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ABSTRACT: Uniaxial tension accompanied by the orienta-
tion and crystallization of polymer chains is one of the
powerful methods for the improvement of mechanical
properties. Crystallization of amorphous isotropic polylactide
(PLA) at room temperature is studied for the first time during
the drawing of films in the presence of liquid adsorption-active
media (ethanol, water−ethanol mixtures, and n-heptane) by
the solvent crazing mechanism. The crystalline structure arises
only under simultaneous actions of a liquid medium and a
tensile stress and does not depend on the nature of the
environment. The degree of polymer crystallinity increases nearly linearly with the growth in the fraction of the fibrillar material
and reaches a maximum value of 42−45%. It has been stated that polymer crystallization happens in crazes involving nanofibrils
with a diameter of about 10−20 nm without affecting the bulk polymer parts. Wide-angle X-ray scattering has been used to
confirm that the crazing-induced crystallization is accompanied by the formation of the α′-crystalline phase with crystallite sizes
(X-ray coherent scattering region) of 3−5 nm, depending on the nature of the liquid medium. After stretching in liquid media to
a high tensile strain, the strength of a PLA film has increased to 200 MPa.
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1. INTRODUCTION

Biopolymer polylactide or poly-lactic acid (PLA) is a
commercially attractive aliphatic polyester, as lactide is available
from the renewable plant sources.1,2 It is an environmentally
safe and nontoxic material, unlike most commercial-grade
plastics. PLA can degrade upon exposure to a wide variety of
microorganisms and is able to bioresorbate in vivo until
complete dissimilation. Thus, PLA is a promising material to be
used as composite matrices applied in biomedicine and as an
alternative to traditional slowly degradable package materials
and so forth.3,4

Frequently, the main drawback of PLA (especially for pure
poly-L-lactic acid and PLA containing several percent of D-lactic
acid units) is its brittle fracture behavior under room
conditions, while the maximal degree upon stretching usually
does not exceed 10−15%,5,6 which restricts its application.
Main causes of PLA embrittlement include fast physical aging7,8

together with structuration and formation of nucleation centers
in the brittle cracks. Thus, solving this problem is an important
and demanded task. Lately, a large number of research studies
dealing with different methods for reducing the brittleness and
increasing the strength of polylactide appeared. The common
approaches were the addition of softeners,9−11 the short-term
thermal treatment at the glass-transition temperature,12,13 and

the orientation at high temperatures.14 Orientation drawing at
an elevated temperature (commonly, near or slightly higher
than the glass-transition temperature (Tg)) is one of the
powerful methods usually accompanied by orientation and
crystallization of the polymer chains. The high strength (up to
1 GPa), elasticity, and thermal stability of oriented crystalline
fibers and films are the reasons for increased interest in the
study of orientation and crystallization of PLAs.15,16

Isotropic PLA has a rather low crystallization rate, even at
temperatures above its glass transition. Crystallization of PLA
depending on its molecular structure, content of nucleating
agents and plasticizers, and processing conditions has been
studied in a number of works.14,17−21 Tensile-stress-induced
orientation of PLA above its glass-transition temperature
substantially increases its ability to crystallize. For example,
the crystallization rate and the degree of crystallinity of the
polymer increase compared to those of unoriented PLA. At
elevated temperatures, PLA may crystallize into different
crystalline forms. The α (or α′) crystalline form is the most
thermodynamically stable one. It was for the first time
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described in refs 17 and 22 and is characterized by an
orthorhombic cell and a chain conformation having the shape
of a 10/3 helix. This crystalline form can be obtained by
stretching PLA at relatively low strain rates and temperatures of
70−90 °C. The same crystalline modification results from the
thermal crystallization of isotropic samples at temperatures
higher than 120 °C. Direct investigations performed by small-
and wide-angle X-ray scattering (SAXS and WAXS, respec-
tively) measurements have shown that the uniaxial deformation
of amorphous PLA films at 80 °C yields a more disordered α′-
crystalline phase with the “shish-kebab” morphology.23 Polymer
stretching at high strain rates and a temperature close to the
melting point (170 °C) up to very high tensile strains (by 10−
20 times) gives rise to the formation of the β-crystalline form
with orthorhombic cells and the conformation of a 3/1
helix.24,25

The uniaxial PLA deformation near to the glass-transition
temperature (65 °C) is accompanied by the gradual enhance-
ment of molecular orientation in an amorphous polymer and,
starting from a tensile strain of approximately 100%, the
formation of a mesophase with a content around 10−15% prior
to the rupture of a sample.26 The authors27 have reported that
mesocrystals begin to arise with the critical degree of
amorphous phase orientation equal to approximately 0.45,
and the strain necessary for the appearance of the mesocrystals
increases with the stretching temperature. The formation of the
PLA mesophase is often observed upon crystallization of PLA
bulk copolymers from melts. The heating of the mesophase
leads to the improvement of its crystalline structure and the
formation of the α-crystalline phase.28

Structural rearrangements in PLA during its uniaxial
deformation in air below Tg (at 35 and 45 °C) have been
studied.29 Polymer deformation under these conditions occurs
together with necking, while a high molecular orientation of
PLA chains was found in the neck according to the WAXS data.
Differential scanning calorimetry (DSC) was employed to study
the thermal behavior of samples stretched with the formation of
necks at 45 °C (15 °C lower than Tg) by 160 and 200%. The
preliminary orientation of macromolecular chains substantially
increases the rate of polymer crystallization. For example, a
wide exothermic peak appeared in a temperature range of 75−
140 °C29 because of the cold crystallization of PLA that
stretched into a neck.
In this work, we propose to use the solvent-crazing

process30−32 to reduce the PLA fragility and to increase its
strength characteristics. Crazing of polymers is a fundamental
mechanism of plastic deformation of solid amorphous and
semicrystalline polymers, and it is accompanied by the
formation of an oriented highly dispersed fibrillar−porous
structure in local deformation zones, which are referred to as
crazes.33,34 Moreover, it is known35−38 that crazing is
considered as a method for loading polymer matrices with
different thermodynamically incompatible low- and high-
molecular additives, such as dyes, fire-retardant agents,
odorants, bactericides, and so forth, with a simultaneous
dispersion of fillers up to the nanometric level.
Previously,39 we studied the mechanical behavior of a

commercial film of glassy poly-L-lactic acid during its drawing
under room conditions in the presence of various liquid media
(aliphatic hydrocarbons and alcohols). The stress−strain test
and optical microscopy justified that PLA is deformed via the
crazing mechanism with the formation of a highly dispersed
fibrillary−porous structure with fibrils of about 20 nm diameter,

according to the SAXS data. Moreover, an increase in the
elongation at the break of PLA to 500% occurred upon
stretching in the presence of ethanol. Furthermore, at high
tensile strains (higher than 300%), the DSC thermogram
showed the formation of a crystalline structure of PLA with a
degree of crystallinity of about 35%. It is worth noting that the
orientation drawing of polyethylene terephthalate (PET, which
has properties similar to PLA) to high tensile strains (300−
400%) under same conditions also results in the development
of the crystalline structure.40−42

Earlier, solvent crazing was also used to introduce starch and
calcium phosphates into the PLA matrix.43 As a result,
nanocomposite materials with bioactive properties, in partic-
ular, with osteoconductive properties toward pre-osteoblastic
MC3T3E1 cells were obtained.
The obtained data39,43 initiated systematic research studies of

PLA crystallization features during solvent crazing. The aim of
this work is to study the peculiarities of the crystallization
process of glassy PLA during uniaxial stretching of its isotropic
film in different liquid environments at room temperature (35−
40 °C lower than the glass-transition temperature). Determin-
ing the conditions of crystallization and the type of a PLA
crystalline structure formed under these conditions and its
influence on the development and stabilization of the fibrillar−
porous structure are the desired main objectives.

2. EXPERIMENTAL SECTION
Initially, a PLA film with 110−140 μm thickness was obtained by the
hot-pressing procedure from pellets of the grade 4032D (Nature-
Works LLC, United States). The polylactide has the following
characteristics: molecular mass Mw of 200 kDa, polydispersity index of
1.6, the content of D-isomer units equals to 2%, glass-transition
temperature of 63−65 °C, and melting temperature of 168 °C. After
the PLA pellets were melted and pressed in a mold, the sample was
rapidly quenched with water at 15 °C. During quenching, the polymer
film surface had no direct contact with water. This approach yielded
amorphous isotropic samples. Before the experiments, the obtained
PLA films were exposed under room conditions for at least 2 weeks.
Some polymer samples were annealed at 80 °C followed by quenching
and were used immediately after cooling.

The as-prepared PLA films were uniaxially stretched in air and
different liquid media. The media were selected from organic liquids,
namely, from hydrocarbons and aliphatic alcohols, which are most
frequently used as adsorption-active media (AAMs) to realize solvent
crazing in polymers. By definition, AAMs are media that cause none or
insignificant swelling of polymers (commonly the degree of swelling in
them is no higher than 10 wt %) but efficiently reduce their surface
energy. Therefore, PLA swelling was studied in different AAMs. An
initial polymer film was placed into selected liquids at room
temperature or at 50 °C and exposed until the maximum constant
mass of the sample was reached. Initial and swollen samples were
weighed using an AND ER182A electronic balance with an accuracy of
±0.0001 g. The equilibrium degree of swelling (dm/mo, %) was
calculated as follows

=
−

×m
m

m m
m

d
100

0

0

0 (1)

where mo is the initial mass of the film and m is the mass of the swollen
film. We have chosen n-heptane (analytical grade) and 96% ethanol
from hydrocarbons and aliphatic alcohols, respectively. In addition,
water−ethanol mixtures with ethanol contents ranging from 20 to 50
vol % were used.

For mechanical tests, standard dumbbell shaped samples with the
working part sizes of 6 × 20 mm were cut of the initial films. The
orientation stretching was performed at room temperature at a rate of
5 mm/min (25%/min) with an Instron 4301 tensile machine. To carry
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out the mechanical test in the presence of AAM, samples from the
initial PLA film were clamped into a special device of the tensile
machine, immersed in a liquid medium, and immediately deformed.
The appearance of the deformed samples was recorded with a Sony

digital camera. The surface morphology was studied with a Carl Zeiss
Jena optical polarizing microscope, whereas the volume morphology
was examined using an EVO 40 XPV scanning electron microscope
(SEM; Zeiss) equipped with an XFlash 6130 attachment for X-ray
spectroscopic microanalysis (Bruker). For this purpose, cleavages were
prepared from deformed samples by brittle fracture along the direction
of stretching in liquid nitrogen. The cleavages were attached to the
surface of a special microscope table with conducting carbon double-
sided sticky tape, and a gold layer 50−70 nm thick was sprayed onto
them with a Giko IB-3 setup.
Calorimetric measurements were performed on a Mettler DSC-20

differential scanning calorimeter in a range of 25−200 °C at a heating
rate of 10 °C/min in a nitrogen atmosphere. Before the calorimetric
test, the samples were dried immediately after drawing as rapidly as
possible to constant weight under vacuum. This procedure allowed us
to minimize changes in the degree of crystallinity and the influence of
the evaporation of solvents on the thermal properties of PLA. The
degree of crystallinity of the PLA samples was derived from the DSC
data by calculating the heat effects of polymer melting and
crystallization using the software of the processor supplied with a
Mettler-TC11 instrument. The degree of crystallinity (α, %) was
calculated by the following formula 2

α =
Δ − Δ

Δ
×

H H
H

100m cr

100% (2)

where ΔHm and ΔHcr are specific heat effects of sample melting and
crystallization, respectively, and ΔH100% is a specific theoretical melting
enthalpy of 100% crystalline polymer (for PLA, 93 J/g44).
The structures of initial and stretched PLA films were investigated

by the WAXS technique. X-ray scattering patterns were obtained using
the Station “Belok” at Kurchatov Centre of Synchrotron Radiation,
Moscow, Russia (beamline 4.4e of Kurchatov Synchrotron radiation
source) equipped with a Rayonix SX165 detector operating at a
resolution of 2048 × 2048 pixel (pixel size was 80 μm). The sample−
detector distance was 150 mm. The synchrotron radiation wavelength
was 0.0987 nm. Radial intensity profiles, I(2θ), were obtained by 180°-
azimuth integrations of the 2D-patterns over 180° by means of the
Fit2D software. The obtained X-ray scattering curves were plotted in
the intensity−scattering vector units, with the vector being calculated
as follows

π θ
λ

= ·
q

4 sin( )
(3)

where θ is the Bragg angle and λ is the radiation wavelength. Figure 1
shows fitting azimuth-integrated WAXS profiles of a sample stretched
to 230% in n-heptane. The weight fractions of the amorphous and
crystalline phases were quantitatively assessed with the help of a
previously described method26 using the PeakFit software assuming
Gaussian profiles for all scattering peaks and amorphous halo. An
example of fitting azimuth-integrated WAXS profile of an experimental
scattering curve in terms of Gaussians is presented in Figure 1.
The degrees of crystallinity of the deformed PLA films were

computed from the ratio of the Bragg scattering contribution of the
crystalline phase to the total scattering intensity by the following
equation

∑α = − ·
⎛
⎝⎜

⎞
⎠⎟

S
S

1 100am

total (4)

where Sam refers to the areas of the Gaussian peaks attributed to the
amorphous halo (their positions are determined from the integral
scattering curve plotted for an initial amorphous film) and Stotal is the
total area under the integral scattering curve.

The crystal size (coherent-scattering region) was calculated from
the full widths at half-maximum (fwhm) of the fitted crystalline peaks
using the Debye−Scherrer equation expressed as follows45

λ
β θ

=D
K

coshkl
1/2 (5)

where Dhkl represents the average crystallite size in the normal
direction of the (200/110) reflection plane and β1/2 is the fwhm of the
diffraction peak (200/110) in radians. Shape factor K was preset to be
0.9 for polymer systems, whereas the instrumental resolution was
neglected.

The disorientation angle of PLA crystallites with respect to the
drawing direction of the polymer was defined as the integral azimuthal
half-width of the (200/110) reflection.

The SAXS was measured at DIKSI beamline46 for the Kurchatov
Centre of Synchrotron Radiation (Moscow, Russia). The beamline
utilizes an X-ray wavelength of 0.16 nm and a vacuum chamber length
of 2.4 m, which allows measuring SAXS in the q range of 0.07−1.1
nm−1. For calibration of the scattering vector interval, the silver
behenate standard was used.47 To obtain the scattering pattern, the
wet polymer samples were clipped in special clamps at fixed tensile
strain. The scattering was measured by using a Dectris PILATUS3R 1
M detector with 300 s exposition and then treated by FIT2D software
to obtain 1D scattering intensity versus scattering vector module, I(q),
curve. The pixel size on the scattering pattern is 172 μm. Using the
obtained equatorial scattering curve I(q), the average diameter of
fibrils spanning walls of the craze was determined. The details of the
calculation method are described in the Supporting Information
(section S2, pages S-3−S-5).

3. RESULTS AND DISCUSSION
3.1. Mechanical Behavior of PLA Films in Liquid

Environments. The mechanical behavior under standard
conditions of the original PLA film obtained in this work was
similar to that previously observed.12,48 Figure 2 shows a typical
engineering stress−strain curve (1) for an amorphous PLA film
that has a plastic yielding value of about 60 MPa and a breaking
strain of no higher than a few tens of percent (in this case,
30%). The image of this sample is depicted at the curve. The
entire working part of the sample is covered with craze-type
cracks, the formation of which occurs at the surface
microdefects near the plastic yielding ε = 2−3% and proceeds
to the development of a true rupture-related crack. This rupture
mechanism is typical for glassy amorphous polymers and has
been previously described in a number of works.49,50

The deformability of a PLA film can be increased by heating
at a temperature in the vicinity or slightly higher than the glass-

Figure 1. Example of PeakFit treatment of the azimuth-integrated
WAXS profile of PLA sample stretched in the presence of n-heptane
by ε = 230%. Curves 1 (red lines) are related to the amorphous phase
and curves 2 (blue lines) are related to the crystalline phase.
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transition temperature (70−80 °C) for a rather short time
period (0.5−1 h).12,51 The annealing under these conditions
does not lead to a noticeable increase in the degree of polymer
crystallinity, but it causes the healing of defects that are
transformed into the sites of craze nucleation under load.
Figure 2 illustrates the stress−strain curve (2) and the
appearance of a PLA film deformed after annealing. The
breaking strain is much higher (up to 120%), and the
deformation mechanism is different. The stretching of the
annealed PLA film is accompanied by the formation of a
transparent neck with a characteristic abrupt narrowing of the
working part of the dumbbell samples. The neck tensile strain
determined from a change in the sample sizes is nearly 250%.
The repeated mechanical test of an annealed PLA sample after
several days shows a substantial decrease of the breaking strain
value. This behavior is typical for some amorphous glassy
polymers such as PET or polycarbonates because of the
processes of physical (structural) aging.52,53

The drawing of the original unannealed aged PLA films at
room temperature in the presence of liquid media is also
accompanied by a substantial increase in the breaking strains
(up to 500%), which was recently reported.39 As it can be
clearly seen from Figure 2 (curves 3, 4), a PLA film is indeed
stretched in both n-heptane and a 50% water−ethanol mixture
at approximately fourfold lower stresses than it is in air and is
characterized by a substantial increase in the deformability.
Under these conditions, the crazing mechanism of deformation
dominates. Commonly, the presence of liquid media30−32

substantially facilitates the crazing process and decreases the
mechanical strength of solid polymer materials during their

utilization. The problems relevant to the determination of the
mechanism for the effect of a liquid environment on the
processes of craze formation were discussed in detail ear-
lier.30,54 The main role of an AAM is to reduce the surface
energy at the polymer−liquid interface because of the
adsorption of liquid molecules on the surface of a polymer
material and to stabilize the newly formed thin fibrils. Thus, the
surface tension of polyesters such as PET or PLA may be
decreased in liquid environments by almost ten times.55

Optical micrographs of the surface (Figure 3), at the initial
stages of deformation in the region of plastic yielding, show that
the working part of the PLA film is covered by numerous cracks
(crazes) oriented normally to the stretching direction and
separated by regions of the bulk unoriented polymer. After the
removal of the AAM by evaporation under isometric conditions
from the as-formed crazes of PLA, the samples become white.
The crazes gradually widen because of the involvement of the
bulk polymer parts during the deformation process (Figure 3b).
At large tensile strains (200−400%), after almost all bulk
regions have passed to the crazes, the crazed porous structure
collapses (Figure 3c) and the samples become transparent.
Similar to other amorphous glassy polymers (e.g., PET

stretched in alcohols30,56), the formation of an oriented and
highly dispersed fibrillary−porous structure in PLA by the
crazing mechanism and the evolution of this structure with
increase in the tensile strain fits all observed phenomena. SEM
images (Figure 4) have confirmed the assumption that the

stretching of a PLA film in different liquid media leads to the
formation of crazes, which grow through the entire cross
section of a sample. The micrograph clearly shows the
pronounced alternating regions of the bulk polymer and the
porous material (crazes), which is similar to those previously
obtained for other amorphous glassy polymers (PET, poly-
(vinyl chloride), etc.) stretched via the crazing mechanism.30,57

Figure 2. Stress−strain curves for the original (1, 3, 4) and annealed at
80 °C during 0.5 h (2) PLA films recorded in the presence of air (1,
2), n-heptane (3), and 50% water−ethanol mixture (4). Over stress−
strain curves, the photographs of the post-mortem tensile test samples
are presented for (1) and (2) at breaking and for (3) after stretching to
50%.

Figure 3. Optical micrographs of the surface (magnification 50 times) PLA films deformed in the presence of n-heptane by 50 (a), 150 (b), and
230% (c). The stretching direction of the film is indicated by the arrow.

Figure 4. SEM micrograph of the fragile cleavage of the PLA film
stretched by 100% in 50% water−ethanol mixture.
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The effective volume porosity of such films depends on the
tensile strain and may be as large as 60 vol %.
The SAXS study of the deformed PLA samples has also

confirmed the formation of the crazed fibrillary−porous
structure. Figure 5 shows the 2D SAXS pattern of the PLA

film stretched in 50% water−ethanol mixture and its
corresponding curve of equatorial distributions of intensity.
For comparison, the 2D SAXS pattern of the initial PLA film
(presented in the Supporting Information, Figure S1) exhibits a
slight diffuse scattering near the center with almost uniform
intensity distribution over the circle, which indicates the
absence of an ordered structure and confirms that the film
obtained by the hot-pressing method is isotropic. The
deformation of PLA in the liquid environment changes the
scattering pattern strongly. Such a scattering pattern is typical
of craze-containing glassy polymer systems58,59 and consists of
two reflections (Figure 5, inset). The meridional component of
the scattering arises because of the X-ray reflection from craze
walls oriented perpendicular to the stretching direction. The
anisotropic reflection on the equator is due to the X-ray
diffraction on the system of fibrils spanning the craze walls. The
fibrils are oriented in the stretching direction and separated in
space.
The equatorial component of SAXS of the deformed PLA

(Figure 5) contains the interference peak. The angular position
of the maximum is 0.22−0.24 nm−1, which corresponds to the
value of the long period of 26.0−28.5 nm. Here, the value of
the long period characterizes the distance between the centers
of fibrils, namely, the sum of diameters of pores and fibrils. The
presence of the maximum on the scattering curve indicates a
highly regular arrangement of the separated fibrils in crazes.
The Porod method modified for oriented systems60 allows
determining the diameter of PLA fibrils spanning walls of
crazes. A thorough description of such a mathematical method
of calculation is presented in the Supporting Information
(section S2). In this calculation, we assumed that the
concentration of fibrils in craze (c) is the inverse of the
extension ratio of fibrils (λ), that is, c = 1/λ. Usually, λ
corresponds with a good accuracy to the natural draw ratio in
the neck.40,54 The obtained values show that the natural draw
ratio in the neck of PLA is about 3.5, and the concentration of
fibrils is 0.29. The calculated diameter of PLA fibrils in crazes
appeared to be nearly 12 nm, and the diameter of pores is about
15 nm.

It can be stressed that after stretching in liquid media to a
high tensile strain and drying under vacuum to the constant
weight, the strength of a PLA film (the stress−strain curve is
presented in Figure 6) has increased to 200 MPa versus about

60 MPa for the initial PLA film. It was previously reported5 that
the tensile strength for films and fibers of PLA could be
increased using orientational stretching to 400−600% at
temperatures of 70−90 °C in air. The improvement in
mechanical properties was associated with the formation of a
highly oriented crystalline structure in the polymer.
Thus, the uniaxial stretching of an amorphous isotropic PLA

film in different liquid media (saturated hydrocarbons, aliphatic
alcohols, and alcohol−water mixtures) proceeds via the crazing
mechanism and is accompanied by the formation of the high-
dispersed fibrillar−porous structure, typical of solid amorphous
polymers. However, the reason for the dramatic increase in the
deformability of PLA (sometimes, up to 550%) remains to be
clarified. Undoubtedly, one of the causes may be the drastic
(four or five times) decrease of the mechanical stress of
deformation in the presence of liquid media. Crystallization
while crazing is another possible reason for the high stability of
the formed PLA fibrils (similar to PET). To verify this
assumption about the crystallization of PLA fibrils below Tg
during the uniaxial stretching in liquid media, the thermal
properties of the deformed samples were studied by DSC.

3.2. Study of Thermal Properties of the Deformed
PLA Films. DSC is an informative technique that allows not
only to determine the characteristic thermal transitions in a
polymer material (glass transition, crystallization, or melting)
but also to evaluate the degree of polymer crystallinity. Figure
7a,b presents the DSC curves for an original PLA film and the
film after its stretching to different tensile strains in ethanol or
n-heptane followed by drying at room temperature under
isometric conditions. The initial undeformed PLA film (tensile
strain of 0%) is characterized by the following thermal
transitions: glass transition at Tg = 62−64 °C; cold
crystallization, which begins at a temperature higher than
80−85 °C (the crystallization peak is observed at 115 °C, and
the crystallization heat effect is 18−20 J/g); and the melting of
the crystalline phase at 170 °C (the enthalpy is 19−21 J/g).
The starting degree of crystallinity calculated for the original
film from the DSC data indicates an insignificant amount of a
crystalline phase (about 1−2%). It is worth noting that the
crystallization rate for PLA of this type seems to be low indeed.
For example, it has been found that, at the heating rate elevated
to 100 °C/min, the peaks of crystallization and melting
disappear in the DSC curve, whereas the heat effect of these

Figure 5. Equatorial distributions of the SAXS intensity for PLA
deformed by 100% in 50% water−ethanol mixture. In the inset, the 2D
SAXS pattern is presented. X-ray-shooting was carried out in liquid.
The arrow shows the direction of the PLA tension.

Figure 6. The stress−strain curve of the PLA film after drawing by
400% in ethanol and removal of the solvent.
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processes is as low as 1 J/g. Another peculiarity of the initial
film is the existence of an intense asymmetric endothermic peak
in the region of the glass-transition temperature. This peak can
be attributed to the high rate of the physical aging of PLA.7,8 In
this case, the endothermic peak results from the decreased
enthalpy of the polymer because of the improvement of its
molecular packing or an increase in the concentration of low-
energy conformations during storage even at temperatures
lower than Tg.
Increasing the tensile strain of PLA films that uniaxially

deformed in liquid media shows a gradual decrease in the
enthalpy of their crystallization upon heating in the DSC cell.
The dependences of the heat effects of crystallization and
melting on the tensile strain upon polymer deformation in
ethanol are presented in Figure 8a. Indeed, the ΔHcryst value
decreases from approximately 22 J/g for the sample with a
tensile strain of 50%, which corresponds to the crystallization
heat of the undeformed film, to 4−6 J/g for the samples
stretched by 200−300%. For the samples with a high tensile
strain, in which almost all polymer materials have passed into
the fibrillized material of crazes, the crystallization peak
disappears on the DSC curve but the high-intensity melting
peak remains preserved. Moreover, some samples are
characterized by the appearance of a wide endothermic peak
(Figure 7b, the curve for tensile strain of 230%) in the
temperature range from nearly Tg to the onset of melting.
These samples usually lose about 1−3 wt % during the DSC
investigation. This peak may be explained by the evaporation of

the liquid medium, which may be “sealed” in polymer pores
upon the collapse.30,61 It should be noted that the ΔHmelt value
weakly depends on the polymer tensile strain and appears to be
35−45 J/g for all deformed samples under investigation.
In spite of the similar deformation behaviors of the PLA film

in ethanol and n-heptane and the fibrillar−porous structures
developed by the crazing mechanism, the patterns of the DSC
curves are slightly different. For example, the PLA samples
deformed in ethanol are characterized by a shift of the glass-
transition temperature toward lower temperature and almost
complete disappearance of the endothermic peak (Figure 7a)
relevant to the physical aging of the polymer. After PLA is
stretched in n-heptane, the glass-transition temperature and the
area of the endothermic peak in this temperature range are
almost equal to those of the initial undeformed film (Figure
7b). It is only for the sample with the tensile strain of 230%, at
which the collapse of the crazed structure begin to prevail, that
changes in the thermophysical characteristics are observed in
the region of Tg. The possible reasons for the observed
differences will be discussed below.
Figure 8b shows the dependences of the initial degree of

crystallinity of PLA calculated from the difference between the
heat effects of melting and crystallization according to formula
2 on the polymer tensile strain upon its deformation in ethanol
and n-heptane.
It is clearly seen that the degree of crystallinity almost linearly

increases with the PLA tensile strain to reach a maximum value
of 42−45% at ε = 200−250% irrespective of the nature of the

Figure 7. DSC curves of the original film and uniaxially stretched PLA to 50−300% in the presence of ethanol (a) and n-heptane (b). The tensile
strain of samples is shown near the corresponding curve.

Figure 8. (a) Heats of crystallization (1) and melting (2) of PLA film vs the tensile strain of a polymer during stretching in the presence of ethanol.
(b) Degree of crystallinity of PLA vs the tensile strain upon its deformation in ethanol (1, square point) and n-heptane (2, round point) and the
fraction of the polymer material that has passed into the crazes (3, solid line) vs the tensile strain.
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adsorption-active liquid medium. In Figure 8b, the fraction of
the polymer material that has passed into the crazes ( f) upon
deformation is also presented. This fraction f value is true only
if crazing is the main mechanism of sample deformation during
drawing. After crazes nucleate and grow through the cross
section of a sample, their number remains unchanged.
Furthermore, they only widen because of the gradual transfer
of a polymer material from the bulk regions into the crazes. As
the tensile strain of the polymer material in fibrils is close to its
value in the neck, f is given by (see Supporting Information,
section S3, page S-6)

ε
λ

=
−

f
/100

1f (6)

where ε is the tensile strain and λf is the draw ratio in fibrils of
PLA that equals the draw ratio in the neck (about 3.5).
The curves in Figure 8b obviously show that the degree of

crystallinity and the fraction of the polymer material that has
passed into the crazes upon deformation grow in a same way.
Hence, PLA crystallization during the uniaxial stretching occurs
only in the fibrils and does not involve the regions of the bulk
polymer.
Thus, the formation of the fibrillary−porous structure in PLA

through crazing in liquid media at room temperature is
accompanied by spontaneous crystallization of fibrils. Further,
we shall consider the influence of a liquid medium and its
nature, as well as the polymer orientation, on the low-
temperature crystallization of PLA.
To determine the role of a liquid medium in the

crystallization of PLA, the maximum degrees of its swelling
were measured in ethanol, water−ethanol mixtures, and n-
heptane. (The experimental swelling curves are presented in
the Supporting Information, Figure S3.) The PLA film swelled
in ethanol to the maximum degree of about 9% over nearly 24 h
under room conditions. Furthermore, the degree of swelling
remained unchanged for a month. In 50% water−ethanol
mixture, the swelling rate and the maximum degree of swelling
of PLA film were significantly lower. In this case, the swelling
process continued virtually a month, and the maximum value of
4% was reached after 600 h of soaking. The exposure of PLA in
n-heptane at room temperature for even a month did not
markedly change its mass. To accelerate the swelling process
and the attainment of the equilibrium plasticizer concentration,
the film was heated in ethanol at a temperature of 50 °C, which
is lower than the Tg value and should not induce the
crystallization of amorphous PLA. Under these conditions,

the swelling rate was substantially increased, and the polymer
reached a maximum value of degree of swelling of about 10% in
ethanol and about 4% in 50% water−ethanol mixture through 1
h. The equilibrium amount of sorbed ethanol appeared to be
almost the same at room temperature and 50 °C. However, the
exposure of PLA films in n-heptane even at the elevated
temperature did not result in its noticeable sorption, thereby
indicating that this polymer does not swell in the media of
saturated hydrocarbons.
Swelling of a polymer in liquid media is known to decrease

its glass-transition temperature that can cause crystallization of
an amorphous PLA film even at room temperature. In this
work, the glass-transition temperature of PLA was studied as a
function of ethanol content using the DSC curves of the wet
swollen samples. It was found that the Tg value of PLA with the
maximum degree of swelling in ethanol was decreased to 30−
35 °C.
The polymer samples after exposure in ethanol and n-

heptane at room temperature for a month were dried under
vacuum and then studied by the DSC technique (experimental
DSC curves are presented in Supporting Information, Figure
S4a). These data confirm that the thermal transitions and other
thermophysical characteristics of the initial PLA film and the
one exposed in n-heptane actually coincide with each other.
However, when heated in the DSC cell, the ethanol-swollen
film behaves differently. It intensely starts to crystallize at a
temperature 20−30 °C lower than that in the initial sample.
One of the possible explanations is that the crystalline phase
nuclei form in the sample during its exposure in ethanol. Upon
heating, these nuclei play the role of nucleating agents.
Moreover, after the polymer was exposed in ethanol for a
month, the degree of its crystallinity increased slightly and
reached only 8%, thereby indicating a relatively low cold
crystallization rate of swollen PLA at room temperature. Thus,
the ability of a liquid medium to cause swelling and diffuse into
the polymer bulk is not the main factor explaining the glassy
PLA crystallization under room conditions.
Earlier, it was reported that uniaxial deformation of PLA

samples in air at temperatures lower than Tg (e.g., at 45 °C) did
not result in essential crystallization of the polymer.29 Only
stretching above Tg (e.g., at 70−90 °C) yielded samples with a
degree of crystallinity as high as 30%. In the present work, we
also have obtained samples that uniaxially stretched via necking
in air at room temperature to a tensile strain of 250%. The
degree of crystallinity of a neck was calculated from DSC data
(experimental DSC curves are presented in Supporting

Figure 9. 2D-WAXS patterns, the equatorial radial distributions of scattered X-ray intensity and curve-fitting analysis for (a) the original PLA film
and (b) after its uniaxial stretching in air by 250% (region of the neck). The stretching direction is indicated by the arrow.
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Information, Figure S4b) as the difference between the heat
effects of melting (30 J/g) and crystallization (22 J/g) and was
calculated to be nearly 8%, which is slightly higher than that
obtained for the bulk PLA film.
Thus, the processes of orientation of a PLA film in air below

the glass-transition temperature or its volume swelling in liquid
media in the ordinary state do not lead to a notable increase in
the crystallinity of the polymer. However, the combined action
of a liquid AAM and orienting stress causes rapid crystallization
of polymer fibrils at room temperature and results in a material
with a high degree of crystallinity (40−45%). Apparently, the
penetration of all used environments into the polymer occurred
via the formed crazes and did not involve the bulk polymer
regions. The bulk polymer swelling over the time of the
deformation process (10−20 min) was insignificant (below 1%
for unstrained film) even in the presence of ethanol in which
the polymer was partially swellable.
3.3. Study of PLA Film Structure Evolution during

Low-Temperature Crystallization in Liquid Media. The
WAXS method allowed studying the changes in the structure
occurring in PLA films during their uniaxial stretching in
different media at room temperature and the type of a formed
crystalline structure. Figure 9a depicts the 2D scattering pattern
and the equatorial radial distribution of scattered X-ray
intensity for an initial PLA film. The X-ray pattern exhibits a
diffuse (amorphous) halo with uniform intensity distribution
over the circle. The scattering curve shows a rather intense and
wide halo in a scattering vector range of 3−19 nm−1 and a less
intense halo with a maximum at q ≈ 23 nm−1. The fitting
procedure reveals three halos located at q = 11.3, 15.9, and 22.1
nm−1, with nearly equal values of fwhm ≈ 5−7 nm−1.
Previously, the unification of two amorphous halos into one
wide scattering peak5 was, by analogy with PET, explained by
the presence of two characteristic interchain spacings in
amorphous PLA.
When considering the thermophysical properties, we have

already noted that the PLA orientation by uniaxial stretching
leads to increase of crystallinity degree in the neck only to 8%.
The WAXS pattern obtained for a region of the neck (Figure
9b) exhibits two symmetric diffuse spots at the equator, with no
crystalline reflections observed. This finding confirms that, as a
result of the cold stretching, the PLA film acquires an oriented
structure but remains virtually amorphous. The curve for
scattering in the equatorial direction (Figure 8b) also shows a
rather intense and very wide peak in a range of scattering vector
values of 3−19 nm−1 but the peripheral peak in the region of
the third-layer line is negligible. The fitting procedure has
confirmed that the positions of the amorphous halo maxima
remain unchanged, while the values of the Gaussian fwhms
markedly decrease to approximately 4−5.5 nm−1. This fact may
indicate the formation of ordered domains during drawing,
which can be regarded as the nuclei of a crystalline phase or the
so-called mesophase (mesocrystal).23,29

Both the DSC studies and WAXS data (Figure 10) have
shown that the uniaxial deformation of PLA films in both
ethanol and n-heptane, in which PLA is swellable and
nonswellable, respectively, is accompanied by low-temperature
crystallization. Figure 11 depicts the 2D-WAXS pattern and the
corresponding scan with the assignment of all reflections for the
sample deformed in a liquid medium. At tensile strains below
50%, when the fraction of the film area occupied by crazes is
small, distinct arc-shaped reflections corresponding to (200)/
(110) and (203) planes arise at the equator and at an angle of

nearly 30°. They indicate the presence of the crystalline phase
with α and α′-orthorhombic lattices. According to the
published data,62 the α phase must, in addition to (200)/
(110) and (203) reflections, have pronounced equatorial (010)
and (210) reflections. When these reflections are absent or
weakly pronounced, the α′ phase is commonly believed to be
formed. As the tensile strain grows, the intensity of the
amorphous halo decreases, while the reflections from
crystallites become more distinct and diagonal (203) reflections
become noticeable. This occurs because of both a rise in the
fraction of the polymer that has passed into the crazes and the
improvement of crystallinity. The PLA samples were stretched
to a high tensile strain (more than 200%), in which most of the
area of the polymer material has passed to the fibrillar state and
the structural rearrangements relevant to the collapse of the
porous structure have begun. They show an axial texture with
high degrees of crystallinity and molecular orientation. To
confirm the formation of a highly ordered structure of PLA
during crazing, the disorientation angle of PLA crystallites with
respect to the direction of elongation was defined by WAXS

Figure 10. 2D-WAXS patterns of the PLA film after uniaxial strain in
the presence of (a) n-heptane, (b) 50% water−ethanol mixture, and
(c) ethanol at room temperature. The tensile strains of samples are
shown on patterns. Stretching direction is vertical for all samples.

Figure 11. 2D-WAXS pattern and the corresponding azimuth-
integrated distribution curve of the scattered intensity for the PLA
film stretched by 400% in 50% water−ethanol mixture at room
temperature.
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data. This parameter characterizes the degree of ordering of the
crystalline phase in a selected direction. It has been determined
that the value of a disorientation angle for PLA samples with a
tensile strain of 250−400% is 12°−17° irrespective of the type
of the liquid environment. Thus, a sufficiently high degree of
orientation of the crystalline phase develops during crazing.
It should be noted that the 2D-WAXS patterns for samples

that have been crystallized upon deformation in media, which
are unable (n-heptane) and able (ethanol) to cause polymer
swelling, are slightly different (Figure 10a,c, respectively). This
may be related to different rates of PLA crystallization, because
the glass-transition temperature of the polymer swollen in
ethanol is substantially (up to 30−35 °C) decreased because of
the plasticizing action of ethanol. Moreover, under the same
conditions of stretching, the concentration of the crazes formed
per unit length of the working part in ethanol is much smaller
than that in n-heptane or an aqueous 50% ethanol solution
because of the lower plastic yielding value. Therefore, at
formally equal tensile strains of macromolecules, the real tensile
strain in crazes developed in ethanol is higher at lower ε values.
However, because at high tensile strains (above 200%) the
degree of PLA crystallinity is equal to both media,
thermodynamic criteria for the possibility of crystallization are
implemented.
In Figure 12, the scans obtained from 2D-WAXS patterns are

presented. The samples deformed to a tensile strain of 50%
(curves 1) are characterized by very wide peaks similar to that
presented in Figure 9a for the initial isotropic film. As the
tensile strain of PLA in ethanol and n-heptane grows,
reflections from (200)/(110), (203), and (0010/306) planes
at the corresponding values q = 11.7, 13.2, and 22.8 nm−1 arise
and become more evident in the scattering curves, while the
fwhm values of the peaks decrease to 1−2 nm−1 at unchanged
angular positions of the maxima.
The degrees of crystallinity calculated from the fitted WAXS

data have appeared to differ substantially from the values
determined by DSC. The possible reason is structural
nonuniformity (irregular alternation of undeformed bulk
regions and crazes). The fractions of the bulk and crazed
parts that occur in the studied region, as well as the fraction of
the crazed material, cannot be accurately controlled because the
size of the X-ray beam is as small as 300 × 300 μm. This was
confirmed by WAXS patterns obtained from the different parts
of the same sample stretched by 50% in ethanol (the data are
presented in Supporting Information, Figure S5). While one
pattern was identical to the initial amorphous sample, the other

one clearly exhibited crystalline reflections. For similar
structurally nonuniform crazed systems, good coincidence was
observed only in the case of samples deformed to high tensile
strains (300−400%), at which almost all polymer materials had
passed into the crazes. For example, in the case of a PLA
sample deformed by 300% in ethanol, the degrees of
crystallinity determined from the DSC and WAXS data were
43 and 45%, respectively.
The calculation of crystallite sizes from the (200)/(110)

plane has shown that they depend on the nature of the aqueous
medium in which crazing is performed. However, they remain
almost unchanged upon increasing the tensile strain. In ethanol,
which causes partial swelling, the crystallite size appeared to be
5−5.5 nm, while, in n-heptane, which causes no swelling, it was
slightly smaller, that is, 3−3.5 nm.
Thus, deformation of an isotropic glassy PLA film in liquid

AAMs is accompanied by an intense crystallization of the
fibrillar material filling crazes yielding α′-crystalline phase
characterized by a rather high degree of orientation in the
direction of elongation.
On the basis of the obtained experimental data, crystal-

lization of glassy polylactide under room conditions during
drawing in liquid AAMs can be represented in the following
way. The application of a uniaxial tensile stress to the PLA film
in the presence of a liquid environment initiates the
development of deformation by the crazing mechanism. The
liquid considerably reduces the surface energy of a polymer by
wetting, which significantly (several times) reduces the
mechanical stress at which drawing occurs and stabilizes
obtained fibrils with nanoscale diameter of 10−20 nm
generated in crazes. These polymeric nanoscale objects, namely,
fibers, films, and surface layers with thickness less than 30−40
nm, may possess significantly reduced glass-transition temper-
ature. For example, it was previously shown62−65 that thin films
of various glassy polymers (polystyrene and poly-
(methylmethacrylate)) are characterized by decreased Tg
value by a few tens of degrees. Furthermore, it was
suggested40,54 that mobility of polymer chains at the craze−
bulk polymer boundary was strongly enhanced by the presence
of the triaxial tensile stress at the base of each craze fibril.
Therefore, the Tg of PLA in fibrils could be reduced to room
temperature. The combination of a sufficient level of mobility
of the macromolecules and their orientation in the fibrils,
promotes spontaneous cold crystallization of a glassy polymer.
While tensile strain increases and the fraction of the polymeric
material passes into the crazes, the polymer crystallinity

Figure 12. The azimuth-integrated distribution curves of the scattered intensity for the PLA film after uniaxial stretching in the presence of (a)
ethanol (the tensile strains of 50 (1), 150 (2), and 300% (3)) and (b) n-heptane (the tensile strains of 50 (1), 150 (2), and 230% (3)) at room
temperature.
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increases. This process proceeds continuously until the bulk
parts of the PLA film are transferred into crazes. The engineer
tensile strain reaches the natural tensile strain of the polymer, in
this case up to 250% with a formation of the structure of highly
oriented and crystalline fibrils. Therefore, the “cold” crystal-
lization involves only fibrils bearing craze walls and does not
occur in the regions of the bulk polymer. Further elongation
process (above 250%) does not change the degree of
crystallinity of the polymer and results only in the improvement
of a preliminary-formed crystalline structure until the strain at
break.
The reinforcement of PLA fibrils with the formed crystalline

phase seems to stabilize the development of the crazed
structure in the polymer up to high tensile strains. Moreover,
the deformability of PLA, which is rather brittle at room
temperature, increases in some cases to values higher than
500%. This possible stabilizing action of the crystallization of a
polymer or a crystallizable component of a blend to fibrils
formed in crazes was mentioned by Kambour.66

4. CONCLUSIONS
In this work, it has been discovered for the first time that the
development of a finely dispersed structure of the fibrillar
material in PLA films upon crazing in liquid AAMs (ethanol,
water−ethanol mixtures, and n-heptane) leads to intense
crystallization of the glassy polymer under room conditions
(below its glass-transition temperature). We have shown
correlation between the amount of a fibrillar material and the
degree of crystallinity. The degree of crystallinity increases with
an increase in the fraction of PLA that has passed into the
region of the fibrillar material. Under chosen conditions, the
maximum degree of crystallinity reaches 45%. Therewith, the
crystallization process is accompanied by the formation of an
α′-crystalline phase, which is more disordered than the relevant
α-phase. The size of the formed PLA crystallites depends on
the nature of an AAM and amounts to about 3−5 nm.
Therefore, the crystallization of PLA nanofibrils in the crazes
leads to their stabilization and imparts high deformability to the
polymer. Such an orientational stretching in the presence of
liquid media allowed increasing the tensile strength of the PLA
film by 3 times.
The described effect of cold crystallization under the

combined action of a liquid medium and orienting stress has
been previously revealed for amorphous films and fibers of PET
and for mixed films of phthalate polyester and bisphenol A
polycarbonate. Thus, it can be stated as the discovery of some
phenomenon having a fundamental character as applied to
amorphous polymers that are capable of crystallization. This
process may be of great interest for applied fields because it
offers opportunities for the preparation of the polymer
materials and their composites with variable structural and
mechanical properties.
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