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c Normandie Univ, UNIROUEN, LECAP, 76000, Rouen, France
a r t i c l e i n f o

Article history:
Received 13 September 2016
Received in revised form
19 November 2016
Accepted 21 November 2016
Available online 23 November 2016

Keywords:
PLA
poly(lactic acid)
Crystallization
Amorphous phase
Permeability
Rigid amorphous fraction
Cooperative rearranging region
PLA polymorphism
* Corresponding author.
E-mail address: sandra.domenek@agroparistech.fr
a b s t r a c t

Semicrystalline polylactide (PLA) films with controlled morphology were produced by thermal crystal-
lization to optimize the oxygen barrier properties. The crystalline morphology of PLA at the scales of the
lamella and the spherulite was investigated and the mobile amorphous phase dynamics were studied.
The crystalline morphology had a negligible impact on the oxygen diffusion coefficient. The occurrence
of a rigid amorphous fraction (RAF) in the amorphous phase due to its insufficient decoupling from the
crystalline phase provided an accelerated pathway for diffusion, though. As a conclusion, for reaching
optimal barrier properties, semicrystalline PLA should be pre-nucleated and rapidly crystallized from the
glass in the a-polymorph in the aim to reach a high crystallinity degree and decoupling of the amorphous
and the crystalline phase. These recommendations can benefit to industry for the optimization of PLA
annealing treatments.
1. Introduction

Poly (lactide), PLA, is today one of the most produced bio-
plastics. Although there is a growing interest for the use of PLA in
durable applications (textile, automotive, printing), rigid and flex-
ible packaging is still its major use. In particular, in short-lived
packaging applications, the biodegradable and biobased character
of PLA is of environmental advantage. The low gas barrier proper-
ties of PLA are, however, a major hurdle to broaden the applications
spectrum in this field. For example, PLA is today suitable to pack
fresh fruits and vegetables, cheeses or oil containing food but not
for contents with long shelf-life, such as infant foods or prepared
meals. For that, the oxygen permeability of PLA needs to be
decreased by one order of magnitude in the aim of approaching the
one of poly (ethylene terephthalate), PET [1,2].

PLA is a semicrystalline polymer, and there has been and is a
great research effort for increasing its crystallization kinetics and
(S. Domenek).
tailoring its crystallization to specific applications [3]. Crystalliza-
tion is a means for increasing the gas barrier properties as it acts
theoretically on both components of the permeability. Crystallites
are excluded volume for the permeants, they bring thus tortuosity
to their pathway, which decreases the diffusion coefficient.
Furthermore, penetrants cannot sorb into crystalline structures,
which decreases the solubility coefficient [4]. From an applied point
of view, property improvement by crystallization is advantageous
for applications such as packaging, as the process technology is
already mastered and it does not need sophisticated addition of
processing aids.

However, a number of results in the literature show that the
structure/function relationship between PLA morphology and gas
barrier properties is not completely understood yet [5e9]. In some
cases, constancy or even an increase in the oxygen permeability
with an increasing crystallinity degree of PLA was found [6,9]. A
similar result was also observed in the case of the water vapour
permeability of crystallized PLA [10,11]. Kanehashi et al. [12] did an
impressive review on approximately 300 studies concerning the
relationship between gas permeability and crystallinity of various
polymers. They demonstrated, that the diffusion coefficient and the

mailto:sandra.domenek@agroparistech.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2016.11.047&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2016.11.047
http://dx.doi.org/10.1016/j.polymer.2016.11.047
http://dx.doi.org/10.1016/j.polymer.2016.11.047


permeability were constant at low degrees of crystallization,
regardless the polymer. Drieskens et al. [13] and Guinault et al. [14]
analysed more precisely the change of the oxygen barrier proper-
ties upon the crystallization of PLA. Both authors showed the
decrease of the PLA oxygen permeability at high crystallinity de-
grees (approximately > 30%). However, there was as difference in
behaviour occasioned by the crystalline polymorph of PLA [14]. In
case of crystallization in a’-form (also named d-form by some au-
thors), which is a structurally less ordered crystalline form of PLA
[15] obtained at crystallization temperatures lower than 100 �C
[16,17], no reduction of the gas permeability was obtained, even if
the crystallization was carried out up to the maximum crystallinity
degree [14]. When the PLA crystallization was carried out at high
temperatures (>100 �C) to obtain the a-polymorph, the oxygen
permeability could be decreased by a factor of approximately 4
[13,14]. Much better results were obtained, when the crystalline
morphology was designed by arrangements of parallel lamellae
perpendicular to the permeation direction. This was achieved with
“shish-kebab like” structures by Bai et al. [18].

The transport properties in PLA are also strongly linked to the
nature of the amorphous phase, which includes its content, its
dynamics, and its degree of coupling with the crystalline phase. The
morphology of semicrystalline PLA and its amorphous phase dy-
namics were described with the help of the three-phase model,
including the crystalline phase, and two fractions of the amorphous
phase, i.e. the mobile amorphous fraction (MAF) and the rigid
amorphous fraction (RAF) [19e22]. The RAF is the intermediate
phase connecting the crystalline phase to the mobile amorphous
fraction (MAF) [23]. The RAF constitutes a dedensified amorphous
phase [24] because of geometrical constraints preventing structure
relaxation. Guinault et al. [14] showed that the formation of RAF
was favoured when PLAwas crystallized from the glassy state in a’-
form. They suggested that it constituted therefore an accelerated
pathway for transport of penetrants around crystalline lamellae,
counteracting the tortuosity increase occasioned by the same
lamellae. Delpouve et al. [25] worked on the cooperativity length
and the fragility index of semicrystalline bi-axially stretched and
post-stretching annealed PLA samples. They showed that the
amorphous phase of the annealed samples had accelerated
segmental motions, which would be beneficial for the gas perme-
ability and not for the barrier properties.

The objective of this study is to optimize the crystallization
conditions of PLA to get better oxygen barrier properties by
investigating the impact of the crystalline morphology, structure
and space filling as well as the amorphous phase dynamics. For
that, a set of samples with different size of spherulites and PLA
polymorphs was prepared. The experimental conditions were
chosen to either favour the formation of RAF or not. The amorphous
phase dynamics were analysed by modulated-temperature differ-
ential scanning calorimetry (MT-DSC) and the crystalline structure
by X-ray diffraction, optical and electron microscopy. These data
were linked to the oxygen permeability parameters.

2. Material and methods

2.1. Sample preparation

Poly (lactide) 4042D was purchased from NatureWorks LLC
(USA) and has a percentage of D-lactide acid units of 4.3%. The PLA
pellets were dried under low pressure (104 Pa) for 4 h at 90 �C and
subsequently extruded by single screw extrusion with a 30 mm
diameter extruder (with a 33 L/D (length on diameter) barrel) and a
three sections screw without mixing elements. The extruder screw
speed was set to 40 rpm. The temperature profile of the barrel for
the six zones, as presented in Fig. 1, was 180-180-180-185-190-
190 �C. The temperature of the mixer device (4 Sulzer SMX®) and
the die was 200 �C. A flat die of 200 mm width and a chill roll
equipment were used to manufacture films of approximately
300 mm thickness. The roll temperature was fixed at 20 �C to cool
down the films. In order to obtain samples with defined micro-
structure, two procedures of annealing were performed on PLA
films. For annealing from the glassy state, the films were sand-
wiched between two Teflon sheets and two stainless steel plates
and placed directly in an oven at the temperature of annealing
(85 �C or 130 �C). They were pressed by a weight of 10 kg. For
annealing from the melted state, the samples were sandwiched
between two Teflon sheets and two stainless steel plates then
pressed above the fusion temperature (210 �C during 10 min) at
5� 106 Pawith the help of a thermal press (Darragon, France). After
that time, they were taken out quickly and placed in the oven at the
temperature of annealing (85 �C or 130 �C), where they were
maintained under a weight of 10 kg. The procedure of isothermal
crystallization in the oven was chosen because of the constraint to
produce large samples (diameter ¼ 10 cm) compatible with
permeability measurements. After the process, the sandwich was
quickly opened and the films were quenched to room temperature
at a cold surface. Then they were stored at room temperature.
Samples studied in this work were chosen by visual inspection, i.e.
only samples that appeared to be homogeneous across the surface
were selected and analysed.

Sample codes contain the way of crystallizing from the melt,
coded with “M”, and from the glass, coded with “G”, followed by a
number denoting the annealing temperature, then a number
indicating the duration of annealing and a number giving the
crystallinity degree. For example “G85_1200_39” means crystal-
lized from the glass at 85 �C during 1200 min and having a crys-
tallinity degree of 39%.

2.2. Sample characterization

To choose representative samples for investigating the barrier
properties in relation with the microstructure, the crystallization
kinetics in the oven were recorded for each annealing treatment.
The thermal features of the samples were analysed by means of
differential scanning calorimetry in a Q100 DSC (TA Instruments)
apparatus, equipped with an intracooler. The temperature calibra-
tionwas performedwith the help of indium and zinc standards and
the calibration of the heat capacity was done with the help of a
sapphire standard. The purge gas flow was 50 mL min�1 N2. The
samples (5e8 mg, loaded in aluminium Tzero crucibles) were
heated at a constant heating rate of 10 �C.min�1 from 20 to 200 �C.

The crystalline morphology of the films was investigated with
microscopy techniques. The samples were observed by using an
optical transmission microscope (Nachet, France) under polarized
light. The samples were prepared using a microtome (Leica, France)
to yield thin samples of 5e10 mm thickness. Enzymatic digestion
was carried out on samples by immersion in a solution of Tris (tris
hydroxymethyl aminomethane, 0.05 M) with pH 8 containing
800 mmmL�1 of proteinase K during 5 h at 37 �C. Then, the samples
were coated with a thin gold film and observed in a scanning
electron microscopy (EVO MA 10 Zeiss with tungsten electrode).

The crystalline structure of the films samples was investigated
by wide-angle and small-angle X-ray scattering (WAXS and SAXS)
using the SWING beamline of Soleil (St. Aubin, France). The incident
beam energy was 12 KeV (1.03 Å) and its size was 30 mm in height
and 300 mm in width. The sample-detector distance was 1555 mm
for the SAXS measurements and 555.5 mm for the WAXS
measurements.

The content of each fraction of the amorphous phase and the
cooperativity length at the glass transition were investigated by



Fig. 1. Schematic representation of the sample preparation process including the extrusion and the annealing procedure.

Fig. 2. Crystallization kinetics of PLA in the oven at different temperatures upon
annealing from the glassy state and from the melt.
modulated-temperature differential scanning calorimetry (MT-
DSC, Q100, TA Instruments) using the heat-only (oscillation
amplitude of 0.318 �C, oscillation period of 60 s and heating rate of
2 �C min�1 from �20 �C to 200 �C) and the heat-cool (oscillation
amplitude of 2.5 �C, oscillation period of 100 s and heating rate of
1 �C min�1 from �20 �C to 70 �C) procedure as recommended in
Ref. [26]. For the analysis of thermal transitions, a minimum of five
modulation steps during the transition is required. In the heat-only
mode the instant heating rate never drops below zero. This mode is
recommended for the analysis of crystallization and melting,
because this analysis is not perturbed by the reversible crystalli-
zation. The heat-cool mode consists in heating the sample while
modulating the temperature with alternating positive and negative
instantaneous heating rates. This mode is adapted for the mea-
surement of the glass transition [27].

The oxygen permeability was measured with a Systech analyser
8001 at 23 �C and 0% relative humidity. The oxygen permeability
was calculated from the measured oxygen transmission rate (OTR)
by multiplying it by the sample thickness (measured with a
micrometer on 9 points). For assessing reproducibility, the
permeability measurements were carried out on at least two
different samples obtained by the same temperature protocol. The
measurement variability of the permeability was ±10%. The Diffu-
sion (D) and the Sorption (S) coefficient were calculated with the
help of the time-lag method. The time lag (tlag) was obtained by
calculating the intercept on the abscissa of the cumulated flux
curve, and D was found by evaluating

tlag ¼ L2

6D
(1)

where L is the sample thickness. S was obtainedwith the help of the
general relationship, P ¼ D$S, where P denotes the permeability.

3. Results and discussion

3.1. PLA crystallization kinetics

In the aim of choosing annealed PLA samples with controlled
morphology and structure, the crystallization kinetics under the
annealing conditions in the oven were recorded. We recall that the
crystallization kinetics, which are shown in Fig. 2, were measured
on large samples obtained by annealing between metal plates in an
oven. The degree of crystallinity (Xc) of the PLA samples was
calculated from

Xc ¼ DHf � DHcc

DHf
0 ; (2)

where DHf is the enthalpy of fusion or melting after subtraction of
the small exothermal event at the beginning of the melting peak,
DHcc is the enthalpy of the cold crystallization, and DHf
� is the

enthalpy of the melting of the perfect crystal of infinite size, i.e. the
totally crystalline polymer (93.1 J/g [28]). Due to the polymorphic
nature of PLA leading to a melt recrystallization process and to its
complex stereo-chemistry, this value may reasonably be debated
[29]. The crystallization kinetics are plotted in Fig. 2. The path of
crystallization discriminated the overall crystallization kinetics.
The change in the crystallization rate due to the annealing tem-
peratures could not be discriminated in the present experimental
set-up. We think that the procedure in the annealing oven involved
non isothermal nucleation, because of the time necessary for the
oven to adjust and stabilize the temperature (approximately
10 min) after opening of the door for putting in the sample. The
crystallization rate was faster from the glass than from the melt.
When its thermal history was erased by melting, PLAwas shown to
crystallize slower at low temperatures because of the low amount
of energy provided to the system, which delayed the nucleation
process [30]. In the present study the samples crystallized from the
glass were annealed just after the extrusion process, i.e., in exper-
imental conditions strongly favouring the nucleation. This appar-
ently accelerated the crystallization kinetics, while the samples
crystallized from the melt were of course melted before annealing.
This processing effect on polymer crystallization kinetics has
already been evidenced for isotactic polypropylene [31,32].
3.2. Crystalline structure and space filling

Fig. 3 shows the micrographs obtained from polarizing optical
microscopy (POM). Looking at the pictures obtained at 85 �C and at



Fig. 3. POM micrographs of PLA samples after crystallization from the glass and from
the melt at two different annealing temperatures (a) G85_60_17, (b) G85_1200_39, (c)
G130_20_34, (d) G130_1200_37, (e) M85_60_24, (f) M85_1200_47, (g) M130_60_37, (h)
M130_1200_41.
130 �C, one observes that the spherulites obtained from the melt
were much larger than the ones obtained from the glass. Their
maximum diameter was about 50 mm while the spherulites were
barely observable after crystallizing from the glass. Pluta and
Galeski [33] working in similar conditions reported that spherulites
crystallized via cooling from the melt were larger than in those
crystallized via heating from the glassy, amorphous state. They
attributed this result to the formation of many pre-nuclei during
the cooling of the samples to the glassy state that give rise to pri-
mary nuclei of crystallization at the annealing temperature. They
also observed like several authors that the sizes of the spherulites
obtained by crystallization from the melt or the glass increased
with the crystallization temperature [10,14,34,35]. The observation
that our samples presented almost equally large spherulites when
crystallized from the melt at 85 and 130 �C can be explained by
assuming non-isothermal crystallization conditions. Under such
conditions the radius of the spherulites changes with the temper-
ature at which the precursor nuclei is formed [36]. The maximum
nucleation rate of PLA is 120 �C [37], a temperature which needs to
be passed in the annealing procedure at 85 �C from the melt. The
quenching following the melting of PLA in the thermal press to the
annealing temperature in the oven was not apparently fast enough
to stop the nucleation and crystallization at temperatures higher
than 85 �C. Androsch et al. [38,39] showed recently, using fast
scanning chip calorimetry, that a cooling rate of 30 K min�1 is
sufficient to prevent melt crystallization while a cooling rate of
500 K min�1 is required to inhibit the formation of nuclei in PLA
containing 4% D-units. This is hardly compatible with processing of
large samples, required for the present study.

The space-filling cannot be easily appreciated from the trans-
mission POMpictures because of the absence of the 3D observation.
The enzymatic degradation of PLA is strongly sensitive to the
crystalline structure [40]. As a result one can get information about
the spherulite organization by degrading the amorphous matrix
outside the spherulites and trapped inside. Proteinase K works by
irreversibly adsorbing on the surface of the PLA film before cata-
lysing the hydrolysis of the ester bond. Tsuji and Miyauchi [41]
studied the effect of crystallinity on the enzymatic degradation of
PLLA films in the presence of proteinase K and found that the
amorphous region outside of the spherulite was predominantly
degraded rather than that inside. However, proteinase K can still
access to the intra-spherulite amorphous phase and hydrolyse the
spherulitic superstructure. It has been shown that it can even
degrade a core of polylactide trapped in a crosslinked shell [42]. The
SEM pictures of the sample surfaces after enzymatic degradation
are shown in Fig. 4. In agreement with the POM pictures, the
crystallization from the melt (Fig. 4a and b) leads to the formation
of bigger spherulites of about 50 mm diameter while the crystalli-
zation from the glassy state (Fig. 4c and d) generates spherulites of
less than 10 mmdiameter. Due to this size difference the digestion of
the intra-spherulite amorphous phase is only visible for samples
crystallized from the melt. The degradation of the spherulites
crystallized at 85 �C was more pronounced (Fig. 4a). Furthermore,
the spherulites created by crystallization at 85 �C (Fig. 4a and c)
looked more dispersed, separated from each other, while the
spherulites crystallized at 130 �C (Fig. 4b and d) seemed to touch
each other. This higher space-filling was particularly obvious on the
picture of the G130_20_34 sample (Fig. 4d). After 5 h of treatment,
the enzymatic digestion penetrated barely into the sample and no
single spherulites could be revealed. The high quantity of small
spherulites (observed in Fig. 3c) apparently hindered the access of
the enzyme to the amorphous phase of the samples.

3.3. Crystalline morphology

The SAXS traces presented in Fig. 5 show that the main
diffraction peak of the samples crystallized at 130 �C was located at
smaller angles (smaller q) than that of the samples crystallized at
85 �C. This is in coherence with existing literature [34]. The
maximum of the SAXS distribution peak appears as a result of the
periodicity in the arrangement of the crystalline and amorphous
phases (the stacks of lamellar, amorphous regions). The samples
crystallized at 130 �C exhibited, as expected, a larger average long
period Lz (Table 1) and a narrower distribution of the lamellae
thicknesses. On the other hand, the samples crystallized at 85 �C
which showed a broader peak shifted towards larger angles. They
present thus a more heterogeneous population of lamellar stacks,
with a smaller Lz (Table 1). Lz did not depend on the crystallization
pathway, i.e. crystallization from the glass or the melt.

The WAXS diffractograms are plotted in Fig. 6. The analysis of
the reflections enables the determination of the crystalline poly-
morph of PLA in function of the sample preparation procedure. For
easier comparison, all the diffraction were normalized using the
strongest (110)/(200) reflection intensity. Di Lorenzo et al. [43]
attributed the different peaks in the WAXS patterns of the a- and
a'-forms of PLA. The a'-form presents small differences in the 2W
values for the two strongest reflections, (110)/(200) and (203)
planes. Based on these reflections, the d-spacings of the lattice
planes can be calculated from the 2W positions using Bragg's law.
Samples crystallized at 130 �C had a smaller interplanar distance



Fig. 4. SEM pictures of PLA annealed from the glass and from the melt after 5 h enzymatic digestion (a) M85_60_24 (b) M130_60_37 (c) G85_60_17 (d) G130_20_34.

Fig. 5. Lorentz-corrected SAXS profiles for PLA samples crystallized from the (a) glass and (b) melt at 85 �C and 130 �C.
compared to samples crystallized at 85 �C (Table 1). This showed
together with the results obtained from SEM and SAXS measure-
ments that the microstructure generated at 130 �C was more
Table 1
Long period and d-spacings respectively obtained from SAXS and WAXS analyses.

Lz d-sp. 110/200 d-sp. 203

(nm) (nm) (nm)

G85_60_17 n.d. 0.5290 0.4637
G85_1200_39 27.5 0.5270 0.4615
G130_20_34 34 0.5255 0.4606
G130_1200_37 33.3 0.5249 0.4601
M85_60_24 n.d. 0.5274 0.4608
M85_1200_47 25.6 0.5280 0.4613
M130_60_37 29.9 0.5249 0.4615
M130_1200_41 33.3 0.5255 0.4599

n.d. non determined.
organized. It is worth mentioning that the WAXS spectra did not
allow to discriminate the a’-and the a�polymorph as a function of
the crystallization temperature. This could be the consequence of
the sample annealing procedure which involved non-isothermal
nucleation.
3.4. Structural description of the amorphous phase and its
cooperativity at the glass transition

As for many semi-crystalline polymers, the classic structural
representation of PLA separates the amorphous phase into a frac-
tion relaxing at the glass transition, i.e., the mobile amorphous
fraction (MAF), and its counterpart, the rigid amorphous fraction
(RAF) which devitrifies at higher temperatures [21,43e46]. The RAF
existence is due to the length of the polymer molecules that is
much higher than the dimensions of the crystalline phase, leading
to an incomplete decoupling between the amorphous phase and



Fig. 6. (a) WAXS patterns and (b) enlarged patterns of PLA samples crystallized from the glassy state and from the melt.
the crystals. The content of RAF in polylactide, XRA, depends on the
conditions of crystallization and can vary from 0% to 35% [30].
Although this approach may look simplistic since it limits the
description of the amorphous phase to its structure without
considering its dynamics, the studies of Guinault et al. [14],
Drieskens et al. [13], and Delpouve et al. [11] proposed that an
important amount of RAF is prejudicial for the barrier properties of
PLA.

The content of the RAF can be calculated after

Xc þ XMA þ XRA ¼ 100% with XMA ¼ DCp
DCp0

; (3)

where XRA is the content of MAF, DCp is the heat capacity change
measured at the glass transition and DCP

0 the heat capacity change
of the fully amorphous sample. The quantitative analysis of the
thermal events was done thanks to MT-DSC by separating the
events related to the variations of the heat capacity, which appear
in the reversing heat flow, from the kinetic events, which appear in
the non-reversing heat flow. An example of this protocol is given in
Fig. 7a. The difference between the enthalpy of cold-crystallization
and the enthalpy of melting for the determination of the degree of
crystallinity was double checked using, on the one hand, the
average heat flow signal as usually performed in classical DSC, and,
on the other hand, the reversing and the non-reversing heat flow
signals from the MT-DSC. At the same time, the glass transition
temperature and DCp was systematically measured from the
reversing heat flow (Fig. 7b) with DCP

0 determined to be 0.52 J (g.
K)�1. The results are presented in Table 2.
An increasing time of annealing increased the degree of crys-

tallinity. Only twomaterials did not reach their maximum degree of
crystallinity according to their values of enthalpy of cold-
crystallization that differ from zero (Table 2). Among the others
and in concordancewith Fig. 2, the crystallization from themelt led
to higher DHf and consequently to higher XC after prolonging
annealing although the variations are small. The quantity of
measured XMA at long annealing times seemed to depend on the
annealing temperature. It was about 9% lower when crystallizing
PLA at 85 �C compared to 130 �C. One could interpret in a first time
this result as evidence that the MAF underwent a stronger
confinement. However, it may be hasty to do such a comparison
since it would consider that the mobility landscape of the MAF was
independent from the temperature of annealing. On the other hand
the values of XRA clearly evidenced a higher coupling between
crystals and amorphous phase when crystallizing at 85 �C. This
means that the repartition between RAF and MAF depended on the
temperature and time of annealing, even if nucleation pre-existed
in the material. A high temperature of annealing allowed thus
both perfecting the crystalline structure (more homogenous
structure shown by XRD in Figs. 5 and 6) and better decoupling
amorphous and crystal phases.

For equivalent annealing temperatures, Tg was slightly higher,
about 2 �C, when crystallizing from glassy state. For an equivalent
path of crystallization, Tg was higher when crystallizing at 85 �C.
The shift of Tg towards higher values upon crystallization is char-
acteristic of the constrained amorphous phase between crystalline
lamellae, which relaxes only at higher temperatures [19,20].



Fig. 7. (a) Protocol for the determination of the degree of crystallinity fromMT-DSC curves obtained for G85_60_17: Average heat flow (Solid line); reversing heat flow (dashed line);
and non-reversing heat flow (dotted line) versus temperature; (b) reversing heat flow in the glass transition domain.
Among crystallized samples, it has been shown that Tg also shifts to
higher temperatures when the crystallization conditions did not
allow a correct decoupling between the amorphous and the crys-
talline phase [26]. The RAF was more important when samples
were crystallized at a lower temperature. This seems consistent
with the results of Guinault et al. [14] who described that important
formation of RAF was linked to imperfect crystallization of PLA. It is
assumed that at lowcrystallization temperature, typically 85 �C, the
lack of chain mobility hinders the reorganization of polymeric
segments in crystals and induces many chain segments subjected
to geometrical restrictions in the amorphous phase [47]. Most
interestingly, we show here that this observation could be
extended to imperfect conditions of crystallization in general,
including the predominance of germination over growth that led to
the formation of low-size spherulites. In particular, G85_1200_39
sample had the highest RAF degree (21%, Table 2).

To understand how the mobile amorphous phase was itself
impacted by the presence of RAF, the size of cooperative rear-
ranging region (CRR) xTa was calculated. A CRR is defined as the
smallest amorphous domain where a conformational rearrange-
ment may occur without causing rearrangements in the sur-
roundings [48]. This approach probes the amorphous phase
dynamics by providing a picture of the relaxation time at the glass
transition which is directly observable through calorimetric mea-
surements [49], and more precisely from the analysis of the in-
Table 2
Thermal and structural parameters obtained from MT-DSC heat-only analyses and oxyge
annealing temperatures.

Tg DCp DHc DHf Xc

(�C) (Jg�1K�1) (Jg�1) (Jg�1) (%)

Amorphous 58.0 0.52 e e 0
G85_60_17 57.2 0.39 11 27 17
G85_1200_39 56.1 0.21 0 36 39
G130_20_34 56.1 0.31 0 32 34
G130_1200_37 53.5 0.26 0 34 37
M85_60_24 56.9 0.38 10 32 24
M85_1200_47 54.8 0.20 0 43 47
M130_60_37 56.3 0.30 0 34 37
M130_1200_41 53.2 0.24 0 38 41

n.d. non determined.
phase component C0 and the out-of-phase component C00 of the
complex heat capacity measured by MT-DSC. An example of these
two signals is given in Fig. 8. According to this approach [50], the
cooperativity volume xTa

3 of a CRR at the dynamic glass transition
temperature Ta can be estimated from the following equation:

x3Ta ¼

�
1�
Cp

�
Glasss Ta

�
�
1�
Cp

�
Liquid Ta

rðdTÞ2
kBT

2
a ; (4)

with kB the Boltzmann constant, dT the average temperature fluc-
tuation related to the dynamic glass transition of a CRR which is
determined from the Gaussian fit of C’’ [49], r the density, and Cp
the heat capacity at constant pressure. The values of Cp glass Ta and
Cp liquid Ta were obtained by prolonging the glass and liquid lines to
dynamic glass transition temperature after normalization to the
MAF content [18]. When the crystallization is not performed to its
maximum extent, the MAF splits into intra- and inter-spherulitic
amorphous regions and calorimetric measurements can show
two separate signatures within the glass transition temperature
range [20]. To overcome the issues related to such a complex mo-
lecular mobility landscape, the investigation of the CRR size was
limited to the samples having reached their maximum degree of
crystallinity. The results are presented in Table 3. As expected all
n permeability data of PLA crystallized from the melt and from the glass at different

Xma Xra P.1018 D.1012 S.106

(%) (%) (m3.m.m�2.s�1.Pa�1) (m2.s�1) (m3.m�3.Pa�1)

e e 2.30 1.8 1.3
75 8 1.73 1.5 1.1
40 21 1.33 1.7 0.8
60 6 0.58 0.7 0.8
50 13 0.93 1.2 0.8
73 3 1.29 1.1 1.2
38 15 0.88 1.2 0.8
58 5 0.87 0.9 0.9
46 13 0.77 1.1 0.7



Table 3
Amorphous phase relaxation parameters obtained fromMT-DSC heat-cool analyses.

Ta Cp glass Ta Cp liquid Ta dT CRR size

(�C) (Jg�1K�1) (Jg�1K�1) (�C) (nm)

Amorphous [29] 60.5 1.46 1.97 3 3.0
G85_1200_39 54.4 1.45 1.95 4.7 2.1
G130_20_34 58.4 1.25 1.85 4 2.5
G130_1200_37 53.3 1.22 1.76 4.1 2.4
M85_1200_47 56.5 1.20 1.70 5.5 1.9
M130_60_37 57.6 1.20 1.75 3.4 2.8
M130_1200_41 52.7 1.25 1.75 3.9 2.4

Fig. 8. In-phase component C’ (green line) and out-of-phase component C’’ (blue line)
from heat-cool mode in MT-DSC obtained for the G130_20_34. The red squares
correspond to the adjusted Gaussian fit of C’’. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
materials exhibited a lower CRR size compared to an amorphous
sample which is 3.0 nm [30]. Investigating the semicrystalline
materials, the variations of Ta followed the variations of Tg as ex-
pected. While the values of Cp were barely affected by the thermal
treatments, dT was clearly higher for the samples crystallized at
85 �C which resulted in a lower size of CRR [26]. This behaviour can
also be seen when comparing the amount of rigid amorphous
Table 4
Summary of morphological and structural characteristics of PLA in relation to the therm

T (crystallization) ¼ 85 �C

Crystallization from
the glass

Spherulite
morphology

- Small spherulites due to preponderant nu

Crystalline
morphology

- Disordered small crystallites
- More heterogeneous lamellar stacks

Amorphous phase
dynamics

- Low intermolecular interactions in the M

- High coupling between amorphous and c
(high RAF content)

Gain in barrier
properties

Low

Crystallization from
the melt

Spherulite
morphology

- Big spherulites due to coexistence of germ
growth

Crystalline
morphology

- Disordered small crystallites
- More heterogeneous lamellar stacks

Amorphous phase
dynamics

- Low intermolecular interactions in the M

- Average coupling between amorphous an
(average RAF content)

Gain in barrier
properties

Average
fraction and CRR. At 85 �C the RAF was higher and influenced the
CRR size. The impact of crystallization processes on CRR size was
shown in previous articles [19,25,30,51e53] evidencing the role of
the geometric confinement induced by the crystals and the
incomplete decoupling between the amorphous and crystalline
phases. Obviously the dynamics of the amorphous phase, including
the processes of vitrification and relaxation strongly differed when
varying the temperature of annealing.
3.5. Oxygen permeability study

Table 2 reports the oxygen permeability of the different samples.
The barrier properties of PLA were globally improved after the
crystallization, and this effect was higher at Tc ¼ 130 �C no matter if
the crystallization was carried out from glass or from the melt. At
the annealing temperature of 85 �C, the crystallization from the
melt led to higher barrier properties. The excluded volume hy-
pothesis provides an explanation of the relationship between the
crystallinity degree and barrier properties. Crystalline zones are
presumed to be excluded volumes through which molecules
cannot diffuse and in which they cannot sorb [4]. This is in contrast
to the amorphous zones where diffusion and sorption is possible.
The crystallites force a more tortuous diffusive pathway of per-
meants, which, macroscopically, decreases the diffusion coefficient.
In addition, crystallites decrease the available volume for permeant
sorption, which decreases the overall solubility coefficient of the
material.

Two groups of samples could be distinguished in the oxygen
permeability data presented in Table 2: the first one was composed
of samples obtained with a short crystallization time (example
M85_60_24 and G85_60_17). In that case the space filling of the
spherulites was not complete (see also Fig. 3 a, e and Fig. 4 a, c),
which led to a relatively low gain in the oxygen barrier properties.
This gainwas driven by the decrease of the diffusion coefficient due
to the tortuosity effect induced by the presence of the crystallites.
The impact of the crystallinity degree on the oxygen solubility co-
efficient was smaller than the measurement variability.

The second group was composed of samples, which were crys-
tallized for a long time (1200 min, Fig. 3 b, d, f, h), where complete
space filling was reached. In that case, the quantity of RAF guided
the results of permeability, while the size and structure of the
crystallites had a negligible influence on the barrier properties. This
al treatment and improvement of oxygen barrier properties.

T (crystallization) ¼ 130 �C

cleation - Small spherulites due to preponderant nucleation

- Organized phase of crystallites
- Less heterogeneous lamellar stacks

AF (small CRR) - Average intermolecular interactions in the MAF
(intermediate CRR)

rystalline phase - Low coupling between amorphous and crystalline phase
(low RAF content)
Best

ination and - Big spherulites due to coexistence of germination and
growth
- Organized phase of crystallites
- Less heterogeneous lamellar stacks

AF (small CRR) - Average intermolecular interactions in the MAF
(intermediate CRR)

d crystalline phase - Average coupling between amorphous and crystalline phase
(average RAF content)
Average



can be concluded by the comparison of sample G130_1200_37
(Fig. 3d) and M130_1200_41 (Fig. 3h). These samples have a similar
RAF content and that is why they had equal gas barrier properties,
even if the spherulite sizes were very different (Table 2). The
importance of the RAF for the barrier properties of semicrystalline
PLA can be observed by the comparison of the samples G130_20_34
and G130_1200_37, which had almost the same crystallinity de-
gree, similar crystalline morphology and similar relaxation dy-
namics in the MAF. The oxygen diffusion coefficient of
G130_1200_37 was more than two times higher than that of
G130_20_34 and also the RAF of G130_1200_37 was about two
times higher than that of G130_20_34. The low RAF of sample
G130_20_34 can be explained by the hypothesis that this sample
was highly nucleated before crystallization. This caused a rapid
crystallization not leaving enough time for the formation of the
RAF. The sample G85_1200_39 presented the highest quantity of
RAF (21%). The oxygen diffusion coefficient of this sample was
almost equal to that of amorphous PLA, and the permeability gain
was uniquely obtained by the decrease of oxygen solubility in the
annealed sample. These results point to the importance of the RAF
for the gas barrier properties of PLA. In that, they confirm essen-
tially the hypothesis proposed by Guinault et al. [14] and allow
ruling out other effects linked to crystalline morphology and
structure.

A global summary of the impact of the sample morphology and
amorphous phase dynamics is given in Table 4.

We conclude that the RAF increased locally the diffusion coef-
ficient. It is composed of insufficient decoupled tie molecules be-
tween the crystalline and the amorphous phase, which hinders the
relaxation of the polymer chains and thereby increases the free
volume at the crystallite/amorphous phase interface. This free
volume is available for the accelerated diffusive transport of small
molecules. The sample G130_20_34, which had the best barrier
properties of the sample set, was particularly interesting because it
showed a means for optimizing PLA barrier properties. In brief, PLA
should be pre-nucleated and crystallized from the glass in the aim
to obtain a high crystallinity degree very quickly. The prolongation
of the annealing during a long time in the aim of obtaining a higher
crystallinity is yet disadvantageous, because of the mobility of
macromolecular chains in the MAF (in particular at high tempera-
tures). This mobility can be the reason for gradual conversion of
MAF into RAF with time.
4. Conclusion

In the present work, the impact of the crystalline structure and
the amorphous phase dynamics of PLA on its oxygen barrier
properties were studied. We conclude that the quantity of the rigid
amorphous phase is the preponderant factor governing the oxygen
diffusion coefficient. The crystalline morphology and structure (in
the limit of the here used methodology of thermal annealing) and
the relaxation dynamics of the mobile amorphous phase have
negligible impact on the diffusion coefficient and the solubility
coefficient is ruled by the crystallinity degree. We propose that the
insufficient decoupling between the amorphous and the crystalline
phase in PLA generates supplementary free volume at the vicinity
of the crystallites. This free volume can accelerate the diffusive
transport of the gas molecules and cancel out the tortuosity effect
induced by the presence of crystallites. From these observations the
following recommendation can be formulated: In the aim of
achieving optimal gas barrier properties, PLA should be pre-
nucleated and crystallized at a high temperature (yielding the a-
polymorph) for short time to obtain a high crystallinity degree
without the formation of the rigid amorphous fraction.
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