced [4], crystallization kinetics are accel-
erated by several orders of magnitude [5], and even morphological modifications
from spherulites to shish-kebab or row-nuclei structures may occur [6].

More interestingly, the performance of polymeric parts could be markedly
improved by stretching these materials during their processing. For instance, the
good mechanical properties of vulcanized natural rubber (VNR) arise from its ability
to be crystallized when subjected to extensional fields, which form new crystals
embedded within amorphous regions. These crystalline regions act as fillers (from
the point of view of composite materials), improving the tensile modulus and tear
strength of VNR [7,8]. A shear-controlled orientation injection molding could
improve the mechanical properties of isotactic polypropylene (i-PP) products
through the development of shish-kebab morphology [9]. This possibility for fine-
tuning the final morphological and physicomechanical properties of plastics by sim-
ple well-established processing technologies makes strain-induced crystallization
(SIC) an ideal industrial approach to fabricate materials with upgraded
performances.

Owing to its industrial and scientific relevance, great efforts have been carried
out to understand the SIC behavior of polymers. Even though the experimental find-
ings have been confirmed by different research groups, the exact molecular mecha-
nisms occurring during the SIC of polymers are not completely understood.
Therefore in this chapter we aim to summarize the current state of the art and offer
the latest theories dealing with the mechanisms governing the SIC of polymeric ma-
terials. First, the molecular basis dealing with the SIC of polymers is discussed.
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Then, the changes induced in the crystalline structure (crystal form, lattice dimen-
sions) are given. Finally, and based on the potential applications for developing
new crystalline structures upon stretching, an up-to-date overview focused on the
-industrial applications and achieved properties such as mechanical, barrier, and
piezoelectricity are highlighted.

2. STRESS—STRAIN RELATION DURING SIC

When polymer crystallization is induced by flow elongation, the semicrystalline
morphology is affected by the orientation. The most obvious effects induced during
flow are ascribed to kinetic and morphologic aspects. This effect has been exten-
sively studied for rubber materials, especially for natural rubber (NR), synthetic
polyisoprene, polybutadiene, and isoprene-isobutylene rubber. On the contrary,
styrene-butadiene rubber cannot be crystallized upon the application of extensional
strain field [ 10—13]. This underlines the many effects that affect the SIC in polymers
and the actual need to summarize the current state of the art in this field.

Overall, it is well established that the application of stress is considered to cause
molecules to change from a coiled to an extended configuration causing molecular
alignment in the stretching direction. To illustrate how SIC of polymers proceeds,
the stress—strain relation provides a great deal of valuable information. In this sense,
Fig. 15.1 displays a stress—strain plot of a synthetic polyisoprene together with two-
dimensional (2D) and three-dimensional (3D) wide-angle X-ray diffraction
(WAXD) patterns corresponding to different stretching stages [14]. Although as a
general trend the stress increases with strain, the curve shows a slight decrease in
stress at approximately a draw ratio (A) of 4.5 (indicated by the black arrow).
This point is attributed to the beginning of SIC, where the stress decreases by
increasing the length of the molecules along the stretching direction [10]. Once
the critical strain is achieved, the initially coiled chains are able to partially crystal-
lize [15]. Therefore two well-defined regions are observed. First of all, at A < 3,
WAXD patterns show an amorphous halo. In this region, polymer chains are contin-
uously oriented, although they do not form any crystalline aggregate. In any case, the
polymer molecules align in the flow direction and are able to create small ordered
regions (known as “orientation-induced nuclei”) because of the occurring interac-
tions between them [16]. As strain increases (A = 4), some weak crystalline reflec-
tions are observed surrounded by a predominantly amorphous pattern. At this point,
highly oriented defective strain-induced crystallites are formed as a result of the
increasing interaction between ordered adjacent molecules, although these entities
are not large enough to create a macroscopically noticeable strain hardening effect.
As highlighted by the sharp reflections at A = 5, further deformation leads to a devel-
opment of crystallites that are highly oriented along the stretching direction, with
reflections corresponding to a well-defined unit cell [17]. Despite this fact, still an
amorphous halo is found, indicating the coexistence of oriented crystalline domains
within an amorphous matrix. Upon stretching, the freedom of movement of
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FIGURE 15.1
Stress—strain plot of a synthetic polyisoprene showing both 2D and 3D wide-angle X-ray

diffraction patterns corresponding to different stretching stages.
Reproduced with permission of ACS Publications from Toki S, Sics |, Hsiao BS, Tosaka M, Poompradub S, lkeda

Y, Kohjiya S. Probing the nature of strain-induced crystallization in polyisoprene rubber by combined thermo-
mechanical and in situ x-ray diffraction techniques. Macromolecules 2005;38:7064—73.
http://dx.doi.org/10.1021/ma05046 5f.

polymeric chains decreases as a result of their orientation. Therefore molecules un-
dergo a supercooled condition, which allows them to crystallize under low entropy
barrier conditions [11]. In other words, amorphous molecules become part of the
crystalline phase upon further stretching, and the overall crystallinity continuously
increases by subsequent deformation. Finally, further deformation (A = 6) increases
the reflection’s intensity as a result of the growth of an extended chain crystal
network, where the majority of the chains are packed into crystalline regions. At
this point, the strain-induced crystals are connected by amorphous regions, forming
a physical network strong enough to withstand high stress values. Despite being
counterintuitive, it is worthy to note that several works based on synchrotron studies
have highlighted that, even though large strains are applied (up to 6), most of the
chains may remain unoriented [13,18]. More precisely, from WAXD measurements,
Toki et al. estimated the total mass fractions of isotropic and anisotropic phases [11].
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About 75% of the isotropic fraction was obtained at the highest applied strain (the
rest being composed by 20% of strain-induced crystallites and 5% of oriented amor-
phous phase), indicating that the vast majority of the molecules still remain in the
random coil state under large deformations.

It is important to note that not only rubbers can be stretched to form new crys-
talline domains but similar behavior has also been found to occur in semiductile
polymers such as polyethylene terephthalate (PET) and polyether ether ketone
(PEEK). In the case of PET, the onset of strain hardening, and thus crystalline devel-
opment, has been observed at A = 0.90 [16] (at a strain of 1.4, a “perfect” fiber
texture is achieved), whereas for PEEK the development of a nematic-like ordered
regions (identified as the onset of strain hardening) has been observed to begin at
A =0.59 [19]. In addition, other thermoplastics such as i-PP and poly(trimethylene
terephthalate) (PTT) also present a shear strain threshold to induce conformational
ordering [20,21]. It is important to underline that when semicrystalline brittle and
semiductile polymers such as PET and polylactides (PLAs) are subjected to strain
conditions [16,22], they need to be heated above their glass transition temperature
(T,) and below their cold crystallization temperature (7) to ensure a more rubbery
behavior. This temperature allows their processing by spinning or stretch-blow
molding to orient their chains in their rubber-like state and is located between 90
and 120°C for PET and in the range 60—95°C for PLAs [16,22].

3. CHAIN RELAXATION, KINETICS, MORPHOLOGY, CHAIN
CONFORMATION, AND EFFECT OF PROCESSING
PARAMETERS

3.1 CHAIN RELAXATION

As a result of the supramolecular changes, chain relaxation of polymers is also
affected upon stretching. To study these changes, Hernandez et al. [15] used broad-
band dielectric spectroscopy (BDS) to investigate the influence of SIC on the chain
relaxation features of NR. Depending on the applied strain A, two well-defined
regions were observed. In the first one, for strains lower than three, they found
that, although stretching does not cause any crystallization, a dramatic increase
of the dielectric strength (A,) from 0.2 to 0.8 occurs. They attributed this effect to
the effective dipole moment increase upon stretching because chain ordering aligns
the dipolar contributions that usually are cancelled in non-ordered amorphous poly-
mers. Owing to the decreased free volume, this chain orientation induces an increase
of both T, (glass transition temperature) and Ty (Vogel temperature, known as well
as the ideal glass transition temperature and generally located 30—70°C below T,)
by ~9°C, at the same time that the m fragility parameter (fragility is related to
the way the temperature affects the molecular mobility of liquids above T, whereas
m defines the apparent activation energy of relaxation time during the glass transi-
tion) increases because upon chain orientation more cooperativity is needed to
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provoke segmental motions (according to the strong-fragile scheme proposed by
Angell [23—25]). Conversely, the second region is observed at strains greater than
three. Here, the newly developed crystalline regions slightly decrease the A,
increase achieved at low A because the dipoles are incorporated into crystalline
phases and they do not contribute to the segmental relaxation process. In any
case, the variation of both b and ¢ shape parameters (which describe the symmetric
and the asymmetric broadening of the equivalent relaxation time distribution func-
tion in the BDS) at high strains suggest a slight broadening of the relaxation for the
segmental process as typically found upon polymer crystallization because the crys-
talline domains slow down the segmental dynamics [26].

Although the SIC has been widely studied for a great variety of polymeric
materials, the relaxation following this orientation process has not been completely
studied yet. It is known that the orientation degree achieved upon stretching is lost
when the external force is removed because these oriented molecules tend to recoil
into a more energetically favorable isotropic state. This effect is especially notice-
able in the absence of crystals and entanglements or when high stretching tempera-
tures and low deformation rates are utilized [27]. In this framework, Pearce et al.
[28] and Matthews et al. [29] reported contradictory effects for uniaxially drawn
PET. The former highlight that the relaxation is rapid at low stretch ratios; the latter
state that at a low strain ratio the oriented molecules relax over long periods of time,
whereas at high draw ratios this relaxation takes place faster. Hassan et al. [30] pro-
vide a rational for understanding these controversial relaxation effects in polymers
crystallized upon stretching. In fact, the relaxation behavior of biaxially stretched
PET as a function of stretching rate by Raman, differential scanning calorimetry
(DSC), X-ray diffraction, and birefringence measurements was analyzed. It was
found that the crystallinity and stress levels control the stress relaxation time in
stretched PET. At low stretching values (regime I), the material remains amorphous
and follows a linear quick relaxation with time because the chains retract free of con-
straints. At intermediate strains, in regime II, the initially amorphous but oriented
chains begin to locally align upon relaxation, forming new crystalline domains.
The formation of this connected physical network slows down the chain relaxation.
For this to happen a minimum orientation degree before relaxation is a prerequisite.
Finally, upon further stretching (regime III), the material is highly oriented and has
already developed a well-connected physical network. At this point, the network is
so constrained that is able to completely suppress the relaxation of oriented amor-
phous regions.

3.2 CRYSTALLIZATION KINETICS

Traditional plastic processing technologies require fast crystallization processes to
shorten the time cycle needed for the production of consumer goods. Short cycle
times reduce the time the material remains at high temperatures, decreasing
the occurrence of undesired thermal degradation reactions and improving part
quality. Moreover, materials displaying fast crystallization usually present better
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dimensional stability in comparison with amorphous ones [31]. Taking advantage of
the crystallization kinetic increase suffered by polymer systems such as polyolefins,
polyesters, and polyethers when they are submitted to drawing [31,32], industry has
been using SIC for a long time to shorten by several orders of magnitude the crys-
tallization process in comparison with thermally induced crystallization [33]. For
example, the crystallization kinetics of a blend consisting of i-PP of two different
molecular weights could be increased by 10 times upon shear [34], whereas PET
crystallization kinetics is drastically reduced from few minutes when it is thermally
induced to 1—100 ms when it is stretched [35]. In this framework, this section deals
with the underlying mechanism and the resulting effects of how the crystallization
kinetics are affected by SIC.

One of the first works aiming to establish a link between crystallization kinetics
and the applied strain/strain rate was carried out in the 1960s by Stein and coworkers
[36]. Traditionally, the increase of crystallization kinetics has been attributed to an
increase of nucleation rate induced by strain. If the applied field is strong enough,
this nucleation enhancement is due to the entropy decrease in the polymer as a result
of chain orientation upon stretching, which in turn decreases the nucleation barrier
[37]. Most of the studies show that SIC occurs as a synergy between both short and
long molecules [6,38]. For example, the crystallization of i-PP could be doubled by
first growing a shear-induced oriented a phase, which serves as a starting nucleating
point for the further growth of B phase [39]. Despite these remarkable works, very
few studies have focused on SIC at the molecular level. Still several concepts remain
ambiguous. For instance, although the existence of a preordered structure is widely
accepted during strain, is that really necessary for the SIC? Do only long chains
dominate the crystallization or is a synergy of short and long chains essential?

In this line, the work carried out by Tian et al. [40] provides new insights toward
the complete understanding of the crystallization kinetic changes that occur upon
SIC. In their work, they correlate the strain and nucleation rates in semicrystalline
polymers by combining extensional rheology and in situ synchrotron small-angle
X-ray scattering (SAXS) measurements. They found that the L long period decreases
from 65 to 56 nm with increasing strain rate from 10 to 100 s~'. This effect was
ascribed to the incorporation of new crystals into the already existing lamellar
stacks. Overall, they found a localized nucleation mechanism in which stretching
leads to a sharp drop of the surface free energy in comparison with quiescent con-
ditions, enhancing the nucleation rate. They attributed this effect to a smaller differ-
ence in conformation between melt and nuclei after deformation.

Several approaches have been reported for the quantitative interpretation of the
flow-accelerated nucleation by combining polymer dynamics and nucleation the-
ories [41,42]. A microrheological model where both polymer dynamics Doi—
Edwards and crystallization Lauritzen—Hoffman theories are employed could
explain the accelerated crystallization upon stretching [40]. Continuum models
could also be utilized, where the macroscopic crystallization kinetics and the ther-
modynamics of the system need to be taken into account. Apart from that, an empir-
ical relation between crystallization kinetics and applied strain/stress has been
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provided by modifying the model proposed by Nakamura and coworkers [43].
Although these models are often used during industrial processes, they rely on pro-
cesses that still remain open to debate [44]. Avrami theory, which describes how
polymers transform from amorphous to crystalline phase with special emphasis in
their kinetics, was used to evaluate crystallization kinetics from SAXS measure-
ments. When i-PP was stretched up to small strains, Avrami exponents (n, which
reflect the nature of the transformation) between two and three were obtained, sug-
gesting the existence of disk-like and spherulitic crystals. As the polymer is further
stretched, n decreases up to values of 0.5, indicating a transition to fibrillar/disk-like
crystals first and to one-dimensional growth after. Similarly, crystallization half-time
(172, the time required to achieve 50% of the final crystallinity of the samples) dras-
tically decreases from 4000 to 45 s when a larger strain is applied (three regions with
different kinetics are also identified depending on the applied strain). According to
the experimental findings, Cui et al. [45] suggested a new crystallization model that
properly explains the strong crystallization acceleration achieved. Accordingly,
considering a polymer melt as an entangled network (Fig. 15.2A) [46,47], it may
be supposed that under large viscoelastic deformations the interchain locking forces
are overcome, resulting in the sliding of these entanglement points (chains become
oriented, Fig. 15.2B). As shown in Fig. 15.2C, when the applied strain reaches the
stress overshoot point, the network is fully disentangled. At this point, these flow-
induced points rapidly create crystal nuclei or precursors (with no induction time)
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FIGURE 15.2

Schematic representation of the proposed “ghost nucleation” model in flow-induced
crystallization of polymer melts.
Reproduced with permission of ACS Publications from Cui K, Meng L, Tian N, Zhou W, Liu 'Y, Wang Z, He J, Li L.
Self-acceleration of nucleation and formation of shish in extension-induced crystallization with strain beyond
fracture. Macromolecules 2012;45:5477—86. http://dx.doi.org/10.1021/ma300338c.
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that act as physical cross-links within the deformed network, keeping it away from
being fractured and resulting in the well-known strain-hardening effect (Fig. 15.2D).
Here, two mechanisms are responsible for the accelerated crystallization. In the first
one, identified as a self-acceleration, strain-induced nuclei act like locks on chains
and become susceptible to form new precursors because of their lower nucleation
barrier (stretched chain between Ng—Nj points, Fig. 15.2E(])) [48]. Second, a sec-
ondary nucleation exists as a result of a combination of self-epitaxial nucleation and
flow effect (Fig. 15.2E(II)). At larger strains a gap could be formed between the
nuclei and their surrounding macromolecules. These trails that are left behind, iden-
tified as No—Ny spaces, make the initial precursors to move along the path, inducing
secondary nuclei through the left space. This mechanism was defined as “ghost
nucleation” because the parent nuclei keep moving during the stretching of the poly-
mer melt. Then, the daughter nuclei are detached from the parent ghost nuclei during
extension. This hypothesis emerges as a plausible mechanism to explain the flow-
induced orders increase of the nucleation and crystallization rate and is as well
compatible with shish-kebab formation usually observed in polymer melts [6].
Therefore Cui et al. [45] suggested that the crystallization kinetics acceleration by
several orders of magnitude and the shish formation are likely due to a self-
acceleration effect by structural flow during strain rather than entropy loss of a sim-
ple polymer melt.

3.3 MORPHOLOGY CHANGES

When polymer crystallization is induced by flow elongation, the semicrystalline
morphology is affected by the orientation. The most obvious effects induced during
flow are ascribed to kinetic and morphologic aspects, where in comparison with
quiescent conditions the developed crystals trend to evolve from spherical to elon-
gated shapes. In this line, Fig. 15.3 roughly summarizes the typical morphologies
achieved during polymer crystallization. Under static conditions, polymers crystal-
lize into the typical spherulitic morphology (Fig. 15.3A). A weak elongation flow
increases the presence of nuclei by orienting polymeric chains, leading to numerous
elliptical crystallites aligned in the flow direction (Fig. 15.3B). Finally, upon large
deformations crystallites are highly oriented and form a “shish-kebab” morphology
(Fig. 15.3C) [37]. It is generally accepted that the application of stress causes the
molecules to change from a coiled to an extended configuration, resulting in a mo-
lecular alignment in the stretching direction. In this section the most representative
crystalline morphologies achieved upon SIC would be discussed.

The well-known shish-kebab crystalline structure was observed for the first time
in the 1960s independently by Mitsuhashi, Pennings, and Binsbergen et al. [49—51].
Since then, a wide variety of works have been aimed to study both the underlying
formation mechanism and the possibility of physicomechanical property improve-
ment induced by this form. Despite these efforts, the shish-kebab formation is still
unclear. The most accepted theory of shish-kebab formation upon stretching is based
on the coil-stretch transition of polymeric chains proposed back in the 1970s by de
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FIGURE 15.3

Typical morphologies achieved during polymer crystallization: quiescent conditions (A),
under weak elongation flow (B), and under strong flow (C).
Reproduced with permission of ACS Publications from Wang Z, Ma Z, Li L. Flow-induced crystallization of

polymers: molecular and thermodynamic considerations. Macromolecules 2016;49:1505—17. http://dx.doi.
org/10.1021/acs.macromol.5b02688.

Gennes for dilute solutions [52]. This conformation change is a first-order transition
and occurs suddenly once a critical strain rate (&;) has been exceeded [53]. The
concept introduced by Keller has been accepted by the scientific community for
many years.

In this theory, Keller states that during the flow-induced crystallization of
entangled polymer melts these chains are discriminated according to their relaxation
times [54—56]. Because deformed long molecules need longer times to relax back
into their nondeformed state than shorter chains, Keller states that only polymeric
chains having a molecular weight above a critical point (critical molecular weight,
M*) would remain oriented after the cessation of an elongational flow, and the
shorter chains rapidly relaxed back to the coiled state [57]. Thus the following rela-
tionship accounting for the elongation rate was proposed:

ec o MP (15.1)

where €, is the critical elongation rate, M the critical molecular weight, and B a fac-
tor [equal to 1.5 in the case studies carried out by Keller for polyethylene (PE)].
After the flow-induced orientation of a highly entangled structure in the melt state,
the occurring extended-chain crystallization results in a shish structure, which, after
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subsequent folding of further coiled chains, is surrounded by kebabs. For the sake of
comprehension, both low- and high-magnification scanning electron microscopy
images of an ultrahigh-molecular-weight PE having a shish-kebab structure are
depicted in Fig. 15.4A and B, respectively, whereas a scheme highlighting the
shish-kebab structure is constructed in Fig. 15.4C. In addition, an atomic force
microscopy image of the shear-induced shish-kebab structure where the shear direc-
tion is horizontal is shown in Fig. 15.4D. The observed individual lamellae highly
aligned along the shear direction could be identified as kebabs in the shish-kebab
morphology (note that the kebabs are so compact that the shish is not noticeable)
[58].

0.00

-
500.00 nm 1.25x1.25um

FIGURE 15.4

Scanning electron microscopy images of ultrahigh-molecular-weight polyethylene having

a shish-kebab structure [blue arrow (black in print versions) refers to the shear direction]

(A and B); (C) scheme highlighting the shish-kebab structure; and (D) an atomic force

microscopy image of the shear-induced shish-kebab structure (the shear direction is

horizontal).

Reproduced from Zheng H, Quan Y, Zheng G, Dai K, Liu C, Shen C. Fabrication of a polymer/aligned shish-kebab
composite: microstructure and mechanical properties. RSC Adv 2015;5:60392—400. http://dx.doi.org/10.

1039/C5RA07453C with permission from The Royal Society of Chemistry.
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In analogy with Keller’s observations, and based on WAXD, SAXS, and trans-
mission electron microscopy observations, more recently Somani et al. [39] defined
the concept of “critical orientation molecular weight” (M*), which accounts for the
minimum required chain length that allows the molecular orientation at a given shear
rate. In any case, Keller did not take into account the fact that large chains cannot
individually undergo stretch—coil transition because of the great number of chain
entanglements, making difficult to completely explain the occurring SIC
mechanism.

This long-standing concept has been disputed by several groups. For example,
small-angle neutron scattering experiments have shown that the shish structure is
composed of not only long chains but also short ones, which does not completely
match with Keller’s view [6]. In addition, rtheo-SAXS experiments have demon-
strated that coil—stretch transition is not a necessary condition for shish formation
in polymers such as PE [59]. By combining in situ extensional rheological measure-
ments (for the study of the coil—stretch transition) and synchrotron radiation SAXS
(for shish/lamellar crystal formation analysis), Yan et al. concluded that the chains
do not need to be stretched out from their original conformation for shish formation
[59]. Therefore their experimental findings suggest that the stretched network plays
a pivotal role on the formation of shish structure in polymer melts.

Keum et al. proposed a new hypothesis dealing with the formation of shish-kebab
structures in entangled PE melts [60]. They performed their study with ultrahigh-
molecular-weight polyethylene/high-density polyethylene (UHMWPE/HDPE)
blends having very different molecular weights (M,, = 5,000,000—6,000,000 g/mol
for UHMWPE and M,, = 112,000 g/mol for HDPE) because this allows having a
blend composed by two constituents with relaxation times differing by an order of
magnitude. A shear induced shish formation arising from UHMWPE chains was
observed that at 142°C, while at 132°C the kebab-growth is diffusion-controlled
rather than nucleation-controlled. Moreover, it was observed that kebabs were melted
at 140°C, whereas shish structures where melted at 145.5°C. This suggests that kebab
stability is dominated by the thermodynamics of coiled chains, whereas shish struc-
tures thermodynamics are controlled by stretched chains, which after their confina-
tion could not freely relax during their melting, resulting in a higher melting
temperature (7},). Overall, it was concluded that during the flow-induced crystalliza-
tion, the highly entangled chains of a supercooled polymer could form a stable and
entangled oriented network composed by both stretched and coiled molecules,
implying that the chains do not need to undergo stretch—coil transitions. Subse-
quently, the stretched chains could undergo crystallization through extended-chain
mechanism to yield shish structures at the same time that coiled segments suffer
folded-chain crystallization, forming kebabs [61]. High-molecular-weight species
would dictate the final topology of the crystalline structures, the concept M* defined
by Keller and still valid in this approach. In any case, for the determination of the
exact physical meaning of M* further studies are required.

It is known that the SIC of semicrystalline polymers involves orientation of the
polymeric chains and the subsequent development of new crystalline phases or the
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deformation of the already existing structures. In this framework, Okamoto et al.
[62] reported that two mechanisms govern the final morphology of stretched poly-
ethylene naphthalate (PEN). At low temperatures (170°C), a spherulitic morphology
is mainly found because it keeps growing during deformation. As the stretching in-
creases the already existing spherulites are deformed, where the stacked crystalline
lamellae form an angle of about 45 degrees with the direction of elongation. On the
contrary, at high temperatures the spherulites are unstable and the unfolded chains
could then reorganize into extended-chain crystallites oriented along the deforma-
tion axis. It has been shown that in the shish-kebab morphology, the kebab is formed
by lamellae that grow radially outward from the central shish until they impinged
with each other [63].

A remarkable work carried out by Seki et al. showed the effect of long chains in
shear-induced crystallization of high-molecular-weight i-PP blended with a metallo-
cene i-PP having lower molecular weight [64]. In situ rheooptical measurements
reveal that long chains prompt the transition from random to oriented growth,
with only 1% of long chains being enough to induce remarkable crystallization mod-
ifications. As schematically depicted in Fig. 15.5, a propagation mechanism from a

A g +
(A) & ?V ?ﬁﬁr

FIGURE 15.5

Schematic diagram depicting the mechanism of the shear-induced nucleation/growth of
isotactic polypropylene blends composed of long and short chains.
Reproduced with permission of ACS Publications from Seki M, Thurman DW, Oberhauser JP, Kornfield JA.

Shear-mediated crystallization of isotactic polypropylene: the role of long chain-long chain overlap. Macro-
molecules 2002;35:2583—94. http://dx.doi.org/10.1021/ma011359q.
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thread-like precursor to a point-like precursor during SIC of i-PP blends was sug-
gested. Initially, a long chain adsorbs to an existing point-like precursor upon elon-
gation as a result of sustained shear (A). Then, as deformation increases, additional
chains would adsorb to the long chain, leaving behind some dangling segments from
“streamers” (B). The increased local orientation enhances the probability of adsorb-
ing more segments (C and D), leading to lateral lamellar growth from the threadlike
precursor, which induces the formation of a highly oriented growth with a shish-
kebab—type structure (E). Overall, results indicate that the role of long chains during
crystallization is a cooperative rather than a single chain effect, which is further
enhanced by long chain—long chain overlap.

Varga et al. [65] showed an epitaxial growth of folded chain lamellae perpendic-
ularly arranged to the already existing microfibrillar bundles during the shear-
induced crystallization of i-PP. These supramolecular structures having cylindrical
symmetry are known as cylindrites and have been achieved even at small shearing
forces [51]. So, crystallized i-PP consists of a polymorphous mixture of o and 3
crystals located in the row-nuclei and cylindrites, respectively (Fig. 15.6) [66].

3.4 CHAIN CONFORMATION AND ORIENTATION
3.4.1 During Strain-Induced Crystallization

It would be expected that during SIC the macromolecular rotation and alignment
from an isotropic state to an ordered state would modify the initial internal chain
conformation. During this process, polymeric chains tend to order themselves into
a lower energy conformation. Fourier transform infrared (FT-IR) spectroscopy has
been mainly used to investigate the conformational changes thanks to its sensitivity
to crystalline phases having different intermolecular interactions [67]. In the case of
PE, this lower energy conformation is identified as an all-zigzag crystalline structure
where every C—C bond is arranged into a trans mode [68]. Several works have
shown that SIC is also able to modify the chain conformation of polymers because
of the reorganization of macromolecules.

In this framework, during PET stretching the amount of glycol groups having a
gauche conformation decreases as a result of chain extension and a decrease of non-
oriented amorphous regions [69]. At the same time, an increase of trans configura-
tion is observed because of the development of highly oriented amorphous phase and
small oriented crystals [70]. When PLAs are uniaxially stretched, a decrease in the
amount of amorphous gauche-gauche conformers (at 1777 cm™ " in the splitting in
the second derivative of the carbonyl stretching band) together with an increase in
the fraction corresponding to gauche-trans conformer (1759 cm™') is observed
[22]. Similarly, it is shown that during PTT drawing immediately above T, the
chains having gauche conformation (band centered at 1358 cm™') increase at ex-
penses of more amorphous frans conformation (976 cm™'). This conformation
change of methylene segments has been found to depend on the strain rate, and is
faster as the polymer is subjected to faster strains [71]. In the same way, when poly-
butylene terephthalate and poly(butylene naphthalate) are strained, the initial
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FIGURE 15.6

Evidence for cylindrite formation on row nuclei. (A) Optical micrographs of the i-PP fiber/

matrix composites prepared by introducing the same i-PP fiber into a molten i-PP matrix

and (B) subsequently isothermally crystallized at 138°C for 2 h.

Reproduced with permission of ACS Publications from Sun X, Li H, Zhang X, Wang D, Schultz JM, Yan S. Effect
of matrix molecular mass on the crystallization of 3-form isotactic polypropylene around an oriented poly-

propylene fiber. Macromolecules 2010;43:561—4.

gauche conformers are switched into trans conformers [72]. As a general rule, under
external stresses, longer repeating length per monomeric unit along polymer chains
is achieved, resulting in a transition from gauche conformers to trans conformers
[72].

Because of the induced deformation, it may be expected that the unit cell dimen-
sions of polymers are changed upon stretching, although contradictory results have
been reported. For instance, it has been shown for PTT that after A = 0.25 the
d-spacing (also known as interplanar spacing and referring to the distance between
adjacent hkl lattice planes) of the (002) plane increased, whereas the (010) spacing
decreases. These changes correspond to the elongation of the ¢ axis and the contrac-
tion of lateral dimension of the cell, respectively, and were attributed to the internal
rotation of the methylene group to yield an elongated unit cell [73]. On the contrary,
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based on 2D WAXD simulations and comparison with observed data, it has been
suggested that the unit cell dimensions of both unvulcanized NR and synthetic poly-
isoprene rubber do not change when they are deformed at —50°C [74]. More pre-
cisely, as shown in Fig. 15.7, the average number of unit cells per crystallite has
been found to be 4 x 4 x 4, whereas unit cell dimensions in the a, b, and ¢ directions
(L200, L120, and L) were found to be 5.51 x 3.12 x 3.00 nm, respectively. These a
priori counterintuitive findings demonstrate the need of further research in this field
to completely establish the effect of SIC on the atomic-scale features of crystallized
polymers.

Another interesting effect is to analyze how chains are tilted or oriented upon
SIC. When PET was stretched beyond the strain hardening region, Keum et al.
observed a transient structure where the (001) d-spacing was determined to be
~10.4 /OX, nearly matching the monomer unit length (10.75 A) of PET [75], suggest-
ing the formation of locally densified bundles with chains arranged in parallel [76].
So as to accommodate more strain, new units are joined into the transient bundles,
intensifying the (001) plane reflection upon deformation. Based on WAXD, modu-
lated differential scanning calorimetry, and FT-IR spectroscopy findings, Keum and
coworkers concluded that the fact that the layer spacing is shorter than the chemical
repeat distance of PET was attributed to the presence of tilted chains (against the fi-
ber axis) within layers [75].

Direction

FIGURE 15.7

Scheme showing the estimated average crystallite size for unvulcanized natural rubber
obtained upon strain-induced crystallization.
Reproduced with permission of ACS Publications from Che J, Burger C, Toki S, Rong L, Hsiao BS, Amnuaypornsri

S, Sakdapipanich J. Crystal and crystallites structure of natural rubber and synthetic cis-1,4-polyisoprene by a
new two dimensional wide angle x-ray diffraction simulation Method. I. Strain-induced crystallization. Macro-
molecules 2013;46:4520—8.
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3.4.2 Strain-Induced Crystallization Versus Temperature-Induced
Crystallization
During temperature-induced crystallization (TIC), polymer chains crystallize over
time under static conditions. The energy pathway from the 7}, melting temperature
to the 7, crystallization temperature determines the crystallization kinetics of the
process [77]. On the contrary, during SIC the entropy of the material is reduced
by deformation and the amorphous-to-crystalline transition occurs as a result of
the extensibility of the chains [10,78]. The crystallites are isotropically distributed
through the material after TIC, whereas the crystallites developed during SIC are
preferentially oriented with their crystallographic ¢ axis parallel to the stretching di-
rection. Moreover, TIC depends on the temperature and is a slow process (from sec-
onds to hours depending on the system), whereas SIC is almost immediate and takes
a few milliseconds [14].

Although the crystallinity fraction was about 33% lower when NR was crystal-
lized by temperature than by stretching, Che et al. showed that the crystallite size
and volume and the average number of unit cells per crystallite are larger when
NR is crystallized by temperature [79]. Indeed, the volume of the crystallite achieved
by TIC was found to be 502 nm®, whereas for a given temperature, stretching-
induced crystallization yields crystallites with an average volume of 34—81 nm”.
In the same way, work has shown that the crystalline domains formed upon PLA
drawing (calculated according to Scherrer’s equation) are of approximately
10—15 A, whereas the crystallite size of thermally crystallized poly(L-lactide)
(PLLA) are in the range of 61—75 A depending on the crystallization temperature
[22]. These differences were attributed to the variation in the crystallization rate
between both processes. It is suggested that a stretched material crystallizes into
smaller crystallites because the external constraints imposed during the drawing
process do not allow the packing of macromolecules into large regular domains,
whereas during TIC, the process takes place under static conditions where random
crystalline regions are surrounded by amorphous phases.

Lizundia et al. [22] determined the 3D macromolecular orientation of PLA crys-
tals induced by deformation using WAXD texture analysis via 2D pole figure mea-
surements. As depicted in Fig. 15.8A, these results were compared with thermally
developed isotropic PLA crystals (A), where no preferential orientation is observed.
It can be seen in Fig. 15.8B that upon SIC, PLA crystals are preferentially orientated
toward the stretching direction. Based on the obtained pole figures, a model depict-
ing the strain-induced 3D crystal orientation was proposed as shown in Fig. 15.8C.
According to the model, the externally imposed constraints upon stretching in both
longitudinal and transversal directions decrease the number of degrees of freedom
for crystallization process, avoiding the crystallization of 3D PLA crystals. Thus,
while low stretching ratios result in few crystalline regions oriented along the MD
axis (machine direction), an increase in the applied stress yields further crystalline
domains arranged into planar spherulites that are oriented in the MD/ND plane (ND
represents the normal direction along the thickness of the sample).
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(A. (.).

High stretching ratios
. 40-55%

FIGURE 15.8

Obtained 2D pole figures (110)/(200) for poly(L-lactide) (PLLA) having the same bulk

volume crystal fraction (~43%) for thermally crystallized material (A) and material

crystallized upon stretching (B). Schematic representation showing the applied strain

along three directions and the corresponding 3D crystal formation for low and highly

stretched PLLA (C).

Reproduced from Lizundia E, Larranaga A, Vilas JL, Leon LM. Three-dimensional orientation of PLLA crystals
under uniaxial drawing. RSC Adv 2016;6:11943—51 with permission of The Royal Society of Chemistry.

3.5 EFFECT OF PROCESSING PARAMETERS

Several works have highlighted that the obtained crystalline structure strongly de-
pends on the stretching temperature. A polymer can be stretched (and thus crystal-
lized by strain) and undergo the necking effect if the true stress—strain curve satisfies
the Considere criterion [80]. For a rubbery material, this could be achieved at
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temperatures as low as —20°C, although for a glassy brittle polymer such as PLA the
above-mentioned condition is met when it is heated above its 7, [22]. Heating a
polymer above the T, involves brittle-to-ductile transition and decreases both draw-
ing and yield stresses, improving the drawability of the material and allowing the
high draw ratios that usually are required for industrial production.

However, the fact that the deformation temperature increases does not always
mean that the SIC would be larger. This is the case of unvulcanized synthetic poly-
isoprene, which undergoes SIC at of —50, —25, and 0°C but not at 25°C. Toki et al.
[81] explained this effect in terms of chain entanglements, which become pivots to
align chains and induce crystals at relatively low temperatures, whereas at higher
temperatures these entanglements disappear. Mahendrasingam et al. [82] showed
a critical upper temperature bound of 125°C for PET (it easily crystallizes over
the 85—125°C range). The fact that no crystallization was observed at high temper-
atures was explained in terms of the relaxation of the segment orientation, which is
fast enough to prevent conditions suitable to orient polymer chains. Chuah et al. [83]
provide another plausible explanation to this intriguing effect. For that end, PTT was
used as a model polymer, which displays a semiductile behavior at room tempera-
ture and becomes rubbery with a strain at break of 600% at 50°C. However, it
was found that when stretching was carried out at higher temperatures such as
75°C, PTT became ductile again and it cannot be crystallized by strain [83]. There-
fore two opposing effects occur during the heating and subsequent stretching of
semicrystalline brittle polymers. The temperature increase softens the materials
through the brittle-to-ductile transition, whereas further temperature increase trig-
gers cold crystallization events, stiffening the materials. Generally speaking, a
maximum drawability is usually obtained at temperatures ranging from 7, to
T, + 30°C [83].

The deformation rate is one of the most relevant parameters in the SIC process of
polymers. The deformation rate should be high enough to orient macromolecules,
which further would develop the crystallization nuclei. The stability of these ori-
ented chains is determined by the relaxation behavior of macromolecules, which
is strongly correlated to their length and temperature [39]. When low strains are
applied, even if they are applied at high rates, the induced orientation is not enough
to form stable crystalline nuclei. On the contrary, at low strain rates, independently
of the extent of the applied strain, the chains have sufficient time to relax, and there-
fore nuclei cannot be developed. In this sense, for a given strain, the amount of ori-
ented chains is larger as shear rate increases [21]. Somani et al. quantified the
amount of oriented i-PP for shear rates ranging from 10 to 102 s at 140°C and
observed that the oriented fraction was increased from ~23% to ~35% [39]. In
any case, this issue should be carefully analyzed because a higher deformation
rate does not always ensure a higher level of molecular orientation. Indeed, through
atomistic level simulations of a model polymer it has been shown that during flow-
induced crystallization, there is a critical shear rate from which the polymer does not
further crystallize [84]. This upper limit of the shear rate (y.) is related with the
reciprocal of the stress relaxation time (y. = 1/A) and indicates the maximum
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crystallinity that could be achieved for a given strain. Accordingly, high-molecular-
weight polymers present this limit at lower shear rates because of the recoiling effect
of large molecules.

In this respect, the period in which the strain is applied also influences the final
crystalline morphology of stretched polymers. For instance, according to in situ
rheo-SAXS and WAXD experiments, when i-PP is deformed under shear flow,
both the amount of oriented crystal and the degree of crystal orientation (determined
according to Herman’s orientation function, f) are found to be larger when a short-
duration shear at a high rate is applied rather than a long-duration shear at a low rate
(the same macroscopic strain was applied because strain is the product of shear rate
and shear duration) [4].

4. APPLICATIONS AND PROPERTIES
4.1 THERMAL TRANSITIONS

Physical properties of polymers are strongly related to their internal morphology
such as the degree of crystallinity and orientation of the polymer chains in the amor-
phous phase. As previously discussed, stretching of polymeric samples induce both
crystallinity (i.e., SIC) and orientation of the polymer chains. In this section, the ef-
fect of stretching on the observed thermal transitions of the polymers, which are
closely linked to the above-mentioned characteristics, will be briefly discussed.
The trend observed for most of the thermoplastic polymers reported in the literature
is similar [85]. Herein, by way of example, the particular case of PLAs will be
analyzed.

PLAs have attracted increasing interest as packaging materials and also in the
biomedical field because of their biodegradability, biocompatibility, processability,
and tunable mechanical properties. It has been reported that upon stretching, not
only the intrinsic thermal transitions (i.e., glass transition, cold crystallization tem-
perature, melting point) but also the developed crystalline structures of PLAs are
affected [86]. At high drawing temperatures and/or high draw ratios, the formation
of the B-crystal form is promoted in comparison with the a-crystal form, which is
formed at lower drawing temperatures and/or ratios. Accordingly, the pseudoortho-
rhombic unit cell of the a-crystal form in PLLAs with dimensions a = 10.7 A,
b=26.1 A and ¢ = 28.8 A where the molecules assume a —103 helical conformation
can be transformed into the orthorhombic B-crystal form with dimensions
a=10.3 A, b=18.2 A, and ¢ =9.0 ;\, with molecules assuming a —3; helical
conformation via SIC with controlled process parameters.

Regarding the thermal transitions, an increase in the T, has been reported with
increasing drawing ratios [87—89]. For instance, as shown in Fig. 15.9, through
DSC heating thermograms, a T, increase of 6.7°C has been reported when PLA is
stretched by 340% [22]. This effect was ascribed to a chain confinement behavior
induced by the decrease on the amorphous phase as the polymer is subjected to chain
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FIGURE 15.9

Differential scanning calorimetry heating thermograms of polylactide stretched at four
different ratios (0%, 180%, 250%, and 340%).
Reproduced from Lizundia E, Larranaga A, Vilas JL, Leon LM. Three-dimensional orientation of poly(l-lactide)
crystals under uniaxial drawing. RSC Adv 2016;6:11943—51. http://dx.doi.org/10.1039/C5RA22680E with
permission of The Royal Society of Chemistry.

orientation through stretching (a limited mobility of the amorphous polymer chains
that are close to those crystallites developed upon stretching is obtained). It has to be
highlighted that a T, increase up to 20°C for a draw ratio of eight has been reported,
which may facilitate the use of this polymer in applications demanding improved
mechanical performance at increased temperatures. Interestingly, this same effect
was also reported for PLA samples subjected to plastic deformation by compression,
suggesting that chain orientation is also possible in this type of mechanical deforma-
tion [90].

As observed in Fig. 15.9, a less marked cold crystallization peak is found as PLA
is further stretched because of the continuous development of crystalline domains.
More interestingly, it is observed that the 7., moves toward lower values as the
draw ratio increases. It seems that the higher degree of orientation of the polymer
chains in the amorphous phase acts as nucleation points that facilitate the subsequent
crystallization, resulting in a decrease in this temperature. It is also important to
highlight that an endothermic peak, which increases with the draw ratio, appears
just after the glass transition. This peak is associated with a relaxation enthalpy of
the amorphous phase and suggests more oriented polymer chains.

To understand the mechanism of deformation of the amorphous and crystalline
phases, more detailed studies have been carried out by means of FT-IR spectroscopy
and/or WAXS. The orientation of the amorphous polymer chains appeared to be
more effective at lower drawing temperatures, when chain relaxation is hindered
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by the low mobility of chains at low temperatures [88]. In contrast, the orientation of
the crystalline phase is more effective at increasing temperatures because the trans-
formation from lamellar to microfibrillar structure is facilitated [89]. The discussion
presented so far considers a simple two-phase crystalline-amorphous model, which
has been demonstrated to be inadequate for most semicrystalline polymers. For
semicrystalline polymers, a three-phase model [crystalline phase, mobile amor-
phous phase (MAP), and rigid amorphous fraction (RAF)] appeared to be more
appropriate to describe the isotropic microstructure [91]. In this model, the RAF
is composed of polymer chains in the amorphous phase that show limited mobility
due to their proximity to the crystalline lamellae. A detailed analysis of the RAF
with the drawing ratio revealed that RAF was closely linked with the crystalline
fraction. In this sense, RAF appeared for a draw ratio of 2.5 for PET, which is
also the draw ratio at which the crystalline phase appeared. In contrast to RAF,
the orientation of MAP occurred independently of crystal formation.
Accordingly, the orientation of MAP was observed from the first stage of drawing,
even below the limit at which the strain-induced crystalline phase was developed. To
sum up, it can be concluded that the internal morphology of polymers (degree of
crystallinity and orientation), which is reflected in the observed thermal transitions,
is clearly affected by their processing history such as mechanical deformations.
These mechanical deformations result in important changes in the final properties
(e.g., mechanical properties, degradation rates, optical properties) of the materials
and need to be considered for the specific applications.

4.2 MECHANICAL PROPERTIES

It is well reported that mechanical drawing is an established strategy to yield poly-
meric materials with improved mechanical properties, in terms of Young’s modulus
and tensile strength. Tensile drawing, solution spinning, and drawing of gel-spun
fibers are only few of the examples that can be found in industrial processes to
produce polymer fibers and films with ultrahigh mechanical performances. Several
process parameters such as the molecular weight of the polymers, drawing temper-
ature, drawing ratio, and thermal treatments determine the effectiveness of the
drawing process.

In the particular case of PE, theoretical calculations determined that the moduli
for the fully extended PE chains should be around 240 GPa. In some studies, exten-
sional moduli up to 70 GPa have been reported, with the moduli being strongly
dependent on draw ratio [92]. In contrast, the effect of molecular weight and molec-
ular weight distribution on the final mechanical properties of PE was almost negli-
gible. In this sense, a PE sample of M,, = 6.180 g/mol and M,, = 101.450 g/mol
showed a very similar trend of the extensional moduli with a draw ratio with respect
to a sample of M,, = 13.350 g/mol and M,, = 67.800 g/mol up to a draw ratio of 30.
As observed in Fig. 15.10, the extensional modulus linearly increased with the draw
ratio for both PE samples. In this sense, the extensional modulus was ~ 35 GPa for a
draw ratio of 21 and ~69 GPa for a draw ratio of 30, which shows a linear
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FIGURE 15.10

Extensional moduli versus draw ratio for polyethylene samples of M,, = 6.180 g/mol and
M,, = 101.450 g/mol (solid line) or M, = 13.350 g/mol and M,, = 67.800 g/mol (dashed
line).
Reproduced with permission of Nature Publishing Group from Capaccio G, Ward IM. Properties of ultra-high
modulus linear polyethylenes. Nat Phys Sci 1973;243:143.

correlation between the extensional modulus and draw ratio. However, the molecu-
lar weight and its distribution did affect the structural properties of the studied PE
samples [93]. The sample with lower M,, (M,, = 67.800 g/mol) and lower polydis-
persity index showed a melting peak of 138.5°C, indicating the presence of extended
chain crystallites upon drawing. These mechanical properties suggest that the pres-
ence of extended chain crystallites was not necessary to yield PE with an ultrahigh
modulus, playing the oriented noncrystalline extended chains (tie molecules) a ma-
jor role in the final mechanical properties of the polymer.

Hallam et al. [94] also reported that the molecular weight and its distribution had
negligible effect on the modulus of PE samples subjected to mechanical drawing.
However, the recorded tensile strength linearly increased with decreasing polydis-
persity indexes, resulting in polymers with improved tenacity. For example, for a
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given draw ratio (e.g., 20), the tensile strength for a PE sample having
M,, = 101,000 g/mol and a polydispersity (M,,/M,,) of 8.2 was 0.94 GPa, whereas
for a PE sample with similar M,, (100,000 g/mol) but decreased polydispersity index
(M,,/M,, = 7.7) the tensile strength was 1.16 GPa. In the same study, the effect of the
drawing temperature on the tensile strength of the samples was also analyzed. At a
given temperature, the tensile strength increased with the draw ratio up to a
maximum and then declined. The decline in the tensile strength with the draw ratio
was observed before for those samples that were drawn at lower temperatures. It was
hypothesized that the decline in the tensile strength was associated with the forma-
tion of microvoids, which is favored when drawing was performed at lower temper-
atures. From this study, it was concluded that to achieve ultrahigh mechanical
properties a high-molecular-weight polymer with a low polydispersity index, high
draw ratio, and high draw temperature was preferable.

From the studies mentioned earlier, it can be deduced that the molecular weight
and molecular weight distribution have little effect on the moduli of the obtained
materials. However, it has to be considered that these parameters may affect the
draw ratio achievable at a fixed draw ratio and draw temperature [95], which, in
fact, will indirectly affect the final modulus. In this sense, a similar maximum
draw ratio (~40) was achieved for two PE samples with different molecular weights
and distribution (Alathon 7030: M,, = 93.700 g/mol/M,, = 22.000 g/mol; LP 51.1:
M,, = 208.000 g/mol/M,, = 11.000 g/mol). However, the temperature at which the
maximum ratio was achieved clearly differed between these two polymers (Alathon
7030: 60°C; LP 51.1: 100°C). As a result, for the same maximum draw ratio (~40),
LP 51.1 was drawn at a higher temperature than Alathon 7030 (100 vs. 60°C) and the
resulting modulus was higher because of a better alignment of longer chains
achieved at higher temperatures.

The fabrication of PE films with an even higher modulus was attempted by
biaxial drawing [96]. Up to a draw ratio of 10, biaxial stretching was as effective
as uniaxial drawing in terms of Young’s modulus improvement. However, above
this threshold, biaxially oriented samples showed a lower modulus than uniaxially
oriented ones, indicating the lower effectiveness of biaxial drawing. Apart from
the above-mentioned standard drawing processes, other techniques such as extrusion
through a capillary are commonly employed to achieve polymer samples with ultra-
high mechanical performance [97]. In this case, draw ratios up to 300 can be ob-
tained that produce stressed chains and increased crystalline alignment.

Similar studies have also been conducted with several polymers [e.g., i-PP, PLA,
polyoxymethylene (POM)] [98,99] and, again, the influence of process parameters
and material characteristics on the final mechanical properties was highlighted. In
the case of POM, for example, the effect of single-stage or two-stage drawing on
the mechanical properties was studied. Several parameters of the second stage
were modified, such as draw rate or draw temperature. However, none of these pa-
rameters resulted in an improvement of the mechanical properties of POM samples
in comparison with a single-stage drawing, indicating that there is no advantage to
be gained from two-stage drawing.
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Studies on PLAs have gained particular interest for biomedical applications. This
biodegradable and biocompatible material represents a promising alternative to
metals and ceramics that are widely used as orthopedic fixation devices. However,
the mechanical properties of PLAs are below those of cortical bone, limiting their
application for load-bearing applications. Via the hydrostatic extrusion technique,
improved bending strength and modulus were obtained in comparison with samples
subjected to uniaxial deformation, thanks to the absence of crystal voids and cracks
in the sample [100]. Accordingly, bending strength was improved from 125 MPa for
a draw ratio of one to 340 MPa for a draw ratio of eight. Moreover, these samples
preserved better the mechanical properties during a degradation study.

4.3 BARRIER PROPERTIES

Polymers have gained increasing interest for their use as packaging materials for
foods and beverages and accordingly represent a current substitute to more tradi-
tional alternatives such as glass or metals. Ideally, a barrier material for packaging
should hinder the interaction of the product with the environment because even the
diffusion of a small amount of oxygen, carbon dioxide, water vapor, aromas, etc.
may deteriorate the product taste. Among the available polymeric materials for
packaging, PET has been widely employed because of its low price and good me-
chanical properties. However, PET shows intrinsically poor barrier properties in
its amorphous, isotropic, unprocessed form. Therefore several strategies have
been considered to improve the barrier properties of PET and allow its safe use as
packaging material. Copolymerization with isophthalate, phthalate, or naphthalate,
in which the linear terephthalate unit is replaced with a kinked isophthalate or phtha-
late group, has been demonstrated to reduce the solubility and diffusivity of oxygen
upon cold crystallization [101]. This effect was associated with a different tendency
of the amorphous phase of PET to dedensify during the cold crystallization process.
Instead of copolymerization, blending with polymers of lower gas permeability,
such as poly(ethylene isophthalate) [102], poly(m-xylene adipamide) (nylon-
MXD6) [103], or PEN [104], has also been employed as an efficient strategy to
reduce the overall permeability of the resulting material. In the case of PET/PEN
blends, it has to be first considered that PEN shows air permeation four to five times
lower than that of PET. In addition, upon biaxial orientation of PET/PEN containing
PEN concentration equal to or less than 30%, phase-separated PEN parallel layers
are developed within the PET matrix forming multilayer microstructures that greatly
improve the barrier properties of the resulting material. Finally, incorporation of
impermeable high aspect ratio flakes or platelets (e.g., talk platelet particles) can
also be employed to improve the gas barrier properties of PET [105]. Herein, the ef-
fects of stretching in the final barrier properties of PET will be described.

To understand the transport of gases through a polymeric material, two funda-
mental factors have to be considered. On the one hand, gas solubility (S) measures
the uptake of the gas molecules by the polymer and is related to the number and size
of “holes” in the polymer matrix (static free volume), and is independent of
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thermally accessible motions of the polymer chains. On the other hand, diffusion (D)
is related to the speed at which a gas molecule diffuses through the polymer. This
occurs when a channel is formed between two neighboring “holes” and thus depends
on the frequency of channel formation (dynamic free volume), being related to
accessible conformational changes and segmental motions of the polymer chains.
The product of these two coefficients represents the overall permeability [106].

It is well accepted that crystalline regions in polymers do not allow the solubility
of gas molecules [107]. Therefore solubility and subsequent diffusion of gas mole-
cules takes place through the amorphous region of the polymer. Upon uniaxial or
biaxial deformation of PET, the overall density of the polymer increases as a result
of an increase in crystallinity fraction. Birefringence, which is related to the overall
molecular orientation, is also enhanced in this process. In a first attempt to predict
the diffusion of gases along the PET matrix, the Maxwell equation can be employed:

(=)
2+7)

where P is the permeability and f is the fraction of impermeable material. If f is
considered as the fraction of crystalline phase in the polymer determined by density
measurements (i.e., considering the polymer a simple mixture of crystalline and
amorphous components with two different and constant densities), a good correla-
tion between gas permeability and density (or crystalline fraction) is obtained
[108]. From this perspective, it can be concluded that increasing the crystallinity
fraction via stretching is a valid strategy to hinder the permeation of gas molecules
along the polymeric material. However, crystallization is not the only process occur-
ring during stretching. Orientation, which results in an increase in the trans fraction
in both the crystalline and amorphous phases, occurs simultaneously and, as it will
be discussed afterward, also plays an important role in the overall permeability of
PET toward gas molecules.

Not only the degree of crystallinity but the morphology of the crystalline phase
also affects the barrier properties of PET [109]. In thermally crystallized samples
(not stretched), larger spherulites hinder the permeation of gases along the polymer
matrix because of the greater tortuosity for the permeant molecules, suggesting that
permeability is controlled by macrostructural parameters. However, in the case of
stretched samples, microstructural parameters, determined by the fraction of mole-
cules in the trans conformation, seem to play the major role.

So far, gas permeation has been discussed in terms of an impermeable crystalline
phase and a permeable amorphous phase. Stretching can induce crystallization and
accordingly reduce the permeability of gas molecules. But, as previously mentioned,
there occur also conformational changes in the amorphous phase upon stretching
that play an important role in the resultant barrier properties of the polymer. In
this sense, the amorphous phase can be also subdivided into a permeable phase
with ethylene linkages predominately in the gauche conformation and an imperme-
able amorphous phase with ethylene linkages that have transformed from gauche to
trans during stretching [108,110,111]. Good correlations have been obtained

Pa

(15.2)
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between the permeability of gases and the amount of trans fraction, highlighting the
importance of this parameter in the overall barrier properties of the polymer.

Finally, the effect of dedensification of the amorphous phase on the barrier prop-
erties of PET will be briefly summarized. It has been reported that postprocessing of
cold-drawn films and bottles of PET to increase the crystalline fraction detrimentally
affects the barrier properties of the resulting material. This was associated with a
dedensification process in the amorphous phase that occurs because of the constraint
on amorphous chains that are attached to rigid chain segments in crystals [112,113].
As aresult, the density of the amorphous phase decreases, allowing a better diffusion
of gas molecules along the polymer.

4.4 PIEZOELECTRICITY

Poly(vinylidene fluoride) (PVDF) displays the highest dielectric constant and elec-
troactive response among the polymeric materials, showing piezoelectric, pyroelec-
tric, and ferroelectric properties. This is because each polymer chain possesses a
dipole moment perpendicular to the polymer chain due to the high electronegativity
of fluorine atom in comparison with hydrogen and carbon. Thanks to these features,
PVDF has been satisfactorily applied as electrothermal and electromechanical trans-
ducer material in the field of sensor and actuator devices and technologies. PVDF is
a semicrystalline polymer presenting intrinsic polymorphism, being able to crystal-
lize in, at least, four crystalline phases (a, B, v, and 8) [114] (Fig. 15.11). The
a-phase (TG' TG™) is the most common one and is obtained by melt crystallization
at temperatures below 160°C. Crystallization at higher temperatures produces a

+ Hydrogen

* Fluorine

© Carbon

a-phase
B-phase

v-phase
FIGURE 15.11

Chain conformation of the most commonly studied poly(vinylidene fluoride) crystalline
phases.
Reproduced with permission of Elsevier from Martins P, Lopes AC, Lanceros-Mendez S. Electroactive phases of

poly(vinylidene fluoride): determination, processing and applications. Prog Polym Sci 2014;39:683—706.
http://dx.doi.org/10.1016/j.progpolymsci.2013.07.006.
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mixture between the a- and y-phase (GTTT), with more y-phase at increasing tem-
peratures and times.

However, from a technological point of view, B-phase is the one that has attracted
more interest because it provides the best pyroelectric and piezoelectric properties.
In this crystalline phase, the dipoles are oriented in parallel and, accordingly, the
polymer presents a net dipole moment. For that reason, several strategies have
been adopted to promote the content of B-phase in PVDF, such as stretching from
the a-phase, applying high pressure from the melt, ultrafast cooling, external electric
field, addition of nucleating agents (e.g., BaTiO3, ferrite nanoparticles, gold nano-
particles), and copolymerizing with trifluoroethylene [115]. Stretching from the
a-phase at different temperatures and draw ratios is the most commonly adopted
strategy [116—118] and is the one that will be discussed in this chapter.

To exploit the piezoelectric and pyroelectric properties of PVDF, the content of
B-phase in the polymer needs to be first maximized. The amount of B-phase can be
determined by several techniques, with X-ray diffractometry and FT-IR spectros-
copy being the most widely employed ones [119]. The FT-IR spectra of the B-phase
is characterized by the appearance of strong absorption bands at 510, 840, and
1279 cm~!, whereas bands at 530, 614, and 796 cm~ ! are characteristic of the
a-phase. Accordingly, the content of each phase can be estimated by the ratio be-
tween the aforementioned absorption bands.

To maximize the content of B-phase, several parameters (e.g., stretching temper-
ature, speed, draw ratio) in the stretching process have been thoroughly analyzed,
with the draw ratio and the stretching temperature playing the major role. As
depicted in Fig. 15.12A, the relative fraction of B-phase (F($)) of PVDF sharply de-
creases for stretching temperatures above 100°C, highlighting the importance this
parameter has in the resulting fraction of B phase. Several studies have determined
that the transition from o- to B-phase occurs when the stretching is done below
130°C [121,122]. In this temperature range, the stress—strain curve of PVDF
showed a defined yielding peak, followed by necking and strain hardening as strain
increases. When necking occurs, appearance of B-phase was monitored by X-ray
diffraction. In contrast, when the sample was stretched at 150°C, no yield point
was detected in the stress—strain curve, resulting in no necking of the sample. In
this case, no B-phase was detected in the X-ray diffractograms even at the highest
drawing ratio (A = 5).

On the other hand, the importance of draw ratio in the F() of PVDF is reflected in
Fig. 15.12B. At the selected stretching temperature (75 = 100°C) and speed
(Vg = 50 pm/s), the F(B) of PVDF monotonously increases up toa A ~ 3 and is main-
tained almost constant for A > 3. In the case of stretching at high temperatures, draw
ratios above the natural ratio were necessary to promote the transition from a- to
B-phase [123]. In this sense, with a draw ratio of 6.7, a material with superior mechan-
ical properties and a content of B-phase exceeding 80% of volume was achieved.

Finally, the negligible effect V has on the F(B) of PVDF can also be concluded
from Fig. 15.12B. In this sense, no significant differences are observed in the calcu-
lated F(B) when the V; was increased from 1 to 1000 pm/s.
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Relative fraction of B-phase (F(B)) of poly(vinylidene fluoride) (PVDF) stretched under

(A) different temperatures (T,) and (B) different tensile speeds (V;)/draw ratios (). (C)

Scheme showing the transformation process from a-crystal to B-crystal of PVDF upon

stretching.

Reproduced from Li L, Zhang M, Rong M, Ruan W. Studies on the transformation process of PVDF from « to
phase by stretching. RSC Adv 2014;4:3938. http://dx.doi.org/10.1039/c3ra45134h with permission of The

Royal Society of Chemistry.

The transformation process from a-crystal to B-crystal of PVDF upon stretching
is shown in Fig. 15.12C. When the initial alpha spherulite having folded chains is
stretched, the molecular chains begin to extend along the drawing direction from
the middle of the spherulite. Upon further deformation, regions of extended chains
expand transversely along the middle of the spherulite, where the entire spherulite of
the a-phase is transformed into the B-phase under large deformation [120]. Overall,
it can be concluded that crystal transformation happens when the sample undergoes
cold drawing, with the heterogeneous stress component playing a critical role in this
transformation. Even if stretching significantly increases the content of the B-phase
in PVDF, the measured piezoelectricity is still low after mechanical deformation.
Therefore a postprocessing step of poling is usually required to further increase
the dipole orientation and the subsequent piezoelectricity [124].

As a consequence of increasing the content of B-phase in the polymer, the piezo-
electric response of PVDF, which can be measured via a dz3-meter, can be clearly
enhanced. In this sense, the maximum d33 value (d33 = 34 pC/N) was reported for
a PVDF sample that underwent a draw ratio of 5 at a temperature of 80°C, showing
this sample had the highest content of B-phase among the samples studied. For lower
draw ratios or higher temperatures, the content of B-phase as well as calculated ds3
gradually decreased, indicating a clear proportionality between the content of
B-phase and the piezoelectric response of PVDF [125].
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5. CONCLUSIONS AND PERSPECTIVES

This chapter aims to provide a general overview about the morphological changes
that polymers undergo upon SIC. Most commonly employed industrial processes
induce an external flow field within the polymer that results in the orientation of
the polymer chains and, eventually, in the formation of strain-induced crystallites.
All these changes in the internal morphology of the material are determined by
the employed process parameters as well as by the intrinsic properties of the initial
material. Crystallization kinetics during the SIC are greatly enhanced in comparison
with quiescent conditions, where the time required for completing the crystallization
process could be reduced from few minutes when it is thermally induced to
1—100 ms when it is stretched. Another interesting aspect is the morphological
changes induced upon stretching, where the developed crystals evolve from spher-
ical at low strain rates to elongated shapes and, upon further stretching, to highly ori-
ented crystals known as shish-kebabs.

Accordingly, the final properties can be enhanced via SIC, providing a successful
strategy to lead polymeric materials with advanced properties. For example, poly-
meric materials with ultrahigh elastic moduli (similar to those reported for some
metals or ceramics) have been achieved via the precise control of the process param-
eter in the drawing process. On the other hand, barrier properties, which play a
pivotal role when the polymer is intended to be used as a packaging material, can
also be enhanced via SIC. In this particular case, the development of strain-
induced crystallites, which show little or no permeability to molecules, together
with the orientation of the polymer chains in the amorphous phase, decrease the
overall permeability of the resulting material. Finally, in the case of PVDF, stretch-
ing promotes the polymorphic a- to B-phase transformation, which is a must for the
development of PVDF-based materials with a piezoelectric response.

The examples provided earlier highlight the relevance of internal morphology on
the final properties of the resulting polymeric materials. To understand how
commonly employed industrial processes affect the internal morphology of the poly-
mers, molecular basis and associated segmental dynamics, kinetics, and morpholog-
ical and structural modifications have to be considered. Understanding all these
concepts will allow the optimization of process parameters and intrinsic properties
of the initial materials to yield polymeric materials with improved properties.
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