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’ INTRODUCTION

Polymers produced from renewable ressources, especially bio-
mass, have received increasing attention in recent years due to their
friendly impact on environment. Lactic acid-based polymers
(PLA) are among the most promising candidates for substitution
of petroleum-based polymers.1�6 Indeed, this kind of aliphatic
polyester has real potentialities for structural applications owing to
fairly goodmechanical properties. They were initially developed as
sources of devices for biomedical applications in the early
1980s.7�12 However, some compounded lactic-acid-based poly-
mers also referred to as PLA, essentially semicrystalline ones, have
gained interest in various domains like packaging, clothes, etc.
relevant to composting.13

Poly(lactic acid)s are generally synthesized by ring-opening
polymerization of lactides that are dimers of lactic acids. Because
of the presence of a chiral center in the lactic acid molecule, there
are several lactides, namely L- and D-lactides composed of two L- or
two D-lactic acid molecules, respectively; meso lactide composed of
one L- and one D-lactic acid molecules, and racemic lactide which
is a stoichiometric mixture of L- and D-lactides. Therefore, lactic
acid stereocopolymers with different nonbernouillian distribution

of chiral repeating units can be synthesized, depending on the
composition of the feed in lactides14

• Poly(L-lactic acid) and poly(D-lactic acid) are isotactic
homopolymers derived from the L-lactide and D-lactide,
respectively.

• Racemic poly(lactic acid) is primarily produced from race-
mic lactide, although a 50/50 L/D stereocopolymer can be
also obtained frommeso-lactide. However, the resulting two
“racemic stereocopolymers have different chiral unit dis-
tributions and thus different physical and chemical and
structural properties.

• Intermediate stereocopolymers obtained primarily from
mixtures of L- and racemic-lactides, although the other
lactides can also be used. At the top of the composition in
chiral repeating units, their distribution along the chains and
the initiator used to polymerized the cyclic dimers are also
important factors for structural and material properties.
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ABSTRACT: The present work reports on the study of the influence of the
composition in stereomer on the mechanical behavior of D- and L-lactic acid
stereocopolymers in relation with strain-induced structural evolution. The
stress�strain behavior and structural changes upon stretching above the
glass transition temperature have been investigated by means of in situ wide-
angle X-ray scattering for a series of nearly random stereocopolymers
covering a large range of compositions. All members of the family behaved
like elastomers in the initial stage of stretching. However, stereocopolymers
of low contents in D-units, [D], exhibited a strain-hardening phenomenon
starting at strain 150% < ε < 200%, depending on the draw temperature. This
strain-hardening decreased with increasing [D] up to the critical concentration [D]*≈ 8mol % above which all copolymers displayed
an un-cross-linked rubber behavior over the whole strain range. The decrease of the strain-hardening also depended on the draw
temperature, yet this sensitivity did not affect the critical concentration [D]* of the position of the transition. The occurrence of the
strain-hardening has been correlated with the buildup of a strain-induced ordered phase, the nature of which being directly related to
the draw temperature. Drawing at Td = 90 �C, i.e., about 20�30 �C above Tg depending on the [D] value of the copolymer, resulted
in the strain-inducedR0-crystalline phase. In contrast, for drawing atTd =Tgþ 5 �C, themesomorphic phase was formed.Moreover,
it has been shown that the higher [D], the lower the content of ordered phase, irrespective whether it was crystal or mesophase.
A parallel is made between the crystallization capabilities of the copolymers from the quiescent melt and under straining. Only
stereocopolymers with [D] < [D]* were able to crystallize from the melt, as in the case of strain-induced crystallization. The
occurrence of the strain-inducedmesophase only in the case of crystallizable copolymers is taken as a hint of an intermediate state of
order precursory to the crystalline state.
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• Lactic acid stereocopolymers with bernouillian distribution
of the chiral units can be obtained by polycondensation of
L- and D-lactic acid although access to high molar mass
compounds is still a matter of progress.15

From this description of the different synthesis routes and
structural particularities, the number of lactic acid stereocopoly-
mers is almost infinite. Therefore, any investigation requires a
detailed identification of the PLA used in terms of chirality unit
distribution and synthesis conditions to lead to scientifically
profitable conclusions. In order to make easier the identification
of the various lactic acid stereocopolymers, PLAXwas introduced
as general abbreviation where X stands for the percentage of
L-units in polymer chains, 100�X standing for the content in
D-units. Accordingly, the currently used PLLA and PDLLA are
PLA100 and PLA50, respectively, PDLA being PLA0.16

Although most of the studies reported in the literature have
been concerned with the homopolymer PLLA, it has been shown
that in the case of PDLLA copolymers, the composition has great
influence on the physical properties in relation to the crystal-
lization behavior. From the standpoint of chain microstructure,
Chabot et al.14 have shown that the stereosequence distributions in
PLAX copolymers deviated from the expected bernouillian addi-
tion of the pairs of units present in lactide molecules. This
phenomenon was attributed to trans-esterification during the
polymerization, the final distribution being yet not completely
random. This behavior was further confirmed by Urayama et al.17

who showed that, starting from isotactic PLA100, increase of the
content in D-isomer resulted in increases of atactic and syndiotactic
diads. As a consequence, the length of intrachain poly(L-lactic acid)
segments sharply decreased with increasing content in D-isomer,
with direct changes of the physical properties and crystallization
capabilities.

Regarding thermal properties, it has been largely shown that
increasing the D-stereomer content resulted in a decrease of the
glass transition temperature (Tg) which can span the range
40�60 �C. Moreover it has been shown that the material
composition also influenced crystallinity (Xc) and melting
temperature (Tm). Indeed, Tm dropped from 190 �C for PLLA
down to about 100 �C for PDLLA depending on the content in
and the distribution of D-unit.18�24 In parallel, Xc decreased
from 80% down to nil. The decrease of Xc was assigned to the
exclusion from the crystalline phase of the stereoregularity
defects in the chains that disturb the chain-folding mechanism,
a general phenomenon in semicrystalline copolymers that do
not display isomorphism.25 The concomitant shortening of the
crystallizable L-isomer segments also entailed a reduction in
crystallite thickness that was responsible for the decrease of Tm .
This has been given evidence by Runt and co-workers via
theoretical analysis of the melting point depression and small-
angle X-ray scattering,20,21 though some inclusion of D-isomer
units has been shown to occur under particular crystallization
conditions, using NMR spectroscopy.26,27

The crystallization kinetics of PLA is also sensitive to compo-
sition. The crystallization rates of PLLA (PLA100) and PDLA
(PLA0) are rather low, so that amorphous materials can be
readily obtained by quenching from the melt, as in the case of
poly(ethylene terephthalate) and related copolymers.28 Introdu-
cing D-stereomer units in L-rich chains decreased significantly the
crystallization kinetics.20,21,24,29 This again was assigned to the
exclusion from the crystal of the stereoregularity defects that
disturbs the mechanism of chain-folding.

Although numerous studies have been concerned with the
thermal crystallization of PLLA and PDLLA,18�24,29�37 very
few studies have addressed the question of strain-induced
crystallization.38�44 Former works regarding the crystallography
of PLLAwere carried out on drawn fibers45�49 without particular
attention to the mechanism of the process. In a study regarding
the crystallization upon stretching of a PLA having [D] = 2mol %,
Mulligan and Cakmak39 claimed for the buildup of a strain-
induced nematic order as judged from the appearance of a strong
equatorial scattering. Mahendrasingam et al.40 also reported the
occurrence of a disordered crystal form for draw temperatures
below 100 �C, for a PLA having [D] = 4 mol %. The influence of
composition on strain-induced crystallization capabilities has not
been investigated yet, though this aspect is of prime interest in
view of controlling the final structure of the material after
processing.

In previous papers,43,44 we reported that the degree of strain-
induced ordering of a commercial PLA containing [D] = 4.3mol %
was dependent on the draw conditions. Especially, a mesophase
was generated when drawing was performed at temperatures
below or slightly above Tg whereas the R0-crystalline phase grew
up for draw temperatures well above Tg. The mesophase was
clearly identified by its X-ray scattering pattern which exhibits a
characteristic peak twice as large as the crystalline peaks butmuch
narrower than the amorphous halo.43 Mulligan and Cakmak
more precisely claimed for a nematic order,39 whereas a condis
crystal may also be suspected.43 The occurrence of the meso-
phase has been interpreted in terms of chain dynamics in relation
to draw temperature and strain rate.,39,43 Similar kind of meso-
phase was recently given evidence via spectroscopic techniques
in PLA-based materials after either stretching50 or thermal
treatment about Tg.

51,52 These conformational data vouch in
favor of the condis crystal hypothesis.

The present paper reports on the investigation of the quiescent
crystallization of a series of PLAX stereocopolymers covering a
large range of X values, and on the in situ study of the strain-
induced ordering upon uniaxial stretching aboveTg. Comparisons
are made between quiescent and strain-induced crystallization
capabilities.

’EXPERIMENTAL SECTION

Material and Preparation. The PLAX stereocopolymers used in
this study were synthesized by ring-opening polymerization of suitable

Table 1. Molecular and Physical Characteristics of the Var-
ious PLAX Stereocopolymers

PLAX

copolymer X

Mn

(kDa)

Mw

(kDa)

Tg

(�C)a
Tm

b

(�C)
Xc

max b

(%)

PLA98 98 81 171 60 164 51

PLA96 96 114 225 60 152 47

PLA94 94 109 211 59 142 42

PLA92 92 95 180 57 135 36

PLA75 75 103 205 55 - 0

PLA62 62 81 170 53 - 0

PLA50 50 76 180 52 - 0
aGlass transition temperature from the DSC heating scans of the
amorphous compression molded samples. b Peak melting temperature
and maximum crystallinity from the DSC heating scans of samples
isothermally crystallized for 2 h at 120 �C.
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mixtures of L-lactide and racemic-lactide. More details regarding the
synthesis are given elsewhere.14 Table 1 summarizes the main char-
acteristics of the various members of the family. The number-average,
Mn, and weight-average, Mw, molar masses of the copolymers were
determined by size exclusion chromatography. Their composition was
assessed from nuclear magnetic resonance which also revealed that the
distribution of L- and D-chiral lactate units was preferentially isotactic,
i.e., not random in terms of Bernouillian statistics.

The stereocopolymers were rapidly compression-molded into∼500μm
thick sheets at 180 �C in a hot press. The sheets were rapidly cooled down
to room temperature (RT) by air convection in order to quench the
copolymers in the amorphous state.
Differential Scanning Calorimetry (DSC). Thermal analysis

was carried out using a Perkin-Elmer DSC7. The apparatus was
calibrated using standard procedures with a high purity indium sample.
All heating scans were recorded at a heating rate of 10 �C/min.
Isothermal crystallization was investigated at two temperatures Tcr =
90 �C andTcr = 120 �C. The samples weighting 5�8mgwere held in the
melt at 180 �C for 5 min, before cooling at 40 �C/min to the given
isothermal temperature. The melting point, Tm, was determined at the
peak of the melting endotherm and the glass transition temperature, Tg,
was assessed from the inflection point of the heat capacity jump. The
crystalline weight fraction, Xc, was computed from the enthalpy of the
melting endotherm using the specific enthalpy of fusion of the perfect
crystal ΔHf� ≈ 94 J/g after Fischer et al.26

Tensile Drawing. For the in situWAXS study of the strain-induced
structural changes, a homemade tensile testing stage allowing symme-
trical drawing of the samples was used. Parallelepipedic test pieces 4 mm
in gauge length and 3mmwide were cut off the 500 μm thick sheets. The
crosshead speed was 2.4 mm/min that corresponded to an initial strain
rate ε

·
= 0.01 s�1. The nominal strain is defined as εN =L/Lo, where L and

Lo are the gauge lengths of the sample during and prior to deformation,
respectively. The nominal stress σN = F/So is computed from the applied
force, F, and the initial sample cross-section area, So. Considering that all
materials deformed in a roughly homogeneous way above Tg, the
nominal strain, εN, was very close to the actual local strain, ε, and the
true stress, σT, can be computed as σT = σN(1 þ ε).
Wide-Angle X-ray Scattering (WAXS). In situWAXS measure-

ments during drawing were carried out on the BM02 beamline at the
European Synchrotron Radiation Facility (Grenoble, France) using
an X-ray energy of 24 keV, i.e., λ = 0.51 Å. The point-focused beam was
300 μm in diameter. The through-view 2D-patterns were recorded using
a CCD camera from Princeton Instruments, the acquisition time being
5 s every 7 s. Corrections were applied for background scattering,
geometry and intensity distortions of the detector. Both incoming and
transmitted intensities were measured synchronously with WAXS data
acquisition. Thereby the transmission factor, defined as the ratio
between the transmitted intensity and the incident intensity, was
calculated and used to normalize the integrated intensity profiles.

Static WAXS experiments were also carried out at RT for character-
izing the crystalline structure of isotropic samples as a function of
thermal treatment using a Genix microsource from Xenocs operated at
50 kV and 1 mA. The Cu�KR radiation (λ = 1.54 Å) was collimated
with a FOX2Dmirror and two pairs of Scatterless slits fromXenocs. The
2D-patterns were recorded on a CCD camera from Photonic Science.

Radial intensity profiles, I(2θ), were obtained by azimuthal integration
of the 2D-patterns over 180� by means of the FIT2D software.
Quantitative assessment of the weight fractions of the amorphous,
mesomorphic and crystalline phases, Xam, Xmeso, and Xc, respectively,
were made thanks to a previously described method43 using the PeakFit
software, and assuming Gaussian profiles for all scattering peaks and
amorphous halos. The amorphous intensity profile was experimentally
identified to the scattering pattern of the thoroughly amorphous undrawn
sample, regarding both position and full width at half-maximum (fwhm).

The strain-induced crystallineR0 formwas clearly identified atTd > 80 �C
by sharp peaks having fixed angular position: only the fwhm and intensity
were allowed to self-adjust during the PeakFit treatment of all WAXS
profiles. Samples drawn at Td < 80 �C, i.e., just above the glass transition
temperature, made it possible to identify the contribution of the
mesomorphic form in the absence of crystal scattering, as described in
the previous studies.43,44

’RESULTS

Crystallization and Melting of Isotropic Samples. Prior to
investigate the tensile drawing behavior of the copolymers and
the strain-induced structural changes, it was mandatory to
characterize the quiescent crystallization capabilities of these
copolymers. Figure 1 reports the DSC heating traces of the
compression-molded sheets. Except PLA98 that displays a faint
crystallization exotherm and a subsequently melting endotherm,
most copolymers only display a glass transition heat capacity
jump indicative of thoroughly amorphous materials. The Tg

follows a rather common monotonic decreasing with increasing
[D], as can be also seen from the data of Table 1. The lower
amplitude of the Tg drop as compared with Urayama et al.’s
data17 is probably due to the fact that the distributions of the
D-units in the present stereocopolymers was different probably
because of different polymerization conditions, especially initia-
tor and catalyst.
The DSC traces of isothermally crystallized samples for 2 h at

120 �C are reported in Figure 2. The clear-cut melting en-
dotherm for copolymers PLA98, PLA6, PLA94, and PLA92
indicates that all four were semicrystalline. This means that these
copolymers were actually quenched in the amorphous state upon

Figure 1. DSC heating scans of the compression-molded copolymer
sheets.
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compression-molding. Besides, their inability (or at least weak
ability concerning PLA98) to crystallize during the heating scan
at 10 �C/min from the amorphous state (Figure 1) suggested
rather low crystallization rates. In contrast, copolymers PLA75,
PLA62, and PLA50 did not display any hint of melting
(Figure 2), even after 8 h of isothermal crystallization at
120 �C. This is a piece of evidence that these copolymers have
no crystallization potentiality at all, at previously reported.7,8

Further investigation of the thermal behavior of the copoly-
mers has been performed via analysis of the isothermal crystal-
lization kinetics. Figure 3 shows the relative crystal content as a
function of time for the crystallization temperature Tcr = 120 �C.

The crystallization kinetics strongly slowed down when [D]
increased. Indeed, the crystallization half-time increased from 8
min for PLA98 to about 20 min for PLA92. In parallel, comple-
tion of crystallization took 20 min for PLA98 and about 45 min
for PLA92. This trend is similar to that reported by Cho et al.53

from in situ WAXS data on three copolymers presented as
random. Moreover, copolymers with [D] > 8% appear to be
thoroughly amorphous after isothermal treatment for up to 4 h,
indicating total inability for crystallization. This latter finding is
consistent with Urayama et al.’s observations,17 but drastically
deviates from Sarasua et al.’s data22 due to strong difference in
L/D distributions of the copolymers in addition to lower molar
weight that may hasten crystallization.31,54 The latter copolymers
contain stereoblocs that generate a stereocomplex crystallization
whatever the [D] value.22

In order to confirm these findings, isothermal crystallizations
were also conducted at Tcr = 90 �C, a temperature which was
roughly in the midrange of temperature between glass transition
and melting of the potentially crystallizable copolymers. Figure 4
shows the relative crystal content as a function of time. The
crystallization rate was drastically reduced as compared withTcr =
120 �C, yet similar trend is observed for the various copolymers:
the higher the [D] value, the lower the crystallization rate. More-
over, copolymers with [D] > 8% remain thoroughly amorphous
even after 8 h of isothermal crystallization.
The Tm and Xc

max data of samples isothermally crystallized for
2 h at Tcr = 120 �C are reported in Table 1. The Tm drop with
increasing [D] suggests an increase of crystallographic defects
and/or reduction of crystal thickness. Besides, the abruptness of
this drop indicates that very low [D] values have a dramatic effect,
in agreement with Grijpma and Pennings’ observation.18 The
Xc

max data reveal that the stereodefects are responsible for a loss of
crystallinity of the copolymers down to nil when [D] > 8%. This
finding supports the hypothesis that these structural chain defects
are rejected out of the crystalline phase, since isomorphism
generally lead to very gradual loss of crystallinity in copolymers.25

The evolution of the shape of the melting endotherm is also
informative regarding the structural habits of the copolymers in
the isotropic state. The DSC heating traces of the crystallizable
copolymers after isothermal crystallization at Tcr = 120 �C for 2 h
(Figure 2) exhibit a unique melting endotherm relevant to a
rather stable crystalline structure that does not undergo reorga-
nization during the heating scan. The WAXS intensity profiles

Figure 2. DSC heating scans of the copolymers isothermally crystal-
lized for 2 h at 120 �C.

Figure 3. Crystal conversion as a function of time for isothermal
crystallization of the copolymers at 120 �C.

Figure 4. Crystal conversion as a function of time for isothermal
crystallization of the copolymers at 90 �C.
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reported in Figure 5, for these samples prior to the DSC heating
scan, reveal that the crystals were initially in the stable pseudo-
orthorhombicR form, as deduced from the presence of the minor
reflections (103), (010), and (210) in addition to the main
scattering peaks (200)/(110) and (203).55 Moreover, the similar
width at half-height of the above-mentioned peaks for both PLA98
and PLA94 indicates that the mosaic block size in the lamellar
crystals is the same in the two copolymers and does not depend on
the [D] value. This supports the previous hypothesis that the
stereodefects are in majority rejected from the crystalline phase.
In contrast, for the isothermal crystallization for 4 h at Tcr =

90 �C, the DSC heating traces of Figure 6 show a double
melting peak indicative of an unstable crystalline structure that
reorganizes during the heating scan, as already reported in
literature in the case of PLLA.56�58 The WAXS patterns of
Figure 7 give clear evidence that these samples were predomi-
nantly in the defective R0 crystal form prior to the DSC heating
scan, as judged from themissing of theminor reflections and the
very slight shift to low scattering angle of the two major peaks
(see Figure 5). This is consistent with Zhang et al. regarding the

isothermal crystallization of PLLA below 120 �C.55 Surpris-
ingly, after recrystallization above 120 �C during the heating
scan, all crystallizable copolymers are still in the R0 crystal form.
This means that recrystallization did not allow the more perfect
R crystals to grow during the heating scan at 10 �C/min, in
contrast to long duration isothermal crystallization at 120 �C.
This is yet consistent Zhang et al.55 who showed that the R�R0
transition upon heating at 2 �C/min starts at 150 �C only.
A striking feature of the double melting peaks (Figure 6) is

that the area of the low Tm peak increased in parallel to [D], in
spite of the gradual loss of crystallinity. The most probable
origin to this phenomenon is the slowing down of the crystal-
lization kinetics with increasing [D] that entailed a reduced
amount of recrystallized material for the same laps of time at the
same heating rate. Thus, the energy balance between crystal
melting and recrystallization increasingly turned favorable to
the former process. The increasing depletion of the high Tm

peak area thoroughly supports the hypothesis of reduced
recrystallization capabilities.
The crystallization exotherm, which appeared only for PLA98

(Figure 6), suggested that the melting-crystallization is unba-
lanced in favor of the second process for this copolymer, i.e. a
greater content of new crystals was generated after melting of the
initial ones. The absence of crystallization exotherm between the
two melting peaks for the other copolymers means that not all
the initial crystals were able to recrystallize after melting. This
may be assigned to the decreasing gap between of the two
successive melting peaks that reduces the recrystallization ability
of the copolymers with increasing [D]. This is consistent with the
previous argumentation regarding the opposite evolution of the
low Tm and high Tm peak areas.
It is surprising that all crystallizable copolymers were able to

generate R crystals, in spite of chains defects, particularly
regarding PLA92. This finding vouches in favor of exclusion
of the D-isomer units from the crystal, allowing thus only pure
L-sequences to be involved in the crystallization process.20,21

Indeed, in this instance, nothing prevents the growth crystals
in the most ordered R form, as far as crystallization takes place
at a temperature above that of the well-known R0�R transition,

Figure 5. WAXS intensity profiles recorded at RT of PLA98 and PLA94
isothermally crystallized for 2 h at 120 �C (X-ray wavelength λ = 1.54 Å).

Figure 6. DSC melting endotherms the copolymers after isothermal
crystallization for 4 h at 90 �C.

Figure 7. WAXS intensity profiles recorded at RT of PLA98 and PLA94
isothermally crystallized for 4 h at 90 �C: prior to melting and after
melting-recrystallization (X-ray wavelength λ = 1.54 Å).
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i.e., about 110 �C.35,55 This is precisely the case for the recrystal-
lization of the samples isothermally crystallized at 90 �C
(Figure 6).
In Situ WAXS Analysis of Tensile Drawing. It is worth

noticing first that crystallinity is about nil or very weak for any
of the crystallizable copolymers for isothermal crystallization
time shorter than 15 min, which is the time scale of the drawing
tests. Therefore, minor thermal crystallization was expected
during the mechanical tests at Td = 90 �C, and below this
temperature. Figure 8 shows the stress�strain curves of PLAX at
Td = 90 �C, i.e., well above Tg. All PLAX behaved like un-cross-
linked rubbers until ε ≈ 200%, whatever [D]. Beyond this strain
threshold, two situations appeared. Copolymers with [D] e 8%
exhibited a strain-hardening phenomenon, the lower [D] the
higher the slope of this strain-hardening. For [D] > 8%, no strain-
hardening phenomenon was observed so that the polymers still
behave like un-cross-linked rubbers for ε > 200%.

As previously reported for a PLA with [D] = 4.3%,44 for similar
draw conditions, one may expect the strain-induced hardening to
result from a molecular ordering. Parts a and b of Figure 9 show
the 2D-WAXS patterns of PLA98 and PLA50 strained at Td =
90 �C up to ε = 400%. The sharp diffraction arcs of PLA98
revealed a true strain-induced crystallization with well oriented
crystals having their (hk0) planes parallel to the draw axis. In
contrast, a diffuse and slightly anisotropic halo appeared for
PLA50. This means that crystallization did occur during drawing,
and that chain relaxation has been active in the meantime in
spite of high elongation. Thus, the missing of strain-induced
crystallization for PLA50 resulted from its inability to build
up crystalline order, as already observed in the case of quiescent
crystallization.
Azimuth-integrated intensity profiles from the 2D-patterns of

PLA98 and PLA50 are reported in Figure 9, parts c and d,

Figure 8. Engineering stress�strain curves of copolymers drawn at
Td = 90 �C.

Figure 9. In situ 2D-WAXS patterns of (a) PLA98 and (b) PLA50 copolymers drawn εN≈ 400% at Td = 90 �C; azimuth-integrated intensity profiles of
the 2D-patterns of (c) PLA98 and (d) PLA50 together with curve fitting analysis (X-ray wavelength λ = 0.51 Å).

Figure 10. In situ crystal content versus of strain for the drawing of the
copolymers at Td = 90 �C.
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respectively. In the case of PLA98, the diffraction peak positions
indicate that the strain-induced crystalline phase is of the R0
form.35,55 Regarding PLA50, the intensity profile is quite similar
to the one of the undrawn amorphous sample, confirming that
absolutely no crystallization occurred during drawing.
Using the peak deconvolution method described in the

previous studies,43,44 the structural evolution with strain of the
stereocopolymers has been quantitatively determined. The data
of Figure 10 show that for polymers with [D] e 8%, the strain-
induced crystallization process started at ε ≈ 200% and leveled
off quickly. The sigmoid shape of the Xc versus ε curve was
roughly the same for the various copolymers, and similar to
previous observation.44 This means that there is a threshold of
strain and/or chain orientation for promoting crystallization. It
also appears that Xc

max≈ 25% for PLA98 at high strains, whereas
Xc

max≈ 5% for PLA92. In other words, the higher the [D] value,

the lower Xc
max. Moreover, Figure 10 clearly shows that strain-

induced crystallization no longer occurred for PLA75 and PLA50
whatever the draw ratio. These findings will be further discussed
in the next section.
It appears from Figure 10 that in spite of various maximum

crystallinity, the crystallizable copolymers exhibit very similar
kinetics of strain-induced crystallization. This emphasizes the
predominant role of chain orientation over that of chain mobility
on the ordering process. It is also worth noticing that the strain-
induced Xc

max value of every copolymer is somewhat lower than
in the case of isothermal crystallization (Table1). This is due to
the fact that strain-induced crystallization was not optimized with
regard to both temperature and strain rate.
A second draw temperature Td = Tg þ 5 �C has been

considered in order to investigate the capability of the present
copolymers to develop a strain-inducedmesophase, as previously
observed in the case of a commercial PLA.43,44 The stress�strain
curves of the copolymers are reported in Figure 11. All materials
exhibited a rubber-like behavior for strains ε < 150%, owing to
the low strain rate strain rate = 0.01 s�1. Beyond this strain, two
situations occur:
• For [D] e 8%, a strain-hardening phenomenon occurred,
the slope of which decreased with increasing [D] value.

• For [D] > 8%, the materials still behaved like un-cross-linked
rubbers without strain-hardening up to rupture.

Parts a and b of Figure 12 report the 2D-WAXS patterns of
copolymers PLA98 and PLA50 drawn up to ε = 400% at Td =
Tg þ 5 �C. No trace of crystal reflections appears in each case.
Chain orientation parallel to the draw direction is well developed
for PLA98 whereas PLA50 was only slightly oriented. Analysis of
the azimuth-integrated intensity profiles of Figure 12, parts c and
d revealed that, at ε = 400%, PLA98 contained a large amount of
mesophase whereas PLA50 appeared thoroughly amorphous.
Obviously, the strain-induced generation of the cohesive

Figure 11. Engineering stress�strain curves of copolymers drawn at
Td = Tg þ 5 �C.

Figure 12. In situ 2D-WAXS patterns of (a) PLA98 and (b) PLA50 copolymers drawn εN ≈ 550% at Td = Tg þ 5 �C; azimuth-integrated intensity
profiles of the 2D-patterns of (c) PLA98 and (d) PLA50 together with curve fitting analysis (X-ray wavelength λ = 0.51 Å).
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mesophase preserved the strain-induced chain orientation in
PLA98, whereas the absence of strain-induced cohesive phase
allowed chain relaxation during drawing of PLA50.
By deconvolution of the intensity profiles, using the previously

described method, the amount of strain-induced mesophase was
calculated as a function of strain for every material. The results
reported in Figure 13 indicated that beyond ε ≈ 150%, Xmeso

increases almost linearly with increasing strain. Moreover it
appears that, at a given strain, the higher the [D] value, the lower
the mesophase content. The maximum content in mesophase for
the present stereocopolymers dropped from Xmeso

max ≈ 18% for
PLA98 down to Xmeso

max ≈ 8% for PLA92. For copolymers
having [D] > 8%, nomesophase is observed, in a similar way as no
crystalline phase occurred for Td = 90 �C.

’CONCLUDING DISCUSSION

This work shows that the strain-induced structural evolution
and the mechanical behavior of the studied lactic acid stereo-
copolymers strongly depended on both composition in stereo-
mers and draw temperature.

Regarding the temperature, drawing at Td = 90 �C, i.e.
20�30 �C above Tg, generated a R0-crystalline phase. Drawing
at Td = Tg þ 5 �C generated a mesomorphic phase. However, a
common tendency appears for the two temperatures. The
copolymers that were prone to strain-induced crystallization
were also those able to generate a mesophase. Moreover, the
higher the level of strain-induced crystallization, the higher the
limiting content of mesophase. These findings suggest that a
structural correlation existed between crystal andmesophase; i.e.,
the mesophase could be a precursor of the crystalline state of
PLA. The dual distribution of oriented Keesom forces between
the polar ester groups and dispersive London forces between
nonpolar methyl groups that governs the buildup of the helical
conformation of PLA45 may be the driving force for stepwise
packing during the strain-induced chain ordering. This hypoth-
esis is supported by Na et al.59 who recently suggested occur-
rence of a sequential ordering process during cold-crystallization
of PLLA, in terms of conformational arrangements. The actual
mechanism of ordering is still unknown. However, it is well-
known that chain dynamics have to be taken into consideration
since chain relaxation operates against chain orientation.39,44

This phenomenon directly influence the mechanisms of chain

ordering and therefore modifies the occurrence of either meso-
phase or crystal depending on draw temperature and strain rate.

The mechanical consequence of the strain-induced ordering is
strain-hardening, in the case of the crystalline phase, and of the
mesophase as well. This strain-hardening effect is particularly
remarkable regarding the mesophase. It corroborates the pre-
vious conclusion that the mesophase is nearly as much cohesive
as the crystalline phase in spite of its partial disorder.44

The ability for strain-induced crystallization and mesophase
formation directly connected with the capability of the copo-
lymers to crystallize from the quiescent melt. There is a critical
D-isomer content [D]* ≈ 8% above which no crystallization is
possible, via either thermal or mechanical means. This critical
[D]* value is close to data reported in the literature regarding
thermal crystallization of nearly random copolymers.17�19 It is
suggested that beyond this value the length of the L-isomer
sequences is too small for occurrence of chain-folding crystal-
lization, in the assumption that the D-units are excluded from
the crystalline phase.

Copolymers unable to crystallize displayed the typical me-
chanical behavior of an un-cross-linked rubbery network. In the
meantime that stretching induced an alignment of the chains
along the draw direction, the relaxation processes and entropic
back stress allowed the oriented chains to fold back to nearly
random conformation.

Worth noticing is the difference between thermal and strain-
induced crystallization in terms of kinetics. The increase of [D]
resulted in a severe slowing down of isothermal crystallization. In
contrast, the kinetics of strain-induced crystallization proved to
be insensitive to the D-isomer content. In this instance, only the
maximum crystal content was sensitive to the copolymer com-
position. This points out the major role of chain orientation over
that of temperature-governed chain mobility on the activation of
the crystallization process. Molecular mobility is yet involved in
the level or order that can be reached during stretching, i.e.,
crystal versus mesophase, as pointed out in one of the previous
studies.44
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