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Abstract It is a daunting task to develop a promising strategy at an industrial scale for simultaneously ameliorating ductility and gas barrier
performance of poly(lactic acid) (PLA) films in the application of green packaging. In this work, biaxial stretching and constrained annealing were
employed to prepare transparent PLA films with superior ductility and barrier properties. The oriented nano-sized crystals induced by biaxial
stretching were developed into regular a form during constrained annealing, which could not only serve as “nano-barrier wall” to impede the
diffusion and dissolution of gas molecules, but also strengthen amorphous chain entanglement network as physical crosslink to enhance
ductility. As a result, the as-prepared PLA films exhibited an outstanding comprehensive performance with a low oxygen and water vapor
permeability coefficient of 0.733x107* cm3cm-cm™2s7".Pa~! and 3.82x107* g-cm-cm™%s7".Pa~!, respectively, outstanding ductility with
elongation at break of 66.0%, high yield strength of 84.2 MPa, and good transparency of more than 80% at 550 nm. The new insight in the
relationship between microscopic amorphous and crystalline structure and macroscopic performance is conducive to alleviating the intrinsic
defects of brittle and insufficient barrier PLA films without the aid of any heterogenous modifiers, facilitating their widespread commercialization
in the booming sustainable packaging market.
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INTRODUCTION

The increasingly serious environmental pollution resulting from
non-biodegradable polymer waste has raised worldwide
awareness regrading sustainability issue and triggered con-
siderable researches on the development of environmentally
friendly biodegradable polymer."? To this end, as the most
promising alternative candidate to substitute for the
petrochemical-based traditional polymer materials, poly(lactic
acid) (PLA) has attracted extensive attentions, arising from its
outstanding renewability and biodegradability, superior
strength, and satisfactory transparency.?~” These excellent
properties give PLA a great potential application prospect for
serving as packaging material>® Unfortunately, the intrinsic
brittleness and insufficient barrier properties of PLA can hardly
meet the demanding requirements for various perishable
commodities.”~"" Hence, it is highly attractive to develop a
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feasible strategy in industrial production for enhancing the
ductility and gas barrier properties of PLA simultaneously so as
to facilitate the large-scale application of PLA in the packaging
industry.

As a medium barrier material, oxygen barrier properties of
PLA are superior to polyethylene (PE) and polypropylene (PP)
but inferior to poly(ethylene terephthalate) (PET), and water
vapor barrier properties are better than polyamide (PA) but
worse than PP, PE and PET.l'2131 Thus, a growing body of work
is focused on improving the barrier performance of PLA. The
addition of inorganic nanoplatelets with intrinsic high barrier
properties (i.e., nanoclay, graphene and its derives) is one of
the most commonly used strategy.'4-'8] However, there are
still some intractable problems that limit the large-scale pro-
duction and application of PLA film in the packaging industry.
On the one hand, it is difficult to realize the desirable homo-
geneous dispersion of nanoplatelets in PLA matrix, especially
for large-scale industrial production under complex pro-
cessing conditions. On the other hand, the addition of nano-
platelets inevitably disrupts the uniformity of PLA film, thus
losing its valuable transparency.'® Hence, it remains a long-
standing issue to find a feasible method to enhance barrier
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properties of PLA at an industrial scale. Fortunately, it is well
documented that polymer crystals analogous to nanoplate-
lets can also serve as impermeable barriers, thus improving
the barrier properties of polymers without introducing het-
erogeneous components.[20-231 All the parameters pertaining
to crystalline structure (i.e., crystallinity, crystalline morpho-
logy, crystal polymorphism and geometric size) have a great
effect on gas barrier properties.'¥ For instance, as reported in
our previous work, the oxygen permeability coefficient of PLA
films with the crystallinity of 44.3% after isothermal crystalli-
zation at 135 °C for 60 min decreased by 46.9% compared
with amorphous PLA.120] The densely stacked hybrid shish-
kebab crystals with well-interlocked boundaries induced by
oriented fibrillar nucleating agent endowed PLA with out-
standing gas barrier properties and its oxygen permeability
coefficient was reduced by three orders of magnitude com-
pared with amorphous PLA film.22" Similarly, an extremely
low oxygen permeability coefficient of 2x1071°
cm3cm-cm~2-s~1-Pa~! was achieved for PLA composite films
by building the compact network of oriented PLA lamellae in-
corporated with in situ nanofibrils of poly(butylene adipate-
co-terephthalate).22 To sum up, tailoring crystalline morpho-
logy via constructing regular stacked lamellae network along
the direction perpendicular to gas diffusion pathway is an ef-
fective approach to ameliorate gas barrier properties of PLA
at an industrial scale.[2224]

Both inorganic nanoplatelets and the well-designed poly-
mer crystals can degrade the ductility of PLA inevitably due to
their inherent brittleness. It is still an enduring task to im-
prove the ductility of PLA and achieve the balance of stiffness
and toughness. The typical brittleness of amorphous PLA at
room temperature is usually attributed to its rapid physical
aging. It has been demonstrated that stretching the amorph-
ous PLA above Ty can retard physical aging and enhance the
ductility significantly.25261 In our previous work, the structur-
al evolution during uniaxial stretching and the mechanism for
reinforcement and toughening were illustrated. After stretch-
ing, the elongation at break exhibited an impressive increase
from 16.9% to 294.9% and it could be maintained even at
—20 °C.[25] The strength and ductility along the tensile direc-
tion were improved dramatically. However, the mechanical
properties perpendicular to the stretching direction were not
enhanced, which limits the application of PLA films in the
packaging field. The biaxial orientation is an efficient path-
way to improve the mechanical properties in two directions
simultaneously,27-3% in which biaxial stretching could not
only enhance the ductility of aged PLA film, but also endow it
with eminent aging resistance.3% In addition, many research
groups have made effort to illustrate the structural evolution
and the mechanism for reinforcement and toughe-
ning.l2231-331 Unfortunately, the thermal stretching induced
ductility at relatively low temperature always compromises
the barrier properties. The crystals induced by elongational
field are too small to serve as barrier unites and the extension
of amorphous chains leads to the dedensification of
PLA.136-38]

Taking the above consideration into account, it is still a for-
midable challenge to put forward a simple and effective
strategy for developing high barrier PLA films with desirable
ductility at an industrial scale. In the current work, a techno-

logy of “biaxial stretching-constrained annealing” was adop-
ted to fabricate PLA films with simultaneously enhanced gas
barrier properties and ductility. Biaxial stretching was aimed
at constructing an oriented chain entanglement network with
small crystals to impart PLA films with superior mechanical
performance. Constrained annealing was utilized to facilitate
the further growth and perfection of orientated lamellae
formed during biaxial stretching, and densify the amorphous
chain of PLA, thus suppressing the penetration of diffusion
molecules. As a result, the as-prepared PLA films exhibited an
impressive comprehensive performance with a low oxygen
and water vapor permeability coefficient of 0.733x10-14
cm3-cm-em~2s~.Pa~’ and 3.82x10"'* g.cm-cm~2s71-Pa!,
respectively, outstanding ductility with elongation at break of
66.0%, high yield strength of 84.2 MPa, and good transpar-
ency of more than 80% at 550 nm. The method proposed
herein can overcome the inherent brittleness and insufficient
barrier performance of PLA, and is expected to promote the
large-scale industrial production and commercial application
of high barrier PLA film in the field of packaging materials.

EXPERIMENTAL

Materials

The commercially available PLA film (PLA110) was kindly
supplied by Shenghe Plastic Development Co., Ltd., Shandong,
China. Sodium hydroxide (NaOH) and methanol were
purchased from Chengdu Kelong Chemical Co., Ltd, China, and
used as received.

Preparation of PLA films

The commercially available PLA films were produced by
sequential biaxial stretching technology, and the stretching
directions were denoted as machine direction (MD) and
transverse direction (TD), respectively. Constrained annealing is
carried out on a high temperature press (LP-S-50, Labtech
Engineering, Thailand). The PLA film was annealed with a
pressure of 10 MPa for 10 min at 130, 140, 150, 160 °C,
respectively. For convenience, the commercially available PLA
films before and after constrained annealing were abbreviated
as BS-PLA and CA-PLAx, where x was the temperature during
constrained annealing.

Field-Emission Scanning Electronic Microscopy
(FE-SEM)

In order to observe the crystalline morphology of BS- and CA-
PLA films, all films were immersed in a methanol-water (1:1, V:V)
mixture solution containing NaOH (0.1 mol-L™") for 28 h at room
temperature to remove the amorphous phase. Then, the etched
samples were cleaned by deionized water with the aid of
ultrasonication several times, and dried at 50 °C overnight. The
etched surface of PLA films sputter-coated with platinum was
observed by FE-SEM (Inspect F, FEl, Finland) under the
accelerated voltage of 5 kV.

Dynamic Mechanical Analysis (DMA)

The relaxation of amorphous molecular chains was measured
by DMA in tensile mode (Q850, TA instruments, USA). The
rectangle sample with a thickness of 50 pm and a width of
8 mm was tested from 40 °C to 120 °C at the heating rate of
3 °C:min~". The frequency and amplitude were fixed at 1 Hz and
15 um, respectively.
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Polarized Fourier Transform Infrared Spectroscopy
(P-FTIR)

The conformation and orientation of PLA molecular chains were
investigated by FTIR equipped with a polaroid (Nicolet 6700,
Thermal Scientific, USA). All spectra are collected with a
resolution of 4 cm™" and scanning 16 times. A multi-angle scan
from 0° to 180° per 10° via controlling the polarizers’ angle was
employed to acquire the orientation information of molecular
chain. The dichroic ratio (D) and orientation function (f) were
calculated by the equations below:

D=Ay/A, (1
D-1
o2 @

where A and A, are the parallel and perpendicular absorbance,
respectively.

Differential Scanning Calorimeter (DSC)

The thermal behavior of BS- and CA-PLA films was analyzed by
DSC (Q2000, TA instruments). About 5 mg sample was weighed
accurately and sealed into aluminum pan waiting for testing. All
the samples were heated from 40 °C to 200 °C at a heating rate
of 10 °C:min~" under a nitrogen atmosphere. The degree of
crystallinity (X.psc) can be calculated by equation below.

AH,, — AH
— = x100% (3)
AHS

where AH,, and AH. are the melting enthalpy and cold
crystallization enthalpy, respectively. AH?n is the melting
enthalpy for the perfect crystal of PLA, which is 93 J-g".

Additionally, temperature-modulated DSC (TMDSC) was
adopted to ascertain the relaxation of amorphous chains in
glass transition region. The underlying heating rate was
2 °C'min~' with a temperature modulation amplitude of
0.318 °C, the oscillation period of 60 s.

XC-DSC =

Two-dimensional Wide-Angle X-ray Diffraction
(2D-WAXD)
2D-WAXD was performed at the beamline BL16B of the
Shanghai Synchrotron Radiation Facility (SSRF, China) with the
X-ray wavelength of 0.124 nm. 2D-WAXD patterns were
collected with an X-ray CCD detector (Pilatus 2M, a resolution of
1475 pixel x 1679 pixel), and the distance from sample to
detector was set at 304.0 mm. 1D-WAXD intensity profiles as a
function of scatter vector (g) were extracted by integrating the
diffraction intensity from the sample patterns in a whole circle
(0°-360°) after subtracting the background scattering. The
crystallinity (X.waxp) was estimated by the following equation:
zAcryst
XAcryst + ZAamorp
where Ay and A,mor, are the fitted diffraction peak areas of
lattice planes and amorphous phase, respectively. The mean
size of crystal domain (L) was calculated by Scherrer equation:

L = KA/BcosO (5)
where K=0.89 and B is peak width at half-height of specific
lattice planes of PLA.

In addition, the orientation parameter (Herman's orienta-
tion factor, f;) was calculated from the azimuthal scan pro-
files, which is obtained through integrating the diffraction in-
tensity of specific crystal planes of PLA. The specific equation

(4)

XC*WAXD =

is listed as follow.

2 -_—
fH — 3(COS (Z)hkl | (6)

cos?@ is an orientation factor defined as

) fg/zl(q)) cos’ psingdg
= w72, (7)

cos” ¢
o (@) sinpde

where ¢ is the azimuthal angle and /() is the scattering
intensity along the angle ¢.

Mechanical Performance Testing

The mechanical properties of the BS- and CA-PLA films along
both MD and TD at room temperature were tested by a
universal testing machine (Model 5576, Instron, USA) with the
crosshead speed of 10 mmmin~'. At least five rectangle
samples with a length of 50 mm and a width of 10 mm were
tested at the same condition for average values and standard
deviations.

Gas Barrier Properties Testing

The oxygen permeability measurements were performed using
a Gas Permeability Tester (VAC-V2, Labthink instruments, China)
at room temperature with 50% of relative humidity according to
1SO2556:1974. The water vapor permeability was measured
using a Water Vapor Transmission Rate Tester (W3/031, Labthink
instruments, China) at 38 °C and 98% relative humidity
according to 1S02556:1974. The detailed testing can be
observed in our previous work.'”!

Transparency Testing

The transmittance of the BS- and CA-PLA films in visible region
was measured by an ultraviolet-visible spectrophotometer
(UV-2100, Shimadzu, Japan) with wavelength range from
400-800 nm.

RESULTS AND DISCUSSION

Macroscopic Properties of BS- and CA-PLA Films

For packaging materials, the mechanical performance and gas
barrier properties are the essential prerequisites to maintain the
quality and safety of the packaged commodities in the
processes of storage, transportation, postprocessing and
sales.”?3% The transparency is also a valuable feature for visual
packaging.®% Next, we will evaluate these three key properties
of as-prepared PLA films.

Batrrier properties of BS- and CA-PLA films

Fig. 1 summarizes the oxygen permeability (Po,) and water
vapor permeability (Py,o) of BS- and CA-PLA films. It is observed
that the remarkable decrease of Po, andPy,o of CA-PLA films
with the increase of annealing temperature. Specifically, P, of
BS-PLA film is only about 2.077x107 cm3.cm-cm=2s7-Pa".
After constrained annealing, a gradually decreased P, of CA-
PLA films is achieved with increasing annealing temperature.
When the annealing temperature rises up to 160 °C, CA-PLA160
film shows a Py, of 0.733x107'* cm3cm-cm~2s~"-Pa”", reduced
by 62.8% relative to BS-PLA film. Moreover, with the increase
annealing temperature, the Py,qof CA-PLA films is decreased
gradually, being in line with the trend of Po,. Compared with BS-
PLA film (8.17x107"* gcm-cm™2s™"-Pa™"), P,o of the CA-PLA
films are 5.70, 4.93, 4.21, 3.82x107"* g-cm-cm™%s~"-Pa~!, reduced
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Fig.1 (a) Oxygen permeability (P,,) and (b) water vapor permeability (P,o) of BS- and CA-PLA films.

by 30.2%, 39.7%, 48.5%, 53.2%, respectively. The oxygen and
water barrier properties of CA-PLA films are prominent and
comparable to the PET films reported in literature.*'#? These
results demonstrate that the proposed methodology is simple
and effective to significantly improve the barrier properties of
PLA film without the addition of nanoplatelets or modifiers.

Mechanical performance of BS- and CA-PLA films

Fig. S1 (in the electronic supplementary information, ESI) shows
the typical stress-strain curves of BS- and CA-PLA films. As
expected, all the PLA films show a ductile fracture behavior and
biaxial stretching is beneficial for inducing a brittle-ductile
transition, simultaneously enhancing mechanical strength and
ductility of PLA film. The detailed mechanical performances
including yield strength and elongation at break are
summarized in Fig. 2. The yield strength of BS-PLA film in MD
and TD is basically the same and the constrained annealing has
limited impact on yield strength of CA-PLA films. To be specific,
the yield strength of BS- and CA-PLA films except CA-PLA160 is
similarly constant, varying slightly in the range of 80-85 MPa in
MD and TD. The yield strength of CA-PLA160 film slightly
decreases to 71.7 and 76.1 MPa in MD and TD, respectively.
More attractively, the impact of constrained annealing on
elongation at break is much greater than that on yield strength.
As depicted in Fig. 2(b), the elongation at break of CA-PLA
films increases first and then decreases with the increase of
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annealing temperature. The maximum elongation at break of
CA-PLA film in TD and MD obtained in the annealing
temperature of 130—140 °C is 66.0% and 48.4%, increased by
17.9% and 86.9% relative to BS-PLA film, respectively. When
the annealing temperature is up to 160 °C, a substantial
reduction in the elongation at break of CA-PLA160 film is
seen. It is worth noting that the yield strength and ductility of
BS- and CA-PLA films are enhanced significantly in both MD
and TD direction compared to traditional cast PLA films. The
“biaxial stretching-constrained annealing” strategy is an
industrial-scale processing technique to effectively conquer
the intrinsic brittleness of PLA film and balance its mechanical
strength and ductility without any modifiers.

Transparency of BS- and CA-PLA films

Fig. 3 shows the digital images of BS- and CA-PLA films and their
corresponding visible light transmittance spectra in the
wavelength range of 400 nm to 800 nm. It is vividly seen that all
the films exhibit good transparent to the naked eye, regardless
of annealing temperature (Fig. 3a). The quantitative visible light
transmittance spectra are shown in Fig. 3(b). With the increase
of annealing temperature, the transmittance of CA-PLA films is
gradually decreased. All the samples except CA-PLA160 have a
high transmittance of above 80% at a wavenumber of 550 nm,
which can meet the demand of commercial transparent
packaging film.
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Fig.2 (a) Yield strength and (b) elongation at break of BS- and CA-PLA films in MD and TD.
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Comprehensive properties of CA-PLA films

As shown in Fig. 4, performance polygon is used to assess the
comprehensive properties of CA-PLA films, including oxygen
permeability, water permeability, tensile strength, ductility and
transparency. Commonly used plastic packaging materials
on current market such as biaxial oriented poly(ethylene
terephthalate) (BOPET),“" biaxial oriented polypropylene
(BOPP),*3! linear low density polyethylene (LLDPE)****! and high
density polyethylene (HDPE)“S! suffer from some distinct
shortcomings. To be specific, polyolefin have outstanding
ductility and water vapor barrier property but poor oxygen
barrier property. As for BOPET, its ductility and water vapor
barrier property are not always satisfactory. In comparison with
the current petrochemical-based packaging materials, the as-
prepared CA-PLA films with unrivalled renewability and
biodegradability show excellent comprehensive properties,
such as superior gas barrier properties, balanced mechanical
performance and good transparent. These merits allow the as-
prepared CA-PLA films to be the most promising alternative to
replace petrochemical-based packaging materials.

Microscopic Structure of BS- and CA-PLA Films
The highly transparent BS- and CA-PLA films with enhanced gas

Oxygen permeability

(><1O'14 cmcm-cm”
0.1
| |
T %
ransparency (%) 10
Y
%000
Ductility (%)

Fig. 4

(a) Digital image and (b) visible light transmittance spectra of BS- and CA-PLA films in the wavelength range of 400—800 nm.

barrier properties and mechanical performance are closely
related to their microscopic structure. To clarify the relationship
between microscopic structure and macroscopic performance,
it is imperative to shed light on the structural evolution of
amorphous chain network and crystalline phase of PLA during
biaxial stretching and constrained annealing, which will be
shown in the following sections.

Oriented crystalline structure of BS- and CA-PLA films

It is well documented that the crystalline structure plays a
critical role in improving the gas barrier properties and
mechanical performance, especially for semicrystalline PLA film.
In order to explore the origin of the enhancement of barrier
properties and mechanical performance, WAXD, SEM and DSC
were carried out to characterize the crystalline structure of PLA
films during biaxial stretching and constrained annealing.

Fig. 5 displays 2D-WAXD pattern of BA- and CA-PLA films
and the corresponding 1D-WAXD curves. We can clearly dis-
cern from Figs. 5(a)-5(e) that all the samples exhibit two
characteristic diffraction rings assigned to lattice planes
(200)/(110) and (203) of PLA crystalline phase®” and the in-
tensity of characteristic diffraction rings significantly in-
creases with the increase of annealing temperature due to

-2,1.pa” ) —mu— This work
BOPET
BOPP
—v— HDPE
—e— LLDPE
0.01 Water permeability
(x1 o™ g-cm-cm'z-s'1-Pa'1)

50

Tensile strength (MPa)

Performance polygon to evaluate the comprehensive properties of CA-PLA films in

comparison to commercial petrochemical-based packaging material in terms of oxygen permeability,
water permeability, tensile strength, ductility and transparency.
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the increased crystallinity. The 1D-WAXD intensity profiles in
Fig. 5(f) represent the diffraction peaks at g value of 10.5, 11.8,
13.5, 15.8, which are empirically regarded as the lattice plane
(010), (200)/(110), (203), (015) of PLA a-form crystal.[27:4849]
Note that the characteristic diffraction peaks assigned to the
lattice plane (010) and (015) are absent in the BS-PLA film,
while the lattice plane (200)/(110), (203) and (206)/(106) shift
slightly toward lower g value. This result indicates that biaxial
stretching induces considerable disordered a' form in the BS-
PLA film.[#850-521 With increasing the annealing temperature,
the enhanced intensity of all diffraction peaks are accompan-
ied with the emergence of new diffraction peaks marked as-
terisk assigned to the orthorhombic a form, and the peak as-
signed to lattice plane (200)/(110) splits into two peaks that
can be clearly seen in Fig. 5(f). It should be attributed to the
thermal-induced transition from a' form to a form during con-
strained annealing. This conclusion is also confirmed by DSC
results in Fig. S2 (in ESI). Besides, crystallinity and the mean
size of crystal domain are listed in Table 1. It is taken for gran-
ted that thermal annealing is beneficial for the perfection of
crystalline structure formed in the BS-PLA film, thus increas-
ing the crystallinity and crystal size. To be Specific, con-
strained annealing boosts up the crystallinity from 26.9% for
BS-PLA film to 40.5% for CA-PLA160 film. The same variation
tendency of crystallinity is also seen by DSC results. Corres-
pondingly, the size of crystal domain, i.e., L, value, gradually
increases from 26.3 nm for BS-PLA film to 32.1 nm for CA-
PLA160 film.

As shown in 2D-WAXD patterns, the strong diffraction arcs
around meridian indicate the orientation of crystal. The azi-
muthal profiles of WAXD are presented in Fig. 5(g) and the
corresponding orientation parameters (Herman's orientation
factor, f;) are summarized in Table 1. It is obvious that f,; in-

" CA-PLA130

CA-PLA140

creases after constrained annealing. It suggests that the crys-
talline phase of as-prepared PLA film is in-plane anisotropic.
For BS-PLA film, abundant oriented crystal nuclei are induced
by intensive stretching stress. However, the disordered a'
form is the dominant crystalline phase and BS-PLA film rep-
resents a relatively low value of f,. After constrained anneal-
ing, the oriented crystal nuclei induce perfect oriented crystal
further, leading to the increase of f,. This result is in line with
the SEM observation of oriented crystalline morphology, as
shown in Fig. S3 (in ESI).

Amorphous molecular conformation of BS- and CA-PLA
films

Apart from crystalline structure, amorphous molecular
conformation of semicrystalline PLA also has a great influence
on the macroscopic properties.?®>3 During biaxial stretching
and constrained annealing, the amorphous molecular chain
network changes significantly in response to the external field.
Herein, DMA is adopted to supply more information about
amorphous molecular chain. As shown in Fig. 6(a), the loss
modulus with a peak value of 390 MPa for BS-PLA film is
observed at 73 °C, i.e., Ty, which is obviously higher than that of
unoriented PLA film. This is attributed to the multiple
amorphous chain entanglement network formed during biaxial
stretching.”¥ After constrained annealing at 130-140 °C, a
broader loss modulus peaks with lower peak value shift higher
temperature relative to BS-PLA film, which is further confirmed
by the weaker glass transition signals in TMDSC (Fig. 6b). When
the annealing temperature is as high as 150-160 °C, the loss
modulus peaks with lower peak value shift to lower
temperature relative to BS-PLA films. It is interesting that the
loss modulus peak becomes narrower for CA-PLA160. It can be
concluded that due to the perfection of crystal, the restricted
amorphous molecular chains are consumed and the
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Fig. 5 (a—e) 2D-WAXD patterns, (f) one-dimensional-WAXD diffraction profiles and (g) intensity distribution of (200/110) reflection of

BS- and CA-PLA films along the azimuthal angle from 0° to 360°.
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Table 1 Structure parameter in crystalline region of BS- and CA-PLA
films including crystallinity, crystal size, Herman’s orientation factor
and melting temperature summarized from WAXD and DSC results.

Sample Xewaxp (%) Lpg(nm) £y Xepsc(%) T (°Q)
BS-PLA 26.9 23.8 0.103 515 171.4
CA-PLA130 321 26.3 0.184 52.5 171.0
CA-PLA140 36.7 28.9 0.292 55.2 171.5
CA-PLA150 38.8 29.9 0.242 62.8 1713
CA-PLA160 40.5 32.1 0.366 70.9 173.9

entanglements are reduced, resulting in the enhancement on
their mobility and relaxation. On the basis of WAXD results, we
speculate that the constrained annealing has two effects on the
amorphous molecular conformation. On one hand, the
formation of nano-sized crystals during constrained annealing
can act as physical crosslink to strengthen the amorphous chain
entanglement network. On the other hand, the amorphous
chain entanglement network will be weakened if excessive
amorphous molecular chains are consumed due to the thermal
annealing induced crystallization. These two effects compete
with each other during constrained annealing. The former effect
is dominant to obtain reinforced chain entanglement network
at annealing temperature of 130-140 °C, while the latter effect
becomes a dominant factor in constructing more perfect PLA
crystals with increased crystallinity at higher annealing
temperature of 150—-160 °C.

The wavenumber and intensity of characteristic band of
FTIR spectra are highly sensitive to the conformation and lo-
cal molecular environment of polymers. Herein, P-FTIR spec-
troscopy is carried out to further reflect the molecular con-
formation of PLA during biaxial-stretching and constrained
annealing. Fig. S4 (in ESI) depicts the infrared spectra of BS-
and CA-PLA films with angle of polarization from 0° to 180°. It
is vividly seen that two bands at 921 and 956 cm~! are undula-
ting with the variation of polarized angle. For PLA, the charac-
teristic absorption band at 921 cm~ is assigned to the coup-
ling of the C—C backbone stretching and —CHj; rocking vi-
bration, which is sensitive to the 105 helical conformation of
crystalline region, while the characteristic absorption band at
956 cm~' is generally attributed to the —CHj; rocking vibra-
tion of PLA chains in the amorphous region.[>5-58 Hence the
characteristic absorption bands at 921 and 956 cm~" are used

a —— BS-PLA
400 - - CA-PLA130
- - - CA-PLA140
- — -~ CA-PLA150
300 N CA-PLA160

200

Loss modulus (MPa)

100

0 Il
40 60 80 100 120
Temperature (°C)

to calculate the degree of orientation in crystalline region (f,)
and amorphous region (f,).15%1 The change in intensity of ab-
sorption bands at 921 and 956 cm~" as a function of polariza-
tion angle is collected in Figs. 7(a)-7(e). It can be seen that
both BS- and CA-PLA films represent oval shapes that are
elongated gradually with the increase of annealing tempera-
ture, implying the increased orientation of the amorphous
and crystalline regions. In addition, the polarization angle of
crystalline region in maximum absorption is perpendicular to
that of amorphous region. This is indicative of the same ori-
entation direction of PLA molecular chains in the amorphous
and crystalline regions.®® Furthermore, the orientation
factors are quantitatively calculated and summarized in Fig.
7(f). It can be observed that f, increases with the increase of
annealing temperature, which agrees with f calculated from
WAXD. Meanwhile, f, increases sharply when the annealing
temperature below 140 °C, and then it gradually levels off
when the annealing temperature is above 150 °C. The vari-
ation identifies with the results of DMA. It can be inferred that
the molecular chains in amorphous region are oriented along
the direction of chain packing in lamellae due to the confine-
ment of oriented lamellae.

Origin of the Enhanced Gas Barrier and Mechanical
Properties

The excellent gas barrier and mechanical properties of PLA films
are closely related to the robust amorphous chain
entanglement network and oriented lamellar structure formed
during biaxial stretching and constrained annealing. The new
insight into PLA microscopic structure including crystalline and
amorphous phases and their relationship with macroscopic
properties is conductive to our understanding of the
mechanism of the advanced barrier and mechanical properties
of PLA films, thus providing a significant guidance for the large-
scale production of PLA films with excellent comprehensive
performance. The structure evolution of both amorphous and
crystalline region in PLA films during biaxial stretching and
constrained annealing is schematically illustrated in Fig. 8.
According to the amorphous and crystalline structural analysis
of BS- and CA-PLA films, the oriented amorphous chain
entanglement network and nano-sized lamellae are formed
during biaxial stretching. After constrained annealing at 130 and
140 °C, the oriented amorphous chain entanglement network
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Fig.6 (a) Loss modulus and (b) reversible heat flow curves of BS- and CA-PLA films.
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and crystal of CA-PLA films are further strengthened. On the one
hand, the small orientated crystal nuclei induced by biaxial
stretching and the a'form with loose packing is transformed
into a form, leading to the increase of crystallinity and crystalline
orientation. On the other hand, the oriented lamellae can serve
as physical crosslink to strengthen the amorphous chain
entanglement network, and restrict the relaxation of amor-
phous molecular, thus, improving the amorphous orientation.
When the constrained annealing temperature rises up to 150

and 160 °C, it is expected that the crystal size increases further
and more perfect a form crystals are formed due to high
movement activity of PLA molecular chains. As a result,
abundant amorphous molecular chains are consumed and
considerable amorphous chain entanglement network is
weakened.

In order to further clarify the relationship between the mi-
croscopic structure of PLA films and their barrier properties,
the barrier mechanism is discussed in detail. Fig. 9(a) depicts
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the oxygen pressure variations in the downstream compart-
ment as a function of the reduced time, displaying a typical
time lag permeation curve. As annealing temperature ele-
vates, the delay time (nonlinear region) increases slightly,
suggesting that the dissolution process becomes more labori-
ous. And the slope of the subsequent linear region gradually
decreases, demonstrating a more difficult diffusion process of
oxygen molecule. The corresponding diffusion (D) and solu-
bility (S) coefficients are extracted in Fig. 9(b). It can be ob-
served that both D and S decrease with the increase of an-
nealing temperature, being consistent with the previous in-
terpretation of permeation behavior of oxygen. Taking the
structural evolution of PLA films into consideration, it can be
inferred that there are two main reasons for the significant
improvement of gas barrier properties of CA-PLA films. First,
the oriented PLA lamellae with nano-sized and perfect struc-
ture formed during constrained annealing can serve as “nano-
barrier wall”,22 giving rise to more tortuous penetration
paths for diffusing molecules, as shown in Fig. 8. Second, be-
cause the dissolution of gas molecule almost occurs in
amorphous phase for semicrystalline PLA,129 the increase of
crystallinity and the densification of amorphous molecular
chains diminish the free volume effectively, leading to an in-

“\__ PLA chain

b H,0 molecule

l PLA lamella

crease in the residence time of diffusion molecules. Thus, the
synchronous decline in D and S allows the considerable im-
provement of gas barrier performance for CA-PLA films.

As for mechanical performance, the superior yield strength
and ductility of BS-PLA film originate from the oriented nano-
sized lamellae and robust amorphous chain entanglement
network. As previously mentioned, the small size lamellae can
serve as physical crosslink to enhance the amorphous chains
entanglement network, resulting in the improvement of
ductility without sacrificing strength.l28! According to the
structural evolution of CA-PLA films depicted in Fig. 8, the in-
fluence of constrained annealing on ductility can be divided
into two stages. When annealing temperature is below 140
°C, it can be inferred that amorphous chain entanglement
network is well strengthened by the well-defined nano-sized
lamellae, exhibiting significantly enhanced ductility of CA-
PLA films. However, once annealing temperature rises above
150 °C, the further growth and perfection of crystallites result
in the increased defects between crystallites and excessive
consumption of amorphous chains weakens amorphous
chain entanglement network. Therefore, the ductility of CA-
PLA films deteriorates inevitably.

With the well-defined nano-sized crystals and robust

o Entanglement

~o O, molecule

Fig. 8 Schematic illustration of the structure evolution of amorphous and crystalline region for PLA
films during biaxial stretching and constrained annealing.
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amorphous chain entanglement network during biaxial
stretching and constrained annealing, it is conceivable that
the barrier properties and ductility of PLA films are simulta-
neously enhanced. The results represented here provide an
in-depth understanding the relationship between microscop-
ic structure and macroscopic performance, which has a signifi-
cant guidance for developing high barrier PLA films with su-
perior ductility at an industrial scale. Nevertheless, it is still a
formidable challenge to quantitatively characterize amorph-
ous chain entanglement network.>* Much efforts should be
taken to regulate crystalline and amorphous structure for
controlling the macroscopic performance of semicrystalline
PLA films.

CONCLUSIONS

A simple but effective method of “biaxial stretching-
constrained annealing” was employed to improve the gas
barrier properties and ductility of PLA films in this work. The
microscopic structure including crystalline and amorphous
phases of the as-prepared PLA film was evaluated by WAXD,
SEM, TMDSC, DMA and P-FTIR characterizations. On the basis
of crystalline structure analyses, it could be concluded that
the perfect oriented lamellae could serve as “nano-barrier
wall” to build a tortuous pathway and densify the stacking of
molecular chains, thus suppressing the diffusion and
dissolution processes of diffusing molecules in the PLA films.
Moreover, the nano-sized crystallites formed during constrai-
ned annealing could be taken as physical crosslink to reinforce
the chain entanglement network and improve the ductility of
PLA films. As a result, the Py, of CA-PLA films can be reduced
more than 50% compared with that of BS-PLA film, while the
elongation at break is improved more than 79% in MD and 17%
in TD. Additionally, as-prepared PLA films have a high
transmittance of above 80% in the visible light wavelength
range. The proposed methodology of biaxial stretching and
constrained annealing is hopeful to be applied in scalable
industrial production to simultaneously enhance the gas barrier
and mechanical properties of PLA films. The understanding of
the relationship between microscopic structure and
macroscopic properties of PLA films is necessary for developing
biodegradable PLA materials with high performance, thus
broadening their application field to replace conventional
undegradable fossil-based plastics.
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